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振動モードによる情報伝送

ARTICLESNATURE NANOTECHNOLOGY

An important challenge is the search for an appropriate material 
system to experimentally realize these situations. Very recently, it 
was discovered that the centrosymmetric triangular-lattice magnet 
Gd2PdSi3 hosts a hexagonal lattice of skyrmions, which is character-
ized by a small skyrmion diameter, λsk of 2.4 nm with an associated 
giant topological Hall effect29. A similar skyrmion formation was 
also reported for the centrosymmetric Gd3Ru4Al12 with a breath-
ing kagomé network30. For these compounds, the existence of a 
geometrically frustrated lattice is considered to be the key for the 
skyrmion formation. Nevertheless, in principle, the competition of 
long-range magnetic interactions mediated by itinerant electrons 
can be allowed for any type of crystal lattice. Therefore, it remains 
an important question whether similar skyrmion formation in cen-
trosymmetric magnets without geometrically frustrated lattices 
is possible or not. In this study, we focus on the centrosymmetric 
tetragonal magnet GdRu2Si2 without a geometrically frustrated 
lattice, and investigated its magnetic structure in detail. We found 
the emergence of the double-Q square skyrmion lattice state in an 
out-of-plane magnetic field. The observed skyrmion diameter is 
as small as 1.9 nm, which is the smallest among those reported for 
single-component bulk materials. Our present results demonstrate 
that a skyrmion lattice can be formed even without a geometrically 

frustrated lattice or inversion symmetry breaking, and suggest that, 
in general, rare-earth intermetallics with a highly symmetric crystal 
lattice can be a promising material platform to realize nanometric 
skyrmions of exotic origins.

Magnetic phase diagram for B!//![001]
GdRu2Si2 belongs to the family of RM2X2 compounds crystallized 
in a ThCr2Si2-type structure with centrosymmetric tetragonal space 
group I4/mmm (R, rare-earth element; M, a 3d, 4d or 5d element; 
X, Si or Ge)31. The crystal structure consists of alternate stacking of 
square lattice Gd layers and Ru2Si2 layers as presented in Fig. 1a, with 
the magnetism governed by Gd3+ (spin = 7/2, orbital moment = 0) 
ions with a Heisenberg magnetic moment. According to previous 
reports, this compound hosts incommensurate magnetic order below 
a Néel temperature of ~46 K (refs. 31,32), with the magnetic modulation 
vector Q = (0.22, 0, 0) confined within the tetragonal basal plane33. 
Application of a magnetic field B along the [001] axis induces several 
magnetic phase transitions as summarized in Fig. 1b, but the detailed 
magnetic structure in each phase has not been identified31–34.

Figure 1f–h,j–l indicates the magnetic field dependence of mag-
netization M, longitudinal resistivity ρxx and Hall resistivity ρyx mea-
sured at 5 K for B // [001]. The magnetization profile shows clear 
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Fig. 1 | Crystal structure, magnetic structure and magnetic phase diagram of GdRu2Si2. a, Crystal structure of GdRu2Si2. b, B–T phase diagram for 
B!//![001] based on the measurements of temperature (T) and magnetic field (B) dependence of magnetization M. Multiple magnetic phases can be 
clearly identified, including (modulated) screw (phase I), double-Q square skyrmion lattice (SkL) (phase II) and fan structure (phase III). c, Schematic 
illustration of the screw magnetic structure in phase I. d, Square SkL in phase II described by equation (3), that is, the superposition of two screw 
spin structures with orthogonally arranged magnetic modulation vectors Q1 and Q2. e, Fan structure in phase III. f–h, Magnetic field dependence of 
magnetization M (f), longitudinal resistivity ρxx (g) and Hall resistivity ρyx (h) at T!=!5!K for B!//![001] and I!//![100]. i–l, Expanded view of data in b (i), f (j), 
g (k) and h (l). f.u., formula unit; FM, ferromagnetic; PM, paramagnetic.
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strings, we find that there are two contributions to Δν: the first is
attributed to the DM interaction, ΔνDM, and the second arises
from the dynamic dipolar interaction, Δνdip. We refer for a
discussion of the latter to Supplementary Note 2, and focus here
on the contribution from the DM interaction22–26. Previously, it

has not systematically been understood how DM interaction
affects the dispersion relation in the non-collinear magnets with
arbitrary excitation modes. As detailed below, we derive a general
analytic expression for Δν, which reveals that the spatial
distribution of the local precession amplitude, as well as the
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Fig. 1 Propagating excitation modes on skyrmion strings. a Schematic illustration of skyrmion strings. b, c Top view optical image of device structure and
side view illustration of a coplanar waveguide, where the AC current injected from network analyzer (NA) generates oscillating magnetic field Hν and
causes spin excitation in the neighboring Cu2OSeO3. d H–T magnetic phase diagram for Cu2OSeO3, obtained with the cooling path shown by the arrows.
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dependence of magnetic resonance spectra ΔL11 at 25 K. f–h Schematic illustration of CCW, breathing, and CW excitation modes on skyrmion strings. The
central part represents the local oscillation manner of skyrmion at the z= 0 plane. The upper and lower parts are the snapshot images describing how the
spin excitation launched at z= 0 propagates on the skyrmion strings, along the ±z direction parallel and antiparallel to H, respectively. The cross-sectional
images describing the size and position of skyrmion at selected z-planes (shown by red layers) are also indicated. i The direction of local magnetic moment
at the core and edge position of skyrmion in each z layer. Black rounded arrows denote the sense of local moment precession in the time domain, and ±
symbols indicate the sign of local DM energy gain ϵDM. j–m Calculated spatial distribution of local magnetization direction m0(r) in the ground state and
local amplitude of elliptical magnetization precession AðrÞ for the CCW, B, and CW excitation modes in the SkX phase. In j, the arrows and background
color (mz

0ðrÞ) represent the in-plane and out-of-plane component of m0(r), respectively. n Schematic illustration of local magnetization dynamics,
described by m ¼ m0 þ Re½ðδmaea þ iδmbebÞ exp½&i2πνt'' with ea and eb being the orthogonal unit vectors normal to m0. Here we define the local elliptical
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For practical memory applications, the readout can be done by
using a rather standard technique, tunnel magnetoresistance
(TMR) in the indicated magnetic tunnel junction (MTJ) on
the end of the device, as shown in Figure 1. With an out-of-
plane pinned layer (PL) provided as a reference, the presence
or absence of a skyrmion in the free layer (FL) could be
detected in the form of electrical resistance. Once a skyrmion
reaches the junction region, it can be detected via a standard
MTJ readout. However, for detailed studies of the skyrmion
dynamics we instead use magneto-optical Kerr microscopy for
readout in this experiment. One key advance presented here is
the controlled generation of individual skyrmions in the SKS
memory, the first step for realizing a practical device. Although
it has previously been demonstrated that single skyrmions can
be created in thin films, for example, by using local spin-
polarized currents from a scanning tunneling microscope at low
temperature,20 the room-temperature controllable generation
of individual skyrmions is required for practical applications.
This control over the number and position of individually
created skyrmions is a key ingredient for practical memory
devices, which is addressed in this work.
Our SKS memory device is a step beyond the recent work of

Jiang et al. In that work, a chiral stripe domain can be
dynamically transformed into ensembles of skyrmion bubbles,22

by using spatially divergent current-induced spin−orbit torque
(SOT).27,28 The skyrmion number generation in a controlled
manner was not achieved. Here, we solve this problem by
demonstrating a precise control of the generation of single
skyrmions in a single shot fashion in a simple two-terminal
device. One key factor for realizing this is that the generation of
a stripe domain can be controlled through spin−orbit torque-
induced asymmetric domain nucleation due to the presence of
DMI that tilts magnetization at the device boundary. This two-
terminal device integrating both skyrmion generation and
manipulation functions is more advantageous by simply
applying an “in-line” electron current between two terminals.

This is also in contrast to the previous demonstration by Jiang
et al., which requires four terminals to realize writing and
shifting, among which two are used for generating skyrmions
and the other two for shifting them,29,30 requiring at least two
pulse generators for operating the device. For practical memory
application, the realization of “in-line” injection of skyrmions
can significantly simplify the memory device structure.31

In the presented memory device, a single skyrmion bubble
can be controlled (including creation and manipulation) purely
by current pulses. Through controlling the magnitude and
duration of the applied current pulses, we show that it is
possible to select the device operation mode between either (i)
injecting (i.e., writing) a single skyrmion or (ii) shifting
skyrmions. In addition, the direction of motion is determined
by the sign of current. In this manner, we demonstrate a fully
electrically operated SKS memory device with a simple
structure.

Sample Structure. The film structures used to build the
device consist of Ta(5 nm)/Co40Fe40B20(t = 1.1, 1.2, and 1.3
nm)/TaOx. The metal layers were deposited on thermally
oxidized wafers by dc magnetron sputtering at room temper-
ature. The TaOx layer was formed by oxidizing a 1.5 nm thick
Ta layer using a radio frequency O2/Ar plasma. The films were
then annealed to enhance their crystallization and improve their
perpendicular magnetic anisotropy. Figure 2a shows the high-

resolution cross-section transmission electron microscope
(TEM) image of the sample with t = 1.2 nm, where the
sharp interfaces can be identified. The magnetic properties of
the films were measured using vibrating sample magnetometer
(VSM) measurements at room temperature. For the sample
with t = 1.2 nm, the out-of-plane and in-plane magnetic
hysteresis loops (as shown in Figure 2b) indicate that the
CoFeB layer is perpendicularly magnetized. The saturation
magnetization was determined to be Ms = 724 emu/cc. The

Figure 1. Proposed SKS memory device. The blue circles represent
generated skyrmions in the CoFeB layer. The spin textures in the
skyrmions are shown in the sketch in the lower right corner. The blue
stripe at the left edge of the device channel represents the stripe
domain generated by the current-induced SOT. The regions with
orange (blue) color represent Mz > 0 (Mz < 0) of the CoFeB layer. Je
represents the direction of a positive electron current. The red and
blue arrows on the side show the spin directions of polarized electrons
in the heavy metal due to the spin Hall effect. The writing of individual
skyrmions is realized by applying a low amplitude current pulse (IWrite)
with a given duration, whereas the shifting or moving of existing
skyrmions is realized by applying current pulses with a shorter
duration and a higher magnitude (IShift). Readout may be
accomplished using a MTJ with an out-of-plane pinned layer as a
reference to detect the presence (representing “1”) or absence
(representing “0”) of a skyrmion from TMR. The PL and FL refer to
the pinned layer and free layer in the MTJ, respectively.

Figure 2. Film properties. (a) High-resolution cross-section TEM
image of the thin film. (b) Perpendicular (black) and in-plane (red)
M/Ms−H loops of a Ta(5)/CoFeB(1.2)/TaOx (thickness in nm)
multilayer. The inset shows the enlarged perpendicular loop, which
indicates that the switching is accomplished in a gradual fashion. (c)
Evolution of magnetic domain patterns with an out-of-plane external
magnetic field. The labyrinthine domain at zero field is consistent with
the gradual switching shown in (b) inset. The bright (dark) color
represents the magnetization pointing up (down).
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operating with a Cu Ka (Ka1 = 1.5406 Å) radiation with a LynxEye position sensitive detector.

Additionally, magnetization was also used to confirm phase purity and reproducibility of physical

properties. Magnetization data was collected on a Quantum Design Physical Properties Measure-

ment System using the ACMS dc option. Temperature-dependent magnetization was measured

with an applied field of µ0H = 18 Oe, and field-field dependent magnetization was measured at T

= 2 K and T = 60 K over the field range µ0H = 0 to 70000 Oe.

Structure images were generated using VESTA,19 and Wulff constructions were generated us-

ing WinXMorph.20 QLaue was used to simulate the Laue diffraction pattern.21

Results and Discussion

Figure 1. Seeded CVT Diagram and Resultant Crystals. (a) A diagram of the seeded CVT growth set-up. (b)
A collection of large Cu2OSeO3 crystals grown by the seeded CVT method, displaying smooth, mirror-like
facets. The inset shows a small crystal set on a reflective sheet to highlight the color of the material.

A schematic diagram of the seeded CVT set up is shown in Fig. 1(a), with the charge and

transport agent shown on the source end and a single seed crystal on the deposition end. The
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FIG. 4: Experimentally deduced magnetic structures for GdRu2Ge2. a-e, The magnetic

structure m(r) for Phases I, II, III, IV and V, reconstructed based on Eq. (5) and m̃α(Qν) (Qν =

QA, QA′ , QB, QB′ , QC and QC′) deduced by RXS experiments as summarized in Supplementary

Table 1. The relative phase θQν
α is determined so as to realize the most uniform |m(r)| distribution

(See Supplementary Note III for the detail). The black arrows and background color represent the

in-plane and out-of-plane component of local magnetic moment m(r), respectively. f-j, Schematic

illustration of spin textures in a-e. k-m, The spatial distribution of |m(r)| for the spin textures

in b-d. The small amount of non-uniform component remaining in the |m(r)| profile is associated

with the higher-order harmonics neglected in the present model.
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(See Supplementary Note III for the detail). The black arrows and background color represent the

in-plane and out-of-plane component of local magnetic moment m(r), respectively. f-j, Schematic

illustration of spin textures in a-e. k-m, The spatial distribution of |m(r)| for the spin textures

in b-d. The small amount of non-uniform component remaining in the |m(r)| profile is associated

with the higher-order harmonics neglected in the present model.
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