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Abstract
The discovery of a thermally stable, high-density magnetic skyrmion phase is a key prerequisite for realizing practical
skyrmionic memory devices. In contrast to the typical low-density Néel-type skyrmions observed in technologically viable
multilayer systems, with Lorentz transmission electron microscopy, we report the discovery of a high-density homochiral
Néel-type skyrmion phase in magnetic multilayer structures that is stable at high temperatures up to 733 K (≈460 °C).
Micromagnetic simulations reveal that a high-density skyrmion phase can be stabilized at high temperature by
deliberately tuning the magnetic anisotropy, magnetic field, and temperature. The existence of the high-density skyrmion
phase in a magnetic multilayer system raises the possibility of incorporating chiral Néel-type skyrmions in ultrahigh-
density spin memory devices. Moreover, the existence of this phase at high temperature shows its thermal stability,
demonstrating the potential for skyrmion devices operating in thermally challenging modern electronic chips.

Introduction
Skyrmions in magnetic materials have been extensively

studied due to their nontrivial topology; this topology leads to
many interesting fundamental and dynamical properties1–3.
The nanometer size and efficient current-driven manipula-
tion of skyrmions make them suitable for high-density, low-
power spin memory devices1–10. Magnetic skyrmions have
been observed in various material systems that experience
Dzyaloshinskii–Moriya interaction (DMI) due to broken
inversion symmetry, such as noncentrosymmetric single
crystals1,2,4,5, ultrathin epitaxial systems3,6, and magnetic
multilayers10–15. Skyrmions in magnetic multilayers, which
possess homochiral Néel domain walls, have two main
advantages in application compared to those in other
material systems: (1) they are stabilized at room

temperature10–15 and (2) they exhibit current driven uni-
directional translation motion12,16–18. This motion is due to
the electric current induced spin-orbit torque (SOT) acting
on the homochiral Néel domain walls of the magnetic
multilayer skyrmions; the SOT exerts a unidirectional force
on the homochiral Néel domain walls, causing the skyrmions
to move with or against the electric current direction
depending on the chirality of the system19. This is not the
case for magnetic skyrmions with Bloch domain walls (e.g.,
skyrmions in complex noncentrosymmetric systems such as
B20 structures) or magnetic bubbles with mixed chirality. In
fact, in magnetic multilayer systems, various SOT-induced
skyrmion dynamics such as skyrmion creation6,10,16,17,20–22,
annihilation6,10,20, gyration23, and breathing-like motion24

have been experimentally demonstrated. These current dri-
ven dynamics occurring on the nanosecond time scale in
room-temperature Néel-type skyrmions raise the possibility
of their potential application in spin memory and spin logic
devices.
One unresolved issue that needs to be overcome for

practical applications of Néel-type multilayer skyrmions is
their low density. Skyrmion lattice structures are not found.
Typically, in multilayers, isolated skyrmions in a background
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of uniform magnetization (distance between skyrmions »
skyrmion size) are formed within a narrow range of magnetic
fields; when an out-of-plane magnetic field is applied to the
stripe phase of the magnetic multilayer system, the stripes
break up into isolated skyrmions, eventually becoming a
uniform magnetization phase when the magnetic field is
further increased10–15. Therefore, it is not clear whether the
skyrmion phase in multilayers is the true ground state
magnetic domain phase or merely a metastable state that
appears during the stripe-to-uniform phase change process.
Moreover, while isolated, metastable skyrmions are advan-
tageous for skyrmion creation and annihilation and ideal for
understanding the mechanisms of skyrmion dynamics
excluding any skyrmion–skyrmion interactions, they are
significantly disadvantageous in terms of information storage
density when utilized in skyrmion-based memory and com-
puting devices. In particular, a high-density skyrmion phase
is instrumental for the realization and optimization of theo-
retically proposed unconventional skyrmion-based comput-
ing models (e.g., probabilistic computing, reservoir
computing)25–27. Note that although there is a report on
skyrmion lattices observed in magnetic multilayers28, isolated
skyrmions have been the norm in most magnetic multilayer
systems, raising questions about the widespread application
of multilayer-based ultrahigh-density skyrmion memory and
computing devices.
In this study, using Lorentz transmission electron micro-

scopy (LTEM), we discover a high-density homochiral Néel-
type skyrmion phase in a magnetic multilayer system that is
stable in a wide temperature range, even at high tempera-
tures above 700K. Micromagnetic simulations confirm the
experimental observations, showing that a high-density Néel-
type skyrmion phase can be stabilized by appropriately tun-
ing the temperature-dependent material parameters (e.g.,
magnetic anisotropy and magnetization). The existence of a
high-density skyrmion phase at high temperature demon-
strates the thermal stability of this magnetic domain phase. It
also suggests that multilayer Néel-type skyrmions could be
utilized in nonvolatile spin-based electronic devices that
require operation at elevated temperatures (e.g., automotive
or military applications)29. Our findings can provide an
important technological basis for more extensive employ-
ment of spin memory devices.

Materials and methods
Growth of the multilayer films
The Ta (3)/Pt (3)/[Pt (0.6)/Co (1.3)/Ru (0.85)/Pt (0.6)/

Co4Fe4B2 (0.8)/Ru (0.85)]10/MgO (2)/Ta (2) films (Fig. 1a; the
film thicknesses are given in nanometers; the films are
hereafter referred as Pt/Co/Ru/Pt/CoFeB/Ru multilayers) are
grown on 100-nm-thick Si3N4 membranes and on thermally
oxidized Si substrates by DC magnetron sputtering at room

temperature in a vacuum chamber with base pressure of
~2 × 10−8 Torr.

Magnetic property measurements
The temperature-dependent (400–700K) material con-

stants (anisotropy field and net saturation magnetization) are
determined by vibrating-sample magnetometry (VSM) and
superconducting quantum interference device (SQUID)
measurements on films grown on a thermally oxidized
Si substrate. The magnetic domain structures are
observed by LTEM (FEI, Titan 80–300). For LTEM
measurements, the films are directly grown on TEM
grids with 20-nm-thick Si3N4 membranes. The samples
are directly heated in TEM using an in situ-heating
TEM holder (Gatan Model 652). The Néel wall mag-
netic domains are visualized in the LTEM after tilting
the sample 30° from the film normal direction.

Monte-Carlo simulations
Micromagnetic simulations are performed using the

Monte Carlo method with a square grid system and the
Heisenberg model, which has been used in many studies
to investigate magnetic domains30,31. The Hamiltonian
used in the simulation is
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, mainly contributes to the form of the

shape anisotropy30–32, which is included in the effective
perpendicular magnetic anisotropy Keff in Eq. (1). To simplify

the calculations, in our model, the spin on a grid site S
!

is set
as a unit vector, and the r!ij in the dipole interaction is set as a
dimensionless displacement vector, so the Hamiltonian

parameters J, DM
��!

ij, Ddip, Keff, and h
!

ext have units of energy.
The relations used in our Monte Carlo simulation process to
obtain the spin configurations are given as31,33
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where R is a random number, T is the temperature

parameter, and h
!

eff ð� 1
μ0

∂H

∂ S
!

i

Þ is the effective field.

S
!

== h
!

eff

and s!
? h
!

eff

are spin components parallel and

perpendicular to h
!

eff , respectively. A nonzero tempera-
ture T causes the spin directions to deviate from the
applied effective field directions, so the various effects
caused by the thermal fluctuation of spin vectors can be
implemented using these relations in the ensemble
average limit.

Results and discussion
Temperature dependence of the magnetic material
parameters
Out-of-plane magnetic hysteresis loops of the Pt/Co/Ru/

Pt/CoFeB/Ru multilayers (structure shown in Fig. 1a) were
measured at high temperature, with representative loops
shown in Fig. 1b, c. While the unit layers of Pt/Co/Ru and
Pt/CoFeB/Ru have out-of-plane magnetic easy axes (see
Supplementary Information (SI) Fig. S1), the Pt/Co/Ru/Pt/
CoFeB/Ru multilayer films have near-zero remanent mag-
netization. We later confirm with LTEM measurements
that this is due to the formation of out-of-plane stripe
domains with 50:50 up:down magnetization regions.
Note that the 0.6-nm-thick Pt layers adjacent
to the CoFeB and Co should be fully magnetized due

to the magnetic proximity effect34,35. Additionally, while
the 0.85-nm-thick Ru layer normally induces anti-
ferromagnetic interlayer coupling between adjacent mag-
netic layers at room temperature36, above 400 K, the Ru
interlayer coupling becomes ferromagnetic due to the
annealing effect (see SI Fig. S2), so the full Pt/Co/Ru/Pt/
CoFeB/Ru multilayer behaves as a single magnetic layer.
The antiferromagnetic-to-ferromagnetic coupling transi-
tion is permanent and irreversible; i.e., after the initial
temperature increase reaches above 400 K, ferromagnetic
coupling remains even when the temperature is decreased
back to room temperature. In the process of increasing the
temperature from 400 to 750 K, the saturation magnetiza-
tion Ms and the effective magnetic anisotropy Keff sig-
nificantly decrease (Fig. 1d, e; the values are obtained from
the temperature-dependent hard axis hysteresis loops in
SI Fig. S13); we later show, with the LTEM images and
simulation results, that the decrease in these material
parameters clearly affects the magnetic domain phase.

Temperature dependence of the magnetic domain phase
The temperature- and magnetic field-dependent mag-

netic domain phases are observed by LTEMmeasurements.
In the LTEM images, the domain contrast is obtained only
after tilting the sample by ~30°, which implies that the
domains have Néel walls37,38. Further details on the Néel
wall LTEM contrast are given in SI Fig. S4 and Note 1. The

Fig. 1 Magnetic properties of the multilayer samples. a The magnetic multilayer part of the measured sample. b, c Out-of-plane magnetic
hysteresis loops measured by vibrating sample magnetometry (VSM). Representative loops measured at T= 430 K (b) and T= 580 K (c). d, e
Temperature dependence of the effective magnetic anisotropy Keff (d) and the saturation magnetization Ms (e). Ms and Keff ¼ Hk ´Ms=2ð Þ, where Hk is
the anisotropy field, obtained by measuring the temperature-dependent hard axis (in-plane) magnetic hysteresis loops (see SI Fig. S3).
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domains in this multilayer system are expected to possess
homochirality due to the interfacial DMI at the Pt/Co
and Pt/CoFeB interfaces, which induce left-handed chir-
ality12,14,19,24. Figure 2a shows the magnetic domain evo-
lution during the temperature increase process from room
temperature to 733 K under a constant out-of-plane mag-
netic field of 29mT. The samples remain in an out-of-

plane single domain (Fig. 2a–i) up to ~530 K, above which
two phase transitions are observed. First, at 540 K, there is a
transition from the single domain to the stripe domain
phase (Fig. 2a–ii). When the temperature is further
increased, another transition from the stripe domain phase
to a high-density multiskyrmion state occurs at 733 K (Fig.
2a–vi). Note that dark/bright contrast always appears on

Fig. 2 Temperature-dependent magnetic domain measurements. a, b The domain phase evolution of the Pt/Co/Ru/Pt/CoFeB/Ru multilayers
observed using Lorentz transmission electron microscopy (LTEM) during the temperature increase (a) and decrease (b) processes. The LTEM domain
contrast is obtained with the sample tilted 30° from the film normal and with a constant out-of-plane magnetic field of H= 29 mT. The white scale
bars in the images are 1 μm.
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the same side of the stripes and skyrmions, indicating that
these domains indeed have homochirality37,38, as discussed
earlier (see also SI Note 1). Thus, we observe a high-density
homochiral Néel-type skyrmion phase in this multilayer
system at significantly high temperatures (>700 K).
As the temperature is decreased back to room tempera-

ture, the high-density skyrmion phase remains (Fig. 2b–i
and ii) until approximately 423 K, at which point the sky-
rmion density starts to decrease (Fig. 2b–iii). With a further
temperature decrease, the skyrmion density is significantly
reduced, and the domains gradually saturate into an out-of-
plane single domain (Fig. 2b–iv through vi). During the
temperature decrease process, a dense array of skyrmions
appears in a wide temperature range of 733–423 K. See SI
Fig. S5 for additional LTEM images from the temperature
decrease process. Stripe domains do not appear during the
temperature decrease in contrast to the temperature
increase process, exhibiting a temperature-dependent hys-
teresis behavior in the magnetic domain phase evolution. At
733 K, the size of the skyrmions is ~155 nm, while the
average distance between the skyrmions in the high-density
phase is ~195 nm. The methods and accuracies of the
skyrmion size and distance measurements are discussed in
SI Note 2, Note 3, Figs. S6, and S7. The skyrmion size and
distance are roughly unchanged down to 423 K (see SI Fig.
S8). Estimation of the skyrmion coverage (the area of sky-
rmion imprint in a uniform background magnetization)
using the skyrmion size and distance is not possible since
the measured skyrmions do not form a periodic close-
packed (e.g., triangular) lattice. Alternatively, we determine
the skyrmion coverage from the out-of-plane hysteresis
loops in Fig. 1b, c. For H= 29mT (the out-of-plane field in
which the LTEM is measured), the normalized magneti-
zations (MH=29mT/Ms) at 430 K and 580 K are 0.275 and
0.237, respectively. This corresponds to coverages of 36%
and 38% at 430 K and 580 K, respectively, demonstrating
that the homochiral skyrmions observed in Fig. 2a, b do in
fact form a high-density phase.
Micromagnetic simulations are performed to reproduce

and explain the experimental observations. As discussed
earlier, the ferromagnetic coupling between the Co and
CoFeB layers ensures that the whole multilayer stack
behaves as a single magnetic layer, so the simulations are
performed assuming a single two-dimensional (2D) layer.
The temperature parameter T 0 � T=Jð Þ varies during the
temperature increase (Fig. 3a) and decrease (Fig. 3b)
process at several representative K 0

eff � Keff=Jð Þ values. In
the simulations, increasing (decreasing) T′ has the same
effect as decreasing (increasing) Ms since the main origin
of the temperature dependence of Ms is the thermal
fluctuation (see Methods). The initial state (T′= 0 K) in
all cases for the temperature increase process is the out-
of-plane single domain state due to the presence of an
external out-of-plane magnetic field (leftmost images in

Fig. 3a), whereas the initial state for the temperature
decrease process is the paramagnetic state (rightmost
images in Fig. 3b). The experimental observations of the
single-stripe-skyrmion domain phase transition during
the temperature increase (Fig. 2a) and the decreasing
skyrmion density during the temperature decrease (Fig.
2b) are qualitatively reproduced in the simulation results.
Considering the temperature dependence of Keff shown in
Fig. 1d, the spin configurations following the direction of
the red dotted lines in Fig. 3a, b show phase transition
behaviors similar to those observed in experiments. These
simulation results clearly indicate that the temperature-
dependent change in Keff significantly contributes to the
observed hysteresis behavior, i.e., the different domain
phase changes during temperature increase and decrease.
In a complementary simulation where K 0eff and T′ are
simultaneously modulated, the domain evolution in
Fig. 2a is once again reproduced (see SI Note 4 and
Fig. S9). A recent experimental study reported a large
temperature dependence for the DMI39. In light of this,
we conduct additional simulations with different DMI
values. The single-stripe-skyrmion phase transition
appears in a wide range of DMI strengths (see SI Note 5
and Fig. S10), suggesting that this domain phase transition
could occur even with a large modulation in the DMI.
A more detailed observation of the micromagnetic

simulation results during the temperature increase reveals
that the appearance of stripe domains depends on the K 0

eff
values. In the case of low K 0

eff (top two rows of Fig. 3a), the
out-of-plane single domain transitions into a stripe
domain phase and subsequently into a high-density sky-
rmion phase with increasing temperature. In the case of
high K 0

eff (bottom row of Fig. 3a), the out-of-plane single
domain directly changes into skyrmions without the
appearance of stripe domains. Domain nucleation only
occurs when the thermal fluctuation can break the uni-
form magnetization by overcoming an energy barrier
proportional to K 0

eff ; stripe or skyrmion domains are
formed when the anisotropy energy scale is similar to the
temperature energy scale (K 0

eff ~ T′), as shown in Fig. 3a.
Hence, at higher K 0

eff , the thermal fluctuation is already
strong enough to produce small domain structures, i.e.,
skyrmions, so the stripe phase does not appear in the
bottom row of Fig. 3a.
Note that the simulation results in Fig. 3b are obtained

sequentially from right to left for the temperature
decrease process. The initial states are the paramagnetic
state, and the temperature is slowly decreased so that the
system achieves the magnetic configuration that mini-
mized the energy and entropy. Therefore, Fig. 3b should
resemble the ground-state magnetic domain configura-
tions, in which we see skyrmions appearing in a wide
temperature range. In the experimentally observed
LTEM images during the temperature decrease process
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(Fig. 2b), skyrmions appear in the temperature range of
733–323 K, agreeing with the simulations. From the
excellent qualitative agreement between the experiments
and simulations, we can conclude that the Néel-type
skyrmions are the ground-state magnetic domains in a
wide temperature range in this magnetic multilayer
system.

Magnetic field dependence of the magnetic domain phase
To investigate the field-dependent magnetic domain

phase evolution, the domain structures are observed while
the external out-of-plane magnetic field is swept at a fixed
sample temperature of 713 K. The stripe-to-skyrmion
phase transition is observed as the out-of-plane magnetic
field is increased from 0 to 28mT (Fig. 4a), and the

Fig. 3 Monte Carlo simulation of the temperature-dependent changes in the magnetic domain phase. The spin configurations are

obtained using Eq. (1) and Eq. (2) in “Materials and methods”, with the Hamiltonian parameters fixed to jDM�!ij j=J ¼ 0:3, Ddip=J ¼ 0:2,

j h!extj=J ¼ 0:2. a, b The magnetic domain phase evolution during the temperature increase (a) and decrease (b) process at four representative
K ′eff values (K

′
eff � Keff=J and T ′ � T=J). Each row of domain images is obtained in succession from left to right for a and from right to left for b. The

experimentally observed magnetic domain evolution in Fig. 2 is reproduced along the red dotted lines, considering the observed temperature-
dependent change in K ′eff (Fig. 1d).
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reversed-phase transition is observed as the field is
decreased back to 0mT (Fig. 4b). At a higher out-of-plane
magnetic field, the free energy of the multiskyrmion state
is lower than that of the stripe domain due to field-driven
out-of-plane symmetry breaking30,40, which leads to this
reversible field-driven stripe-skyrmion phase transition.
When the magnetic field is further increased to 43mT,
the high-density skyrmion phase is fully saturated into an

out-of-plane single domain (Fig. 4c). The observed stripe-
skyrmion phase transition process due to the external
magnetic field is confirmed by micromagnetic simulations
(Fig. 4d, e). In contrast to the temperature hysteresis
behavior of the magnetic domain phase due to the tem-
perature dependence of the magnetic anisotropy, the
field-driven stripe-skyrmion phase transition is fully
reversible in both experiments and simulations. This is

Fig. 4 Magnetic field dependence of the magnetic domain phase. a–c The magnetic domains measured at T= 713 K while sweeping the out-of-
plane magnetic field H from 0 to 28 mT (a), from 25 to 0 mT (b), and 28 to 43 mT (c). In a and b, the stripe-skyrmion phase transition is observed. The
white scale bars are 1 μm. d, e Monte Carlo simulated field-dependent magnetic domains with the parameters T ′ � T=J ¼ 0:45, K ′eff � Keff=J ¼ 0:08,
which correspond to the initial state of the high-density skyrmion phase shown in Fig. 3a, b. The stripe-to-skyrmion phase transition observed in a is
reproduced as the magnetic field hext / J is increased from 0.0 to 0.2 (d), and the reversed-phase transition is reproduced when the field is decreased
from 0.2 to 0.0 (e).
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expected since the magnetic anisotropy does not change
with the magnetic field.

Discussions and summary
Generally, the ground-state domain phase of magnetic

materials is determined by various material parameters in
the magnetic Hamiltonian, such as the magnetic aniso-
tropy, magnetization, dipolar interaction, and DMI. The
LTEM images and Monte Carlo simulations in this inves-
tigation show that with the careful selection of the mag-
netic anisotropy and magnetization (via magnetic field), a
high-density Néel-type skyrmion phase can be stabilized in
a wide temperature range in a magnetic multilayer system.
In thin film systems, it is well known that the magnetic
anisotropy and magnetization can be controlled system-
atically by the film thickness. Thus, our work suggests that
with subtle tuning of the material properties (e.g., film
thickness), multilayer-based skyrmionic devices can be
designed to be employed at the preferred operating tem-
peratures. While the high-density skyrmion phase is
observed in the temperature range of T= 423–733 K
(150–460 °C) in our measurements, the Monte Carlo
simulations in this study suggest that high-density sky-
rmion phases stabilized at lower or higher temperature
ranges could be achievable through simultaneous tuning of
the various material parameters (anisotropy, magnetiza-
tion, etc.). In our Pt/Co/Ru/Pt/CoFeB/Ru multilayer
structure, this is quite possible by adjusting both the Co
and the CoFeB thicknesses and the ratio between the two.
In summary, we experimentally observe a high-density

homochiral Néel-type skyrmion phase in a Pt/Co/Ru/Pt/
CoFeB/Ru magnetic multilayer system that is stable at high
temperature. The domain phase can be changed to a high-
density skyrmion phase, an isolated skyrmion phase, or a
stripe domain phase by controlling the magnetic field and
temperature. Micromagnetic simulations confirm that
domain phases, including the high-density skyrmion phase,
can appear with the tuning of the magnetic anisotropy,
magnetic field, and temperature. The existence of a high-
density skyrmion phase at high temperature demonstrates
the thermal stability of this magnetic domain phase.
Moreover, considering that some electronic applications
require operating temperatures up to 150 °C and possibly
beyond29, a spin information device utilizing the high-
density skyrmion phase observed in a wide temperature
range should provide an excellent alternative.
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