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Outline

• Brief overview of skyrmions in ultrathin ferromagnets


• Skyrmion oscillators


• Current-driven motion in disordered systems


• Summary and outlook
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Ultrathin metallic ferromagnets

• Ultrathin metallic ferromagnets, such as Co and its alloys, are interesting for 
spintronics applications


- Strong ferromagnet, even above room temperature


- Strong perpendicular magnetic anisotropy (PMA)
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Narrower domain walls = 
higher information storage 

density

Larger energy barriers = 
higher thermal stability
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Interface-driven chiral interactions

• Strong spin-orbit coupling at 
interfaces induces chiral 
(Dzyaloshinkii-Moriya) interactions 

8
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on the controlled motion of these particle-
like magnetic nanostructures.

Today’s hard-disk drives achieve very 
high densities of information storage, 
but the complexity and fragility of their 
mechanical parts motivate the need for 
solid-state devices with comparable or 
higher bit densities. The archetype of such 
devices is the so-called racetrack memory5 
in which the information is coded in a 
magnetic nanoribbon by a train of up or 
down magnetic domains separated by 
domain walls (DWs). The train of DWs can 
be moved electrically by spin torque to read 
or write the magnetic information. However, 
challenges such as reducing the critical 
currents for DW motion while keeping 
high velocities and avoiding the detrimental 
effects of defects must be addressed before 
this approach can be translated into a 
competitive technology. The intrinsic 
properties of magnetic skyrmions might 
help tackle most of these issues. 

The origin of skyrmions
The spin texture of a magnetic skyrmion6 

is a stable configuration (or metastable 
in some cases) that, in most systems 
investigated up to now, originates 
from chiral interactions, known as 
Dzyaloshinskii–Moriya interactions 
(DMIs)7–9. Such interactions are induced 
because of the lack or breaking of inversion 
symmetry in lattices or at the interface 
of magnetic films, respectively. The DMI 
between two atomic spins S1 and S2 can be 
expressed as: HDM = −D12 · (S1 × S2).

For ultrathin magnetic films, which 
are the main focus here, interfacial DMIs 
have been predicted10 from a 3-site indirect 
exchange mechanism11 between two atomic 
spins S1 and S2 with a neighbouring atom 
having a large SOC. The resulting DMI 
vector is perpendicular to the plane of the 
triangle (Fig. 1e). At the interface between 
a ferromagnetic thin layer and a metallic 
layer with a large SOC, this mechanism 
generates a DMI for the interface spins S1 
and S2 with the DMI vector D12 shown in 
Fig. 1f (ref. 10). The existence of such an 
interfacial DMI has also been derived from 
ab initio calculations for the Ir(111)/Fe 

interface12. The magnitude of the interfacial 
DMI can be very large, ~10–20% of 
the exchange interaction in analytical 
calculations10,11 and up to 30% in ab initio 
calculations12.

Starting from a ferromagnetic state 
with S1 parallel to S2, the DMI tilts S1 with 
respect to S2 by a rotation around D12. In 
a two-dimensional (2D) ferromagnet with 
uniaxial anisotropy and a non-negligible 
DMI compared with the exchange 
interaction, the energy is minimized by the 
skyrmion structure in Fig. 1a for D12 ^ R12 
and Fig. 1b for D12 || R12, where  R12 is the 
vector joining the site of S1 to the site of 
S2. The extension of this principle to a 3D 
lattice is straightforward, the skyrmion 
structure is obtained by a translation 
along the anisotropy axis and is made of 
skyrmion tubes.

A large value of the ratio between 
D = |D12| and the exchange coupling J 
favours a faster rotation of the spin, reducing 
the skyrmion size (at least in the absence 
of other interactions like edge effects). The 
smaller skyrmion size in skyrmion lattices 

HDM = −D12 (S1 × S2)
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Figure 1 | Spins in a skyrmion. a,b, Skyrmions in a 2D ferromagnet with uniaxial magnetic anisotropy along the vertical axis. The magnetization is pointing up on 
the edges and pointing down in the centre. Moving along a diameter, the magnetization rotates by 2π around an axis perpendicular to the diameter (a) and by 
2π around the diameter (b), which corresponds to different orientations of the Dzyaloshinskii–Moriya vector. c, Lorentz microscopy image13 of a skyrmion lattice 
(of the type shown in  Fig. 1b) in Fe1−xCoxSi. d, Sketch of a nano-skyrmion structure observed in Fe monolayers on Ir(111) (ref. 12). e, Schematic of a DMI generated 
by indirect exchange for the triangle composed of two atomic spins and an atom with a strong SOC11. f, Sketch of a DMI at the interface between a ferromagnetic 
metal (grey) and a metal with a strong SOC (blue). The DMI vector D12 related to the triangle composed of two magnetic sites and an atom with a large SOC 
is perpendicular to the plane of the triangle. Because a large SOC exists only in the bottom metal layer, this DMI is not compensated by a DMI coming from a 
symmetric triange10. Figure reproduced with permission from: a,b, ref. 24, © K. Everschor, Univ. of Köln; c, ref. 13, © 2010 NPG; d, ref. 12, © 2011 NPG.
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• DMI can be tailored through choice of 
multilayer configuration and materials
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spiral energy dispersion of different film systems including SOC.
We observe that for an Fe ML on Pd(111) the energy rises very
quickly close to the ferromagnetic state (q¼ 0) and the energy
difference to the Néel state at the BZ boundary is about 200 meV
per Fe atom, which indicates a strong ferromagnetic NN
exchange interaction (J1¼ 23.3 meV). On changing the substrate
to Ir(111), the energy landscape becomes very flat up to relatively
large values of q (small spin spiral periods) and eventually rises
only to a small value of about 40 meV per Fe atom at the BZ
boundary (J1¼ 5.7 meV). Note that to obtain a good fit of the
energy dispersions shown in Fig. 4, 5–10 exchange constants
beyond NNs are required depending on the system and are used
in our MC simulations. Since the SOC strength scales with the
nuclear charge, that is, it is much enhanced for 5d with respect to
4d transition metals, the calculated value of the DM interaction is
an order of magnitude larger for Fe/Ir(111) than for Fe/Pd(111)
(D¼ 1.7 versus " 0.1 meV). Here a positive (negative) sign of
D denotes a preference of spin spirals with a right-handed (left-
handed) rotational sense. The large DM term in Fe/Ir(111) leads
to the formation of skyrmions and due to the energy minimum at
relatively large q the four-spin interaction (which favours a fast
spin rotation) can enforce a square skyrmion lattice on a 1-nm
length scale11.

On including a Pd overlayer on Fe/Ir(111), the energy
dispersion rises again more quickly (see Fig. 4), however, with a
NN exchange interaction between the two previous cases
(J1¼ 14.7 and 13.2 meV for fcc- and hcp-Pd stacking, respec-
tively). For both stackings, it is essential to take exchange
interactions beyond NNs into account to describe the energy
dispersion. The DM interaction that is determined by the
interface with the Ir(111) surface is of the same order and has

the same sign (D¼ 1.0 and 1.2 meV), and induces a spin spiral
ground state with periods of l¼ 3.0 and 6.0 nm for fcc and hcp
stacking, respectively. Note that, the depth of the energy
minimum is much smaller for the hcp stacking that leads to
smaller critical fields for the phase transitions as seen in our MC
simulations. We find that an additional second Pd overlayer leads
to a fine-tuning of the energy dispersion and a slightly lower value
of J1¼ 9.0 meV. Regardless, a gradual rise near q¼ 0 is still
obtained (Fig. 4) and a spin spiral energy minimum at l¼ 2.3 nm
occurs due to the DM interaction (D¼ 1.35 meV). We conclude
that the Pd/Fe interface is crucial for tuning the exchange
interactions such that a DM-driven spin spiral minimum can
form. The DM interaction is mainly determined by the Ir
interface and does not depend significantly on the 4d transition
metal overlayer.

The modification of the exchange interaction due to the Pd
overlayer seen in Fig. 4 can be understood on the basis of the
hybridization of Fe 3d states with Ir 5d states and Pd 4d states.
First-principles calculations show that the NN exchange inter-
action in a hexagonal Fe ML depends on the 4d or 5d band
filling of the substrate and can be tuned from ferro- to
antiferromagnetic33. On the (111) surface of Ir, which has one
electron less in the d band than Pd, the NN exchange is still
ferromagnetic but reduced significantly with respect to
Fe/Pd(111) (J1¼ 5.7 versus 23.3 meV). As expected from this
trend, we find in our calculation that depositing a single Pd
overlayer on Fe/Ir(111) leads to a rise of the NN exchange
interaction, whereas for two layers of Pd on Fe/Ir(111) an
intermediate value of J1 is obtained. By varying the interface
composition the strength of the exchange can be tuned, which
changes the spin spiral period and the depth of the energy
minimum.

For comparison, we have determined the exchange and DM
interaction in the related system of a Co ML on Pt(111) studied in
ref. 23 as a possible candidate for current-induced skyrmion
motion. We find the NN ferromagnetic exchange to be very
strong (J1¼27.8 meV) while the DM term is of similar magnitude
as in our other systems and it favours the opposite rotational
sense (D¼ " 1.8 meV). As a result, we obtain a ferromagnetic
ground state (see Fig. 4) and writing skyrmions in an ultra-thin
film will cost a prohibitively large amount of energy.

Discussion
In conclusion, we have explained the occurrence of skyrmion
phases in ultra-thin transition metal films at surfaces based on
first-principles electronic structure theory. We have demonstrated
that at transition metal interfaces with strong DM interaction it is
in particular the exchange interaction that can be tuned by
interface composition and structure. Thereby, a control of the
skyrmion properties such as their diameter, critical fields and
stability may be achieved. Our work opens the route towards
predicting and tailoring skyrmion systems at transition metal
interfaces and to explore their potential for future spintronic
applications.

Methods
First-principles calculations. We have performed DFT calculations in the local
density approximation using the film version of the full-potential linearized aug-
mented plane wave method, which ranks among the most accurate implementa-
tions of DFT. We have used the FLEUR code (www.flapw.de) that allows
calculating the total energy of non-collinear magnetic structures such as spin
spirals28 including SOC in first-order perturbation theory29. Our asymmetric films
consist of one layer of Pd on one layer of Fe in fcc stacking on five layers of the
Ir(111) substrate and were structurally relaxed using a mixed functional suggested
in ref. 34, which is ideally suited for interfaces of 3d and 5d transition metals. The
values of the relaxed interlayer distances are given in Supplementary Table 1.
We have also performed calculations with thicker slabs using seven and nine layers
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Figure 4 | Tuning magnetic interactions at a transition metal interface.
Energy dispersion of spin spirals including SOC along the high-symmetry

direction G"K of the two-dimensional BZ for different ultra-thin film
systems: a Co ML on Pt(111), an Fe ML on Pd(111), an Fe ML on Ir(111),
and one and two Pd atomic layers on an Fe ML on Ir(111). Inset shows an
enlarged view of the energy dispersion close to the ferromagnetic state
q¼0.
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stability of skyrmions can be greatly improved simply because of the
increase of their magnetic volume, as it turns out that for our samples
the same magnetic texture extends vertically throughout the multi-
layer (exactly as for coupled domain walls in similar types of multi-
layers20). Second, the choice of two different heavy metals A and B
sandwiching each magnetic layer (ferromagnetic layer (FM), Fig. 1a)
can lead to additive interfacial chiral interactions that increase the
effective DMI of the magnetic layer if the two heavy materials
induce interfacial chiral interactions of opposite symmetries and
parallel D (see Fig. 1a).

The first important conclusion drawn from the analysis of our
observations is that the presence of circular-shaped domains in the
30–90 nm size range cannot be accounted for by dipolar inter-
action21–24. As our micromagnetic simulations also show that these
small circular-shaped domains can only be explained by the presence
of a large DMI that imposes a winding number equal to one, we ident-
ify them as skyrmions. We also show that both the size of the circular-
shaped domains and their field dependence are consistent with
simulations of skyrmions. The size of the skyrmions in this article,
between 30 and 90 nm depending on the field, corresponds to the
size that can be imaged with our experimental technique, but we pre-
dicted25 recently that, with the same DMI, even smaller sizes can be
obtained by tuning the other parameters, such as perpendicular mag-
netic anisotropy or the thickness of the ferromagnetic layers. The
stabilization in multilayers and at r.t. of individual nanoscale magnetic
skyrmions induced by large chiral interactions represents the most sig-
nificant result of this work. Given the important features of magnetic
skyrmions associated with their topological character (small size,
easier current-induced propagation, smaller sensitivity to defects
and so on), this advance represents a definite breakthrough in the
route to highly integrated skyrmion-based memory devices3.

Multilayers with additive chiral interaction at interfaces
The prototype of the multilayered systems that we studied is pre-
sented in Fig. 1a. The samples grown by sputtering are stacks of

ten repetitions of an Ir|Co|Pt trilayer, each trilayer being composed
of a 0.6-nm-thick Co layer sandwiched between 1 nm of Ir and 1 nm
of Pt: Pt10|Co0.6|Pt1|(Ir1|Co0.6|Pt1)10|Pt3 (numbers are thickness
in nm). The choice of the two heavy materials, that is, Pt and Ir,
was guided by recent experiments on asymmetric domain-wall
propagation26,27 as well as by recent ab initio predictions of opposite
DMIs for Co on Ir and Co on Pt28, which correspond to additive
DMI at the two interfaces of the Co layers sandwiched between Ir
and Pt. In addition to these Ir|Co|Pt asymmetric multilayers, we
prepared reference samples of Pt|Co|Pt with symmetric interfaces,
a type of structure investigated in previous studies that showed a
non-complete cancellation of the DMI at the Pt/Co and Co/Pt
may lead to a small, but non-negligible, global DMI27,28. Details
about the growth conditions and the characterization of their mag-
netic properties are presented in Methods.

We present next the micromagnetic simulations30,31 for the sim-
plest assumption in which the experimental magnetization M and
magnetic anisotropy K are distributed uniformly in the ten 0.6-nm-
thick Co layers and equal to zero elsewhere. The simulations were
performed for one of these Co layers with the experimental values
of M and K. Moreover, the potential impact of the exchange stiffness
A of the magnetic Co layer was investigated by performing a series of
micromagnetic simulations with different amplitudes of A. Dipolar
interactions are always included. In a second series of simulations
(see the Supplementary Information), to take into account that
part of the experimental values of M and K comes from the proxi-
mity-induced magnetism in Pt or Ir, we evaluated the maximum
possible changes of our results induced by such spreading of the mag-
netization by assuming a dilution of M, K and A inside the multilayer.
This leads to a slightly different estimate of the interfacial DMI
magnitude without affecting our main conclusion.

Magnetization mapping in asymmetric multilayers
The mapping of the out-of-plane component of the magnetization
in our Ir|Co|Pt multilayers and its evolution as a function of
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Figure 1 | Interfacial DMI in asymmetric magnetic multilayers. a, Top left: the DMI for two magnetic atoms (grey spheres) close to an atom with a large
spin–orbit coupling (blue sphere) in the Fert–Levy picture14. Top right: zoom-in on a single trilayer composed of a magnetic layer (FM, grey) sandwiched between
two different heavy metals A (blue) and B (green) that induce the same chirality (same orientation of D) when A is below and B above the magnetic layer.
Bottom: a zoom-in on an asymmetric multilayer made of several repetitions of the trilayer. b–e, A 1.5 × 1.5 µm2 out-of-plane magnetization (mz) map obtained by
STXM on a (Ir|Co|Pt)10 multilayer at r.t. for applied out-of-plane magnetic fields of 8 (b), 38 (c), 68 (d) and 83 (e) mT. f, Experimental X-ray magnetic circular
dicroism (XMCD) signal through a magnetic circular domain (skyrmion) as observed at 22 mT (black dots). The blue dashed curve is the magnetization profile
of an ideal 60-nm-diameter skyrmion and the red curve derives from the model described in the text. g, Same type of data at 58 mT and the corresponding
simulation of a 40-nm-diameter skyrmion. The images and data of f and g result from the same skyrmion evolution in the field. The actual image size of the
insets is 360 nm.
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Figure 1 | The nanoskyrmion lattice of the Fe ML on Ir(111). a, Sketch of the
nanoskyrmion lattice: cones represent atoms of the hexagonal Fe layer and
point along their magnetization directions; red and green represent up and
down magnetization components, respectively. b, Atomic-resolution STM
image of the pseudomorphic hexagonal Fe layer at an Ir step edge. Upper
inset: The FT. Lower inset: A side view of the system (tunnel parameters
U= +5 mV, I= 30 nA). c, SP-STM image of the Fe ML on Ir(111) with a
magnetic tip sensitive to the out-of-plane component of magnetization
(Fe-coated W tip, B= +2 T along the tip axis, U= +50 mV, I= 0.5 nA):
bright (dark) spots indicate areas with magnetization parallel (antiparallel)
to the tip magnetization. Left inset: Simulated SP-STM image of the
nanoskyrmion with out-of-plane magnetic tip. Right inset: FT of the
experimental SP-STM image shown in the two-dimensional Brillouin zone.
Note that the observed magnetic contrast does not change (except for a
shift) on reversing the magnetization of the tip30, which indicates a
compensated spin structure. d, Simulations of SP-STM images of the
nanoskyrmion with the tip magnetized in different directions as indicated;
image size and unit-cell position identical to those in a.

on the hexagonal Ir(111) surface (Fig. 1b) and the SP-STM
measurements of the Fe ML were made at low temperature
(T = 11 ± 2K throughout this work) using Fe-coated W tips.
Typically, these tips are magnetized perpendicular to the tip axis,
but when an out-of-plane external magnetic field, B, is applied
the magnetization of the tip is turned along its axis. As the
spin-polarized tunnel current scales as the cosine of the angle
between the tip and local sample magnetization23, these tips are
sensitive to the in-plane component of the sample magnetization
withoutmagnetic field and sensitive to the out-of-plane component
in an out-of-plane magnetic field. A typical measurement with an
out-of-plane-sensitive magnetic tip is shown in Fig. 1c. We observe
a square magnetic superstructure with a size of about 1 nm by 1 nm
(ref. 18), in which brighter and darker spots indicate opposite out-
of-plane components of the sample magnetization, in agreement
with the simulated SP-STM image of the nanoskyrmion (left inset).
The Fourier transform (FT) of the experimental SP-STM image
(right inset) shows four spots in the two-dimensional Brillouin
zone corresponding to two pairs of reciprocal vectors Q1 and Q2,
which enclose an angle ✓ of about 90�. The observed magnetic

structure is incommensurate with the atomic lattice and we shall
return to this intriguing aspect later. To simplify the discussion for
the moment, we start from the best commensurate approximation:
see the dashed blue box in Fig. 1a (then |Q1|= |Q2|= 0.277⇥2⇡/a
and ✓ =92.2�, where a=2.715Å is the nearest-neighbour distance).
Figure 1d shows simulated SP-STM images (see Supplementary
Section S2 for details) of the nanoskyrmion lattice for various tip
magnetization directions as indicated by the arrows: depending
on the exact orientation of tip magnetization with respect to the
magnetic unit cell, very differentmagnetic images can be expected.

To investigate whether the magnetic ground state can indeed be
the proposed nanoskyrmion, we have made measurements without
an external magnetic field, resulting in a tip sensitive to the in-plane
magnetization component of the sample. The overview SP-STM
image measured with an in-plane magnetized tip (Fig. 2a) shows all
three possible rotational magnetic domains, which are due to the
combination of a squaremagnetic structure and a hexagonal atomic
lattice18. As this image is measured with one particular magnetiza-
tion direction of the tip, we are catching different components of
the in-plane sample magnetization of the rotational domains with
respect to a unique axis in the magnetic unit cell. A closer view of
each magnetic domain is shown in Fig. 2b–d. We can analyse the
images by considering that all of them have been measured with
an identical magnetic tip (tip magnetization direction indicated by
arrows) while the magnetic unit cell rotates by 120� from domain
to domain. The excellent agreement between SP-STM experiment
and simulated images (see insets) clearly shows that our magnetic
structure is in accordance with the nanoskyrmion lattice. On the
basis of our experimental SP-STM measurements for the in-plane
and out-of-planemagnetization components we can even construct
the vector magnetization density of our sample, revealing the char-
acteristic spin structure of the skyrmion lattice (see Supplementary
Section S3). Note that the corrugation of the stripe pattern, Fig. 2d,
is at the resolution limit of STM (about one-third of that for the
square patterns Fig. 2b,c) and seems to require a very high spin
polarization of the tip. However, the observation of this pattern in
a simultaneous measurement on three different domains—which
has not been possible in a previous measurement18—is crucial
to unambiguously identify magnetic in-plane sensitivity (for a
quantitative analysis see Supplementary Section S4). By applying an
in-planemagnetic field, we can align the tipmagnetization direction
with respect to the crystallographic directions and experimentally
rule out a vortex lattice, which could also explain the measurement
of Fig. 2 (see Supplementary Section S5).

Spin model on a discrete lattice
To shed light on themicroscopic origin of the nanoskyrmion lattice,
we explore the magnetic phase space on the basis of a minimal
lattice Hamiltonian, which for this system is the following extended
two-dimensional Heisenberg model:

H = �
X

ij

Jij(MiMj)�
X

ijkl

Kijkl [(MiMj)(MkMl)+(MiMl)(MjMk)

� (MiMk)(MjMl)]�
X

ij

Dij(Mi ⇥Mj)

with localized magnetic momentsMi on Fe atomic sites i which are
coupled by pair-wise Heisenberg exchange interactions of strength
Jij . The second term represents the four-spin interaction, which
occurs due to electron hopping between four adjacent sites24. Its
strength is given by the coupling constants Kijkl , which are usually
much smaller than the exchange constants Jij and typically this
term is ignored. We restrict the discussion to nearest-neighbour
four-spin interaction; that is, Kijkl reduces to only one four-spin
constant K and the (ijkl) lie on diamonds of adjacent lattice sites.
The last term is the DM interaction, which arises from spin–orbit

714 NATURE PHYSICS | VOL 7 | SEPTEMBER 2011 | www.nature.com/naturephysics

ARTICLES

PUBLISHED ONLINE: 31 JULY 2011 | DOI: 10.1038/NPHYS2045

Spontaneous atomic-scale magnetic skyrmion
lattice in two dimensions
Stefan Heinze1*†, Kirsten von Bergmann2*†, Matthias Menzel2†, Jens Brede2, André Kubetzka2,
RolandWiesendanger2, Gustav Bihlmayer3† and Stefan Blügel3

Skyrmions are topologically protected field configurations with particle-like properties that play an important role in various
fields of science. Recently, skyrmions have been observed to be stabilized by an external magnetic field in bulk magnets.
Here, we describe a two-dimensional square lattice of skyrmions on the atomic length scale as the magnetic ground state of a
hexagonal Fe film of one-atomic-layer thickness on the Ir(111) surface. Using spin-polarized scanning tunnelling microscopy we
can directly image this non-collinear spin texture in real space on the atomic scale and demonstrate that it is incommensurate
to the underlying atomic lattice. With the aid of first-principles calculations, we develop a spin model on a discrete lattice that
identifies the interplay of Heisenberg exchange, the four-spin and the Dzyaloshinskii–Moriya interaction as the microscopic
origin of this magnetic state.

About 50 years ago Skyrme1 realized that topologically
protected defects in continuous fields, now called
skyrmions, share essential properties with single particles;

for example, they are localized in space, have quantized topological
charges, are subject to attractive or repulsive interactions, assemble
in ordered phases and undergo phase transitions. Since this
seminal paper, skyrmions have developed into a general concept
in physics ranging from elementary particles1 to liquid crystals2,
Bose–Einstein condensates3 and quantum Hall magnets4,5, and
show similarities to the vortex lattice in type II superconductors6.
They have been predicted to exist also in magnets7, and were
recently explored in the bulk magnets MnSi (ref. 8), FeCoSi (ref. 9)
and FeGe (ref. 10) with a chiral crystal structure using neutron
scattering and Lorentz transmission electron microscopy. In these
systems skyrmions with diameters of about 20–90 nmwere induced
by an external magnetic field out of a helical magnetic ground
state. A spontaneous skyrmion-like phase was reported in MnSi
in the vicinity of the helical transition temperature11, however, the
existence of a skyrmion lattice as the spontaneous ground state of a
magnet has so far only been proposed theoretically on the basis of a
phenomenological field model12.

A key ingredient in the theories of magnetic skyrmions is
the Dzyaloshinskii–Moriya (DM) interaction, which has only
recently been discovered to play a significant role for magnetic
nanostructures at surfaces13,14. It is due to spin–orbit coupling,
which links the spin to the real space, and it can occur in all systems
with broken structure-inversion symmetry such as surfaces. As the
DM interaction induces spin spirals of one particular rotational
sense it is often denoted as a chiral interaction that is essential
for the formation of magnetic skyrmions12,15,16. Up to now only
DM-induced spin spirals propagating along one direction have been
observed at surfaces13,14. Skyrmions can be viewed as their two-
dimensional analogons; however, a possible mechanism stabilizing
them against decay into one-dimensional spirals in the absence of
an external magnetic field is not firmly established. It had been
speculated before17 that the two-dimensional nanoscale magnetic
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structure of an Fe monolayer (ML) on Ir(111) (ref. 18) may be a
candidate for such a two-dimensional spin texture.Here, we present
a complementary experimental and theoretical study revealing the
existence of a skyrmion lattice as the spontaneous ground state of
this magnetic system. Following the experimentally determined size
of the magnetic unit cell of about 1 nm by 1 nm, we propose a
magnetic state as shown in Fig. 1a, which is a lattice of atomic-scale
skyrmions. The skyrmion number—a topological index of the field
configuration—is defined by

S= 1
4⇡

Z
n·

✓
@n
@x

⇥ @n
@y

◆
dx dy (1)

where n is the unit vector of the local magnetization and the
integral is taken over the two-dimensional unit cell. The integrand
of equation (1) defines a topological magnetic field that gives rise
to a Lorentz force and the skyrmion number is proportional to the
accumulated Berry phase in real space of travelling electrons in a
skyrmion lattice19. For any trivialmagnetic structure such as a ferro-
or antiferromagnet S= 0 holds. In contrast, the spin texture shown
in Fig. 1a is built from single magnetic units with a non-vanishing
positive value of S (see Supplementary Section S1 for the skyrmion
density), revealing the skyrmionic character of this topologically
protectedmagnetic state. It resembles the skyrmion lattice proposed
in ref. 12, but with the key difference that it occurs on the atomic
length scale and is not a modulation of an underlying magnetic
order, but is formed directly from the localizedmoments of the iron
atoms. Therefore, it requires a theory that takes the discrete atomic
lattice into account, to which the concept of skyrmions can also
be extended20,21. Owing to its size we denote it as a nanoskyrmion
lattice in the following.

Real-space measurement
Spin-polarized scanning tunnelling microscopy (SP-STM) is
applied as it enables us to resolve magnetic structures in real space
down to the atomic scale22. The Fe ML grows pseudomorphically
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The frequency shift, lineshape, and Ramsey
fringe contrast are quantities that all depend on the
first-order expectation values of the spin operators
〈 %Sx, y, z〉. We next turned our attention to the dis-
tribution of quantum noise, which depends on the
second-order moments of the spin operators, such
as 〈ð %SxÞ2〉 − 〈 %Sx〉2 and 〈 %Sx %Szþ %Sz %Sx〉 − 2〈 %Sx〉〈 %Sz〉.
Given that the form of the Hamiltonian in Eq. 1 is
known to produce squeezed and entangled states
(23), the distribution of the spin noise becomes
a compelling measurement to probe many-body
correlations beyond the mean field.

To minimize single-particle dephasing ef-
fects (for example, arising from the distribution
of site occupancies), we added a spin-echo pulse
to the Ramsey sequence. As a result, the sensi-
tivity to low-frequency laser noise was reduced
at the expense of increased sensitivity to high-
frequency laser noise. With atoms initialized in
jg〉, we followed the pulse sequence (Fig. 4) so
as to manipulate and measure the spin noise of
the many-body state. For each value of the final
rotation angle, representing a specific quadrature
in which we measured the spin noise, we re-
peatedly recorded 〈 %Sztot〉 /Ntot via measurements
of the final atomic excitation fraction after the
Ramsey sequence. From the data, we determined
s ≡

!
ð %SztotÞ

2"=N2
tot − 〈 %Sztot〉

2=N2
tot by analyzing

the pair variance for successive measurement of
〈 %Sztot〉=Ntot. The quantum limit of s2 is important
for defining the ultimate stability of lattice clocks
(12). For an ideal coherent spin state of the entire
ensemble, the standard quantum limit (SQL) of
s2 is given bys2sql ¼ pð1 − pÞ=Ntot, where p is the
probability of finding an atom in the excited state
and can be estimated as p ¼ 〈 %Sz〉=Ntot þ 1=2.

We performed measurements for different Ntot

and tdark—the total atom number and Ramsey free
evolution time, respectively—in order to probe
the time evolution of the spin noise distribution.
Long p pulses were used to reduce the sensitiv-
ity to spurious high-frequency components of
laser noise. For Ntot = 1 × 103, the quantum noise
contribution to the spin noise is comparable with
that of the laser noise (Fig. 4); however, with
Ntot = 4 × 103 the laser noise is responsible for a
larger fraction of the noise in repeated measure-
ments of 〈 %Sz〉.

There are qualitative differences between the
low– and high–atom-number cases; for exam-
ple, for Ntot = 4 × 103 with tdark = 20 and 40 ms
we observed a phase shift for the minimum of
the spin noise. To compare the predictions of the
full many-body master equation with the exper-
iment, we added the effect of laser noise in quad-
rature with the calculated spin quantum noise. In
the absence of laser noise, the theory predicts a
small degree of sub-SQL squeezing. This effect
is masked by laser noise in both the theoretical
prediction for the total spin noise and in our
experimental observations but gives rise to a
shift of the spin noise minimum with respect to
measurement quadrature. We additionally treated
the effects of interactions during the laser pulses.
The theory predicts the direction and magnitude

of the phase shift of the noise minimum in agree-
ment with the experimental observations (Fig. 4),
in addition to significantly enhanced spin noise
for rotations near T90°. Despite the presence of
laser noise, the measurements of the total spin
noise are consistent with the many-body spin
model.

Although the investigation described here is
restricted to nuclear-spin–polarized gases, explo-
ration of similar many-body effects in a clock
making use of additional nuclear spin degrees of
freedom with SU(N ) symmetry may allow inves-
tigation of unconventional frustrated quantum
magnetism (28–30).
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Writing and Deleting Single
Magnetic Skyrmions
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Topologically nontrivial spin textures have recently been investigated for spintronic applications.
Here, we report on an ultrathin magnetic film in which individual skyrmions can be written and
deleted in a controlled fashion with local spin-polarized currents from a scanning tunneling
microscope. An external magnetic field is used to tune the energy landscape, and the temperature
is adjusted to prevent thermally activated switching between topologically distinct states.
Switching rate and direction can then be controlled by the parameters used for current injection.
The creation and annihilation of individual magnetic skyrmions demonstrates the potential for
topological charge in future information-storage concepts.

Magnetic skyrmions (1) are topologically
stable, particle-like spin configurations
that carry a characteristic topological

charge S, which is essentially a measure of the
magnetization curvature. For a surface area A,

S is defined as S ¼ 1
4p ∫

A
n⋅ ∂n

∂x %
∂n
∂y

# $
dxdy, where

n is the normalized magnetization vector and
x and y are the spatial coordinates. A single

skyrmion carries a quantized charge of S = +1;
for an antiskyrmion, the charge is S = –1. In
contrast, a spin spiral and the ferromagnetic (FM)

Institute of Applied Physics, University of Hamburg, D-20355
Hamburg, Germany.

*Present address: Department of Physics, Mount Holyoke
College, 50 College Street, South Hadley, MA 01075, USA.
†Corresponding author. E-mail: kubetzka@physnet.uni-hamburg.
de (A.K.); kbergman@physnet.uni-hamburg.de (K.v.B.)

9 AUGUST 2013 VOL 341 SCIENCE www.sciencemag.org636

REPORTS

 o
n 

Au
gu

st
 8

, 2
01

3
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 

The frequency shift, lineshape, and Ramsey
fringe contrast are quantities that all depend on the
first-order expectation values of the spin operators
〈 %Sx, y, z〉. We next turned our attention to the dis-
tribution of quantum noise, which depends on the
second-order moments of the spin operators, such
as 〈ð %SxÞ2〉 − 〈 %Sx〉2 and 〈 %Sx %Szþ %Sz %Sx〉 − 2〈 %Sx〉〈 %Sz〉.
Given that the form of the Hamiltonian in Eq. 1 is
known to produce squeezed and entangled states
(23), the distribution of the spin noise becomes
a compelling measurement to probe many-body
correlations beyond the mean field.

To minimize single-particle dephasing ef-
fects (for example, arising from the distribution
of site occupancies), we added a spin-echo pulse
to the Ramsey sequence. As a result, the sensi-
tivity to low-frequency laser noise was reduced
at the expense of increased sensitivity to high-
frequency laser noise. With atoms initialized in
jg〉, we followed the pulse sequence (Fig. 4) so
as to manipulate and measure the spin noise of
the many-body state. For each value of the final
rotation angle, representing a specific quadrature
in which we measured the spin noise, we re-
peatedly recorded 〈 %Sztot〉 /Ntot via measurements
of the final atomic excitation fraction after the
Ramsey sequence. From the data, we determined
s ≡

!
ð %SztotÞ

2"=N2
tot − 〈 %Sztot〉

2=N2
tot by analyzing

the pair variance for successive measurement of
〈 %Sztot〉=Ntot. The quantum limit of s2 is important
for defining the ultimate stability of lattice clocks
(12). For an ideal coherent spin state of the entire
ensemble, the standard quantum limit (SQL) of
s2 is given bys2sql ¼ pð1 − pÞ=Ntot, where p is the
probability of finding an atom in the excited state
and can be estimated as p ¼ 〈 %Sz〉=Ntot þ 1=2.

We performed measurements for different Ntot

and tdark—the total atom number and Ramsey free
evolution time, respectively—in order to probe
the time evolution of the spin noise distribution.
Long p pulses were used to reduce the sensitiv-
ity to spurious high-frequency components of
laser noise. For Ntot = 1 × 103, the quantum noise
contribution to the spin noise is comparable with
that of the laser noise (Fig. 4); however, with
Ntot = 4 × 103 the laser noise is responsible for a
larger fraction of the noise in repeated measure-
ments of 〈 %Sz〉.

There are qualitative differences between the
low– and high–atom-number cases; for exam-
ple, for Ntot = 4 × 103 with tdark = 20 and 40 ms
we observed a phase shift for the minimum of
the spin noise. To compare the predictions of the
full many-body master equation with the exper-
iment, we added the effect of laser noise in quad-
rature with the calculated spin quantum noise. In
the absence of laser noise, the theory predicts a
small degree of sub-SQL squeezing. This effect
is masked by laser noise in both the theoretical
prediction for the total spin noise and in our
experimental observations but gives rise to a
shift of the spin noise minimum with respect to
measurement quadrature. We additionally treated
the effects of interactions during the laser pulses.
The theory predicts the direction and magnitude

of the phase shift of the noise minimum in agree-
ment with the experimental observations (Fig. 4),
in addition to significantly enhanced spin noise
for rotations near T90°. Despite the presence of
laser noise, the measurements of the total spin
noise are consistent with the many-body spin
model.

Although the investigation described here is
restricted to nuclear-spin–polarized gases, explo-
ration of similar many-body effects in a clock
making use of additional nuclear spin degrees of
freedom with SU(N ) symmetry may allow inves-
tigation of unconventional frustrated quantum
magnetism (28–30).
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Writing and Deleting Single
Magnetic Skyrmions
Niklas Romming, Christian Hanneken, Matthias Menzel, Jessica E. Bickel,* Boris Wolter,
Kirsten von Bergmann,† André Kubetzka,† Roland Wiesendanger

Topologically nontrivial spin textures have recently been investigated for spintronic applications.
Here, we report on an ultrathin magnetic film in which individual skyrmions can be written and
deleted in a controlled fashion with local spin-polarized currents from a scanning tunneling
microscope. An external magnetic field is used to tune the energy landscape, and the temperature
is adjusted to prevent thermally activated switching between topologically distinct states.
Switching rate and direction can then be controlled by the parameters used for current injection.
The creation and annihilation of individual magnetic skyrmions demonstrates the potential for
topological charge in future information-storage concepts.

Magnetic skyrmions (1) are topologically
stable, particle-like spin configurations
that carry a characteristic topological

charge S, which is essentially a measure of the
magnetization curvature. For a surface area A,

S is defined as S ¼ 1
4p ∫

A
n⋅ ∂n

∂x %
∂n
∂y

# $
dxdy, where

n is the normalized magnetization vector and
x and y are the spatial coordinates. A single

skyrmion carries a quantized charge of S = +1;
for an antiskyrmion, the charge is S = –1. In
contrast, a spin spiral and the ferromagnetic (FM)
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state are topologically trivial with S = 0.
Transitions between such topologically distinct
states are forbidden within a continuous descrip-
tion of n, but in a real system with magnetic
moments on an atomic lattice, strict topological
protection does not exist. Instead, the states are
separated by a finite energy barrier. Magnetic
skyrmions typically arrange in two-dimensional
(2D) lattices (2–4). An important prerequisite for
their formation is broken inversion symmetry,
which is fulfilled not only for samples with chiral
crystal structure (4–9), but also for magnetic film
systems, in which the top and bottom interfaces
are different (10–12). In recent years, magnetic
skyrmions have been observed in a number of
systems with broken crystal inversion symmetry
ranging from metallic and semiconducting (4–7)
to insulating (8, 9). Each of these systems dis-
plays a spin spiral phase in zero field (Fig. 1A),
resulting from a competition of magnetic ex-
change and Dzyaloshinskii-Moriya interaction,
and can be driven into a hexagonal skyrmion lat-
tice phase (Fig. 1B) by the application of an ex-
ternal magnetic field B. In contrast to the spin
spiral state, which is magnetically compensated,
the hexagonal skyrmion lattice exhibits a net mag-
netization and is, therefore, favored by the Zeeman
energy. By further increasing the magnetic field,
the parallel alignment of the magnetic moments
becomes energetically more and more favorable,
until the skyrmion phase is eventually saturated
to the FM phase (Fig. 1C) (5). Both of these phase
transitions are accompanied by a change of topo-
logical charge. In thin films, the skyrmion lattice

phase space increases as the thickness of the
sample is decreased (7). In such 2D systems, the
diameter of the skyrmions can exceed the film
thickness (5, 7), which may be favorable for con-
trolled skyrmion manipulation by surface tech-
niques. At the ultimate limit, a single atomic layer
of Fe on Ir(111) exhibits a skyrmion lattice, even
in the absence of an external field. This skyrmion
lattice has square symmetry and a period of only
1 nm (12); however, driving it into a different
topological state has been challenging.

The manipulation of skyrmion lattices may
require substantially smaller current densities com-
pared with the manipulation of domain walls in
conventional ferromagnetic systems, whichmakes
skyrmions a promising candidate for spintronic
applications (13–18). However, even though sin-
gle skyrmions were observed experimentally (5),
and the creation of skyrmions by radial currents
was studied theoretically (19), the manipula-
tion or creation of individual skyrmions has
presented difficulties. To design an ultrathin film
system exhibiting skyrmions that can be manip-
ulated with a local probe, we cover the Fe layer
on Ir(111) with an additional atomic layer of
Pd (20). We thereby modify the top interface
and, thus, the magnetic interactions within the
film. As Pd is known to be easily polarized by
adjacent magnetic moments (21), we expect the
resulting PdFe bilayer to behave as a single mag-
netic entity.

Figure 1 shows the magnetic field dependence
of the PdFe bilayer on Ir(111) at a temperature T
of 8 K. In zero field (Fig. 1D), the spin-polarized

scanning tunneling microscopy (SP-STM) image
(20) reveals a spin spiral ground state with a pe-
riod of 6 to 7 nm. When the magnetic field is
increased to B = +1 T (Fig. 1E), skyrmions can
be observed coexisting with remaining areas of
spiral ordering. Even higher values of B lead to
a pure hexagonal skyrmion lattice (Fig. 1F) and,
eventually, to saturation of the film to a FM phase
(Fig. 1G); here only a few single skyrmions, pinned
at atomic defects, remain at B = +2 T. This field-
dependent behavior is similar to previously studied
systems (5), and the transitions are reversible at
T = 8K: Removing the field leads to qualitatively
the same magnetic structure as in Fig. 1D, with
small variations in the details of the spiral posi-
tion and direction.

Figure 2A depicts a comparable sample at
B = +1 T, this time measured at T = 4.2 K.
Whereas the trend of skyrmion formation at the
cost of the spiral phase is similar, fewer skyrmions
are observed compared with the measurement at
T = 8 K (see Fig. 1E). This may be partly due to a
small shift with temperature of the critical mag-
netic field needed for the phase transition (4, 5, 7)
or to small differences in the local environment.
However, the main reason is reduced thermal en-
ergy, which prevents the system from reaching
energetically lower states. A change of B at T =
4.2 K may not necessarily lead to the lowest-
energy state; instead, a metastable state may be
preserved. We demonstrated a transition from a
metastable to a lower-energy state by depositing
energy into the system by tunneling with higher-
energy electrons: After scanning the surface area
at an increased bias voltage of U = +1 V, the
spin spiral has locally transformed into skyrmions
(Fig. 2B). A higher degree of control can be
achieved by injecting higher-energy electrons lo-
cally, as in Fig. 2, C and D, where skyrmions are
imprinted into the ferromagnetic phase; by volt-
age sweeps with the STM tip held stationary,
skyrmions can be created one by one below the
tip or in close vicinity (Fig. 2E). Apparently, atomic
defects act as preferred nucleation and pinning
sites (see also fig. S2). In such a writing process,
a topological charge S is created. The field-
dependent potential can be sketched as in Fig.
2F, where B0 is the field at which the two states
are energetically degenerate. For B < B0, the
energetically lower state is the skyrmion (S =
1); for B > B0, it is the FM state (S = 0). When
we start from the FM state and lower the
external field to B < B0 (as in Fig. 2C), the
system can be transferred to the skyrmion state
only if the remaining energy barrier is over-
come, either by thermal fluctuations or if en-
ergy is supplied by other means (e.g., by the
tunneling electrons).

For magnetic field values close to B0,
skyrmions can be created and annihilated re-
versibly. In this way, topological charge can be
used to store information, as demonstrated in
Fig. 3: By locally injecting electrons, we can gen-
erate any desired skyrmion configuration for the
four pinning sites within the area. In the series of

B

D B = 0 TSpin spiral phaseA

C Ferromagnetic phase B = +2 TG

Skyrmion phaseB

50 nm

B = +1 T

B = +1.4 T

+5
5 

pm
-6

0 
pm

E

F

Fig. 1. Magnetic field dependence of the PdFe bilayer on the Ir(111) surface at T=8 K. (A to C)
Perspective sketches of the magnetic phases. (D) Overview SP-STM image, perspective view of
constant-current image colorized with its derivative. (E to G) PdFe bilayer at different magnetic fields
(U = +50 mV, I = 0.2 nA, magnetically out-of-plane sensitive tip). (E) Coexistence of spin spiral and
skyrmion phase. (F) Pure skyrmion phase. (G) Ferromagnetic phase. A remaining skyrmion is marked
by the white circle.
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Chiral magnetic states in ultrathin ferromagnets

• Perpendicular anisotropy systems with interfacial DMI can support Néel 
domain walls and skyrmions

10

sources of uncertainty in the theoretical predictions were carefully
analysed, yielding the 1-s.e. intervals shown as shaded areas in
Fig. 2e. On the basis of this analysis, we find a 1-s.e. upper limit
|cosc|o0.07. This corresponds to an upper limit for the DMI
parameter DDMI, as defined in ref. 8, of |DDMI|o0.01 mJ m! 2

(see Supplementary Note 5). This result was confirmed on a
second DW in the same wire. In addition, the measurements were
reproduced for different projection axes of the NV probe. The
results are shown in Fig. 3 for four NV defects with different
quantization axes, showing excellent agreement between
experiment and theory if one assumes a Bloch-type DW. These
experiments provide an unambiguous confirmation of the Bloch
nature of the DWs in our sample, but are also a striking
illustration of the vector mapping capability offered by NV
microscopy, allowing for robust tests of theoretical predictions.

We conclude that there is no evidence for the presence of a
sizable interfacial DMI in a Ta(5 nm)/Co40Fe40B20(1 nm)/MgO
trilayer stack. This is in contrast with recent experiments
reported on similar samples with different compositions, such
as Ta(5 nm)/Co80Fe20(0.6 nm)/MgO (refs 3,27) and Ta(0.5 nm)/
Co20Fe60B20(1 nm)/MgO (refs 14), where a significant deviation
towards Néel DWs was inferred from current-induced DW
motion experiments. We note that contrary to these studies, our
method indicates the nature of the DW at rest, in a direct
manner, without any assumption on the DW dynamics. Our

results therefore motivate a systematic study of the DW structure
as a function of the composition of the trilayer stack.

Left-handed Néel DW structure in a Pt/Co/AlOx wire. In a
second step, we explored another type of sample, namely a
Pt(3 nm)/Co(0.6 nm)/AlOx(2 nm) trilayer grown by sputtering on
a thermally oxidized silicon wafer (see Supplementary Note 2).
The observation of current-induced DW motion with unexpect-
edly large velocities in this asymmetric stack has attracted con-
siderable interest in the recent years1. Here the DW width is
DDWE6 nm, leading to a relative field difference between Bloch
and Néel cases of E8% at a distance dE120 nm. We followed a
procedure similar to that described above. After a preliminary
calibration of the experiment, a DW in a 500-nm-wide magnetic
wire was imaged (Fig. 4a,b) and linecuts across the DW were
compared with theoretical predictions (Fig. 4c). Here the
experimental results clearly indicate a Néel-type DW structure
with left-handed chirality. The same result was found for two
other DWs. This provides direct evidence of a strong DMI at the
Pt/Co interface, with a lower bound |DDMI|40.1 mJ m! 2. This
result is consistent with the conclusions of recent field-dependent
DW nucleation experiments performed in similar films28. In
addition, we note that the observed left-handed chirality, once
combined with a damping-like torque induced by the spin-orbit
terms, could explain the characteristics of DW motion under
current in this sample7.

Discussion
In conclusion, we have shown how scanning-NV magnetometry
enables direct discrimination between competing DW configura-
tions in ultrathin ferromagnets. This method, which is not
sensitive to possible artifacts linked to the DW dynamics, will
help clarify the physics of DW motion under current, a necessary
step towards the development of DW-based spintronic devices. In
addition, this work opens a new avenue for studying the
mechanisms at the origin of interfacial DMI in ultrathin
ferromagnets, by measuring the DW structure while tuning the
properties of the magnetic material14,29. This is a key milestone in
the search for systems with large DMI that could sustain magnetic
skyrmions30.
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Figure 4 | Observation of left-handed Néel DWs in a Pt/Co/AlOx wire.
(a) AFM image and (b) corresponding Zeeman shift map recorded by
scanning the NV magnetometer above a DW in a 500-nm-wide magnetic
wire of Pt/Co(0.6 nm)/AlOx. The spherical angles characterizing the NV
defect quantization axis are (y¼87!, f¼ 23!). From calibration
measurements above edges of the sample, we inferred d¼ 119.0±3.4 nm
and Is¼ 671±18mA (see Supplementary Note 3). (c) Linecut extracted
from b (markers), together with the theoretical prediction (solid lines) for a
Bloch (red), a left-handed Néel (blue) and a right-handed Néel DW (green).
The shaded areas indicate 1 s.e. uncertainty in the simulations (see
Supplementary Note 5). Scale bar, 200 nm.
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above a DW can therefore reveal its inner structure, characterized
by the angle c. This is further illustrated in Fig. 1c,d, which shows
the stray field components Bc

x ðxÞ and Bc
z ðxÞ for various DW

configurations while using d¼ 120 nm and DDW¼ 20 nm, which
are typical parameters of the experiments considered below on a
Ta/CoFeB(1 nm)/MgO trilayer system.

Magnetic field imaging with scanning-NV magnetometry. We
now demonstrate the effectiveness of the method by employing a
single NV defect hosted in a diamond nanocrystal as a nano-
magnetometer operating under ambient conditions16–18. Here the
local magnetic field is evaluated within an atomic-size detection
volume by monitoring the Zeeman shift of the NV defect electron
spin sublevels through optical detection of the magnetic
resonance. After grafting the diamond nanocrystal on the tip of
an atomic force microscope (AFM), we obtain a scanning
nanomagnetometer that provides quantitative maps of the stray
field emanating from nanostructured samples19–21, with a
magnetic field sensitivity in the range of 10mT Hz$ 1/2 (ref. 22).
In this study, the Zeeman frequency shift DfNV of the NV spin is
measured while scanning the AFM tip in the tapping mode, so
that the mean distance between the NV spin and the sample
surface is kept constant with a typical tip oscillation amplitude of a
few nanometres20. Each recorded value of DfNV is a function of

BNV;k and BNV,>, which are the parallel and perpendicular
components, respectively, of the local magnetic field with respect
to the NV spin’s quantization axis (see Supplementary
Note 1). Note that a frequently found approximation is
DfNV % gmBBNV ;k=h, where gmB/hE28 GHz T$ 1. This indicates
that scanning-NV magnetometry essentially measures the
projection BNV;k of the magnetic field along the NV centre’s
axis. The latter is characterized by spherical angles (y,f) measured
independently in the (xyz) reference frame of the sample (Fig. 2a).

Calibration of the experiment. We first applied our method to
determine the structure of DWs in a 1.5-mm-wide magnetic wire
made of a Ta(5 nm)/Co40Fe40B20(1 nm)/MgO(2 nm) trilayer stack
(see Supplementary Note 2). This system has been intensively
studied in the last years owing to low damping parameter and
depinning field23. Before imaging a DW, it is first necessary to
determine precisely (i) the distance d between the NV probe and
the magnetic layer and (ii) the product Is¼Mst, which are both
directly involved in equation (3). These parameters are obtained
by performing a calibration measurement above the edges of a
uniformly magnetized wire, as shown in Fig. 2a. Here we use the
fact that the stray field profile Bedge(x) above an edge placed at
x¼ 0 can be easily expressed analytically in a form similar to
equation (1), which only depends on d and Is. An example of a
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Skyrmions in [Ir/Co (0.6 nm)/Pt]n

The best fit for the size and field dependence of circular-shaped
domain configurations is obtained with DMIs that are small
but non-negligible. Indeed, it is known that the different
structures of the two interfaces in Pt|Co|Pt-like trilayers induce a
non-zero DMI27,29.

To confirm the large DM magnitude in Ir|Co|Pt multilayers, we
developed a second approach to estimate it from the analysis of the
STXM images at remanence. This method relies on the quantitat-
ive analysis of the mean width of the perpendicular magnetic
domains. From the images obtained at zero field after demagneti-
zation, shown as an inset in Fig. 3, we measured the average
domain width to be 106 ± 20 nm for the Ir|Co|Pt multilayers.
The same analysis of similar images for the symmetric Pt|Co|Pt
multilayers led to a mean domain width of 303 ± 30 nm. In
Fig. 3, these experimental values are compared with those obtained
in a series of micromagnetic simulations as a function of the DMI,
which allows an estimation of |D|. The material parameters used in
these simulations are the same as those that gave Fig. 2b. From this
second approach we find that the DMI is about 1.6 ± 0.2 mJ m–2

for the asymmetric Ir|Co|Pt multilayers or 0.2 ± 0.2 mJ m–2 for
the symmetric Pt|Co|Pt sample, and thus close to the values
derived from the field dependence of the skyrmion size. Once
again, we emphasize that the domain width found in Pt|Co|Ir, in
the 100 nm range at zero field, cannot be expected with only
dipolar interactions21.

As mentioned above, we also evaluated how our estimation of the
DMI is modified if we take into account the proximity-induced
magnetization of Ir and Pt (Supplementary Information). We find
that, in this case, the DM magnitude from the asymmetric
multilayers is about 1.4 ± 0.3 mJ m–2, the actual value probably
being between this latter value and 1.6 ± 0.2 mJ m–2 given above.
In consequence, all these results converge to a very large interfacial
DMI, which enables the observation of skyrmions in technologically
relevant systems of magnetic multilayers.

Room temperature isolated skyrmion in disks
As described in the previous section, we found from two indepen-
dent analyses of the magnetic configurations that very large DMI
and skyrmions exist at r.t. in asymmetric (Ir|Co|Pt)10 multilayered
films. Here we demonstrate that isolated nanoscale skyrmions can

be stabilized at r.t. in nanodisks and nanostrips patterned in our
multilayers by electron-beam lithography and ion-beam etching.
Figure 4a shows the field dependence of the diameter of an
approximately circular domain located close to the centre of a
500-nm-diameter disk, and this dependence is compared, as we
did in the first section, with that obtained in micromagnetic simu-
lations. Even though the agreement is not as good as that in the
extended films shown in Figs 1 and 2, especially in the low-field
region, again a major outcome of these simulations is that it is
not possible to stabilize any bubble-like domain in submicro-
metre-sized disks without introducing large DM values of at
least 1.5 mJ m–2. As the winding number of the simulated circular
domains is, after stabilization, always equal to one, we can con-
clude that the experimental images correspond to nanoscale sky-
rmions with a chirality fixed by the sign of D. Figure 4b shows
STXM images of 300 nm disks and tracks 200 nm wide with
even smaller skyrmions that are stable down to very small fields
(∼8 mT) of dimensions that range from 90 nm close to a zero
field to 50 nm in an applied field. That the observed skyrmion
diameter does not depend significantly on the disk diameter was
expected from our previous numerical study25 in which it
depends rather on the effective ratio between the DM and
exchange interactions, as long as the DM magnitude remains
smaller than the threshold value that corresponds to negative
domain-wall energy. During the submission of this work, and
also in multilayers, Woo et al.40 reported the r.t. observation of
multiple skyrmions of relatively large diameter (around 400 nm)
in disks of diameter 2 µm patterned in Pt|Co|Ta multilayers.

Conclusion
Our r.t. observation of individual sub-100 nm skyrmions that are
produced in magnetic multilayers by a strong and additive inter-
facial chiral interaction represents the main achievement of this
work. Ten repetitions of the Pt|Co|Ir unit are enough to stabilize
firmly the skyrmions against thermal fluctuations at r.t. We
showed previously25 that the size of such interface-induced sky-
rmions (down to 30 nm in the present series) could be reduced
even more by tuning the magnetic anisotropy and described how
they could be nucleated by spin injection and displaced by the
spin Hall effect of the Pt layers. We believe that this experimental
breakthrough can be a robust basis for the development of sky-
rmion-based devices for memory and/or logic applications, as well
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Figure 3 | Skyrmion lattice generation. a, STXM images of the domain state in a 2 µm Pt/Co/Ta disc at Bz=�6 mT (left) and after subsequently applying
Bz=2 mT (right). b, Scanning electron micrograph of a magnetic disc array with a Au microcoil patterned around one disc. c, Sequence of STXM images
after applying bipolar pulse trains (peak-to-peak voltage amplitude Vpp) with the microcoil, showing transformation from labyrinth stripe domain into
skyrmion lattice. d, An initial labyrinth domain state was generated by static field (first image) and then transformed into a hexagonal skyrmion lattice by
applying a bipolar pulse train with Vpp = 10 V (second image). The last two images were acquired after applying Vpp =4 V and Vpp =5 V, respectively. Dark
(light) contrast corresponds to up (down) magnetization in all STXM images except for the last three in d, where the X-ray magnetic circular dichroism
(XMCD) contrast was inverted.

400-nm-diameter disc as a function of |D| and M̃s, which
parameterize the DMI and magnetostatic energies that prefer non-
uniform ground states. Here, M̃s =MstCo/⇤ is the volume-averaged
saturation magnetization, where tCo is the Co layer thickness
and ⇤ is the multilayer period. For large M̃s the magnetostatic
energy dominates, stabilizing magnetic bubble skyrmions that
transition from achiral Bloch to homochiral Néel skyrmions with
increasing |D|.

For smaller M̃s, in the range corresponding to the experimental
M̃s =6.8⇥104 Am�1, the magnetostatic energy alone is insu�cient
to generate a non-uniform state. For small |D| in this regime, only
the uniformly magnetized state can be stabilized, indicating that the
experimentally observedmultidomain states are driven by the DMI.
In the low-M̃s regime, as |D| is increased, the uniformly magnetized
state gives way to a DMI-stabilized Néel skyrmion lattice phase, and
finally to a Néel labyrinth phase when |D| is large.

Figure 2b shows the magnetic texture calculated in the region
where |D| and M̃s are close to experimental values. Calculations
were performed for a larger 2-µm-diameter disc, corresponding
to the experimental geometry described below. For larger discs,
the skyrmion lattice phase extends to lower |D| because the
disc can accommodate larger-diameter skyrmions. The magnetic
configuration and skyrmion size depend sensitively on M̃s and |D|,
and for the parameters of our Pt/Co/Ta films, the labyrinth stripe
phase and skyrmion phase are predicted to be close in energy,
suggesting that the skyrmion lattice phase might be realized
experimentally in this system.

We used scanning transmission X-ray microscopy (STXM) to
confirm these predictions experimentally. Figure 3a shows STXM
images of the domain structure in a 2-µm-diameter Pt/Co/Ta
disc during minor loop cycling of Bz . The left panel shows
a parallel stripe phase at Bz = �6mT, which transforms into
a symmetric hexagonal skyrmion lattice after Bz is swept to
+2mT, favouring up (dark-contrast) domains. This lattice closely
resembles the micromagnetically computed structure in Fig. 2b for
the experimental M̃s and |D|, and the quasistatic transformation
between the stripe phase and skyrmion lattice demonstrates that
both these phases are metastable. Furthermore, our micromagnetic
simulations predict that the skyrmion lattice is stable even at zero

field for this material. To demonstrate this, we show in Fig. 3c,d the
dynamical transformation of a labyrinth stripe domain phase into a
hexagonal skyrmion lattice atBz =0, by applying short (6 ns) bipolar
field pulses with a lithographically patterned microcoil (Fig. 3b).
Bipolar pulses were used to excite the domain structure without
causing any significant changes of the relative area of ‘up’ and
‘down’ domains. The disc was first saturated in the up state, and
then Bz =�2mT was applied to nucleate a down labyrinth stripe
domain (light contrast in Fig. 3c) before setting Bz back to zero.
The process of lattice formation can be seen as bipolar voltage
pulse trains with increasing amplitude Vpp are injected into the
coil (see Supplementary Fig. 6 for corresponding field profile). As
Vpp is increased from 2 to 9V, the stripe domain begins to break
into discrete skyrmions starting at one end (Fig. 3c) and after
Vpp = 10V, the domain structure has completely transformed into
a geometrically confined skyrmion lattice. As the total domain area
in the process does not change, the system is most likely seeking the
most energetically stable configuration while maintaining a fixed
net magnetization.

The degree of order and the skyrmion size can be manipulated
by low-amplitude pulse excitation (Fig. 3d). After initializing the
disc with a down labyrinth domain, Bz was set to zero and a
pulse train at Vpp = 10V was applied to create a stable array of
skyrmions. By applying a small-amplitude pulse train Vpp =4V, the
skyrmions relax into a highly ordered hexagonal lattice, without
changing their size. Increasing slightly the pulsed field amplitude to
Vpp =5V (Fig. 3d) decreases the skyrmion size and increases their
density. This result demonstrates that multiple skyrmion diameters
can be stabilized in confined geometries, leading to multiple lattice
periodicities that are commensurate with the confining geometry,
as seen also in simulations (see Supplementary Information 5). The
skyrmion size can also be controlled with an externally applied
out-of-plane field, and skyrmions can be reduced to <50 nm in
diameter (see Supplementary Information 5).

Having established that skyrmions can form stable lattices in
this material, we next investigate their manipulation by current in
a magnetic track. Recent simulations13 suggest that skyrmions in
ultrathin films can be e�ciently driven by vertical spin current
injection, which can occur when charge current flows in an adjacent
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the left (or right) of the constriction (33). Conse-
quently, inhomogeneous effective forces ðFy

shÞ on
theDWs (caused by the spinHall field) are created
along the y axis; these forces act to expand the end
of the domain (Fig. 1E). As the domain end contin-
ually expands its radius, the surface tension in
the DW (resulting from the increasing DWenergy
determined by the combination of exchange and
anisotropy fields) increases (34), which results in
breaking the stripes into circular domains (Fig. 1F).
This process resembles how soap bubbles de-

velop out of soap films upon blowing air through
a straw, or how liquid droplets form in fluid flow
jets (35). Because of the interfacial DMI in the
present system, the spin structures of the newly
formed circular domains maintain a well-defined
(left-handed) chirality (13, 14, 23, 24). Once formed,
these created synthetic hedgehog (Néel) skyrmions
(14, 23) are stable due to topological protection
and move very efficiently following the current
direction, a process that can be described on the
basis of a modified Thiele equation (36). The dy-
namic skyrmion conversion could, in principle,
happen at the other side of the device, where the
spatially convergent current compresses stripe
domains. However, sizeable currents and SOTs are
required to compensate the enhanced (repulsive)
dipolar interaction. The proposed mechanism dif-
fers from a recent theoretical proposal with sim-
ilar geometry, in which skyrmions are formed
from the coalescence of two independent DWs
extending over the full width of a narrow constric-
tion at a current density ≈108 A/cm2 (32). For
repeated skyrmion generation, this latter mech-
anism requires a continuous generation of paired
DWs in the constriction, which is inconsistent with
the experimental observations described below.

Transforming chiral stripe domains
into skyrmions

We demonstrated this idea experimentally with
a Ta(5 nm)/Co20Fe60B20(CoFeB)(1.1 nm)/TaOx(3 nm)
trilayer grown by magnetron sputtering (37, 38)
and patterned into constricted wires via photo-
lithography and ion milling (33). The wires have
awidth of 60 mmwith a 3-mm-wide and 20-mm-long
geometrical constriction in the center. Our devices
are symmetrically designed across the narrow neck
to maintain balanced demagnetization energy. A
polar magneto-optical Kerr effect (MOKE) micro-
scope in a differential mode (39) was used for dy-
namic imaging experiments at room temperature.
Before applying a current, the sample was first sat-
urated at positivemagnetic fields and subsequently
a perpendicular magnetic field of B⊥ ¼ þ0:5 mT
was applied; sparse magnetic stripe and bubble
domains prevail at both sides of thewire (Fig. 2A).
The lighter area corresponds to positive perpendic-
ular magnetization orientation, and the darker area
corresponds to negative orientation, respectively.
In contrast to the initialmagnetic domain config-

uration, after passing a 1-s single pulse of current den-
sity je = +5 × 105 A/cm2 (normalized by the width of
the device: 60 mm), it is observed that the stripe do-
mains started to migrate, subsequently forming
extended stripe domains on the left side. These do-
mains were mostly aligned with the charge current

flow and converged at the left side of constriction.
The stripeswere transformed into skyrmion bubbles
immediately after passing through the constric-
tion (Fig. 2B). Thesedynamically created skyrmions,
varying in sizebetween700 nmand 2 mm(depend-
ing on the strength of the externalmagnetic field),
are stable anddonot decay on the scale of a typical
laboratory testing period (at least 8 hours). The size
of the skyrmions is determined by the interplay be-
tween Zeeman, magnetostatic interaction and
interfacial DMI. In the presence of a constant
electron current density of je = +5 × 105 A/cm2,
these skyrmions are created with a high speed
close to the central constriction and destroyed at
the end of the wire. Capturing the transformation
dynamics of skyrmions from stripe domains is
beyond the temporal resolution of the present set-
up. Reproducible generation of skyrmions is dem-
onstrated by repeating pulsed experiments several
times (33). The left side of the device remainsmainly
in the labyrinthine stripe domain state after remov-
ing the pulse current, which indicates that both
skyrmionbubblesandstripedomainsaremetastable.
When the polarity of the charge current is re-

versed to je = –5 × 105 A/cm2, the skyrmions are
formed at the left side of the device (Fig. 2, C and
D). This directional dependence indicates that the
spatially divergent current and SOT, determined
by the geometry of the device, are most likely
responsible for slicing stripe DWs into magnetic

skyrmionbubbles, qualitatively consistentwith the
schematic presented in Fig. 1.
At a negative magnetic field B⊥ ¼ −0:5 mT and

current je = +5 × 105 A/cm2 (Fig. 2, E and F), a
reversed contrast, resulting from opposite inner
and outer magnetization orientations, is observed
compared with positive fields. We varied the exter-
nal magnetic field and charge current density sys-
tematically and determined the phase diagram for
skyrmion formation shown in Fig. 2G. A large pop-
ulation of synthetic skyrmions is found only in the
shadowed region, whereas in the rest of phase
diagram the initial domain configurations remain
either stationary or flowing smoothly, depending
on the strength of current density, as discussed
below. This phase diagram is independent of pulse
duration for pulses longer than 1 ms. No creation of
skyrmions in a regular-shaped device with a homo-
geneous current flow (as illustrated in Fig. 1B) is ob-
served up to a current density of je = +5 × 106 A/cm2.

Capturing the transformational dynamics

The conversion from chiral stripe domains into
magnetic skyrmions can be captured by decreasing
the driving current, which slows down the trans-
formational dynamics. Figure 3, A to D, shows the
dynamics for a constant current density of je =
+6.4 × 104 A/cm2 at B⊥ ¼ þ0:46 mT. The origi-
nal (disordered) labyrinthine domains on the left
side squeeze to pass through the constriction (Fig.
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Fig. 2. Experimental generation of magnetic skyrmions. (A) Sparse irregular domain structures are
observed at both sides of the device at a perpendicularmagnetic field ofB⊥ ¼ þ0:5 mT. (B) Upon passing a
current of je = +5 × 105 A/cm2 through the device, the left side of the device develops predominantly
elongated stripe domains, whereas the right side converts into dense skyrmion bubbles. (C and D) By re-
versing the current direction to je =–5 × 105 A/cm2, the dynamically created skyrmions are forming at the left
side of the device. (E and F) Changing the polarity of the external magnetic field reverses the internal and
external magnetization of these skyrmions. (G) Phase diagram for skyrmion formation. The shaded area in-
dicates field-current combinations that result in the persistent generation of skyrmions after each current pulse.
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Pt/Co/MgO film with a slightly thicker Co layer (1.08 nm) was used.
Figure 5a shows the XMCD-PEEM image of a magnetic skyrmion in
a 630 nm diameter circular dot. The larger skyrmion diameter (190
nm) can be explained by the larger Co thickness, as predicted by the
micromagnetic simulations (see Fig. 6b). Note that in this case, the
skyrmion is not located in the centre of the dot, probably because of
its pinning on a local defect. When applying a field μ0Hz = 4 mT
(Fig. 5b) in the direction opposite to the skyrmion core magnetiza-
tion, the diameter of the skyrmion decreases down to 70 nm. When
releasing the external magnetic field, the initial skyrmion structure
is recovered (Fig. 5c). This demonstrates that the skyrmion structure
is stable and reversible with respect to perturbations and that the
skyrmion diameter can be tuned using Hz. To confirm the chiral
structure of the skyrmion, we also imaged the skyrmion for an X-
ray beam direction rotated by 90° in-plane with respect to the
sample (Fig. 5d). As expected, the black/white contrast is now
rotated by 90° which confirms the full radial orientation of the in-
plane spins outward from the skyrmion centre and thus its chiral
Néel structure.

Numerical calculations
The observation of stable skyrmions at zero external magnetic field
raises the question of the physical mechanisms that govern the sky-
rmion stability and size in our experiments. To address this point,
we consider a simple model where the magnetization in the dot
θ(r) is described by a circular 360° Néel DW profile. The free
energy E in the circular dot-shaped nanostructure can be written
as the sum of two terms1,30,34,57: (1) the skyrmion energy Eσ[θ(r)]
due to the exchange, anisotropy and internal DW stray field ener-
gies; and (2) the energy due to the magnetostatic interactions
between the domains Emag. Assuming a radial symmetry, Eσ[θ(r)]
can be written as1,30,34,57:

Eσ[θ(r)] = 2πt
! R

0

{

A
dθ
dr

( )2

+
sin2 θ

r2

[ ]

− D
dθ
dr

+
cos θ sin θ

r

[ ]
+ (Keff + Es

DW) sin2 θ

}

rdr (1)

where Keff = K − μ0M2
s (1 − NDW)/2 is the effective anisotropy54,58

(K is the magneto-crystalline anisotropy constant), t is the film
thickness, R the dot radius. The demagnetizing energy due to the
magnetic charges within the DWs Es

DW is described by a constant
demagnetizing factor NDW such that Es

DW = NDWμ0M2
s /2. The ener-

gies Eσ and Emag
59 can be calculated as a function of the skyrmion

diameter d assuming a 360° DW profile and a 420-nm-diameter
circular dot (the magnetic parameters correspond to the experiment
of Fig. 3, see methods). More physical insight is obtained from the
effective forces Fσ(d) = −(∂Eσ/∂d) and Fmag(d) = −(∂Emag/∂d) which
are plotted in Fig. 6. A first interesting feature is that Fσ(d) cancels
out for d ∼ 20 nm, which thus would be an equilibrium diameter for
the skyrmion in the absence of the domain magnetostatic energy.
This equilibrium is the result of a balance between the DW
energy cost which is proportional to d and tends to decrease the sky-
rmion diameter and the curvature energy cost due the exchange
energy which scales as 1/d (ref. 34). However, the magnetostatic
force Fmag is large enough at low diameter to destabilize this
balance and the final equilibrium position is obtained for a larger
value of d ∼ 90 nm, where the two forces are equal. This underlines
that the magnetostatic energy plays an important role in the stability
and size of the skyrmion at zero external magnetic field. We also
carried out micromagnetic simulations for square nanostructures
with larger lateral dimensions. We observed that for sides larger
than 1.2 µm, the skyrmion structure is not stable and a stripe
domain structure appears. This may explain why we did not
observe any skyrmions but stripe domains for larger structures
with 1 µm sides (see Supplementary Information). Thus, the
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Skyrmions in Pt/Co (1 nm)/MgO

O. Boulle et al., Nat. Mater. (2016)
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Figure 2 | Skyrmion generation and dynamics. (a) AFM image of the asymmetric device with the skyrmion injection
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z

= �6 mT by 7 ns long, j = 2.8⇥ 1011 A/m2 pulses starting from a fully saturated
state, with one injected skyrmion after application of first pulse, and several skyrmion after a train of pulses. The dashed
lines and triangles correspond to the wire edges and electric contacts respectively. (c) Series of images showing skyrmion
shift along the track between 3 ns, j = 3.9⇥ 1011 A/m2 electric pulses. (d) Measured velocity of skyrmions as a function
of current densities at B

z

' �6 mT. The inset shows a sketch of the skyrmion cross section with the spin accumulation
due to the electrical current ~j. The resulting force ~

F defined by Equation (2) causes both skyrmions to move in the same
direction (against the electron flow).

velocities up to 60 m/s. From one pulse to another even
at the largest current densities, successive displacement
lengths are not equal, which underlines the role of defects
and that skyrmions move by hopping within the poten-
tial lanscape35. They advance in the track until they
get pinned, or reach a strongly pinned skyrmion which
prevents further propagation by skyrmion-skyrmion re-
pulsion.

The skyrmions move in the direction opposite to the
electrons which suggests that it is the spin Hall e↵ect
that governs their dynamics5,15. When an electric cur-
rent passes through the Pt layers, a spin accumulation
with opposite polarities is generated at each interface, as
sketched in Fig. 2(d). The force acting on a skyrmion
can be expressed as5

~

FSH = ± h̄

2e
⇡j✓SHb~ez ⇥ ~ep (2)

where j is the current density, ✓SH is the SHE angle and
b is a skyrmion characteristic length (half its perimeter
when the skyrmion radius R is much larger than the DW
width �). The SHE-induced spin accumulation is along
the vector ~ep = ~n⇥~

j, with ~n being the outer normal to

the SHE layer at the interface considered, and its sign
is given by that of the SHE angle ✓SH (positive for Pt3).
With ~e

z

the vertical direction in the laboratory frame (for
example, from substrate towards film), used to define the
chirality of the skyrmions, the sign of the force is set by
the chirality, as specified by the ± symbol in Eq. 2 where
“+” stands for right-hand chirality. Since the spin ac-
cumulation and the chirality are both opposite at each
interface, the forces acting on the skyrmions depicted
in Fig. 2(d) point in the same direction in both mag-
netic layers. The skyrmions in both layers are therefore
pushed in the same direction, along the electrical current
here. The obtained velocities quantitatively agree with
the model for skyrmion dynamics in a disorder-free media
(see Supplementary Material).

Skew deflection: insight into topology

One way to confirm that we deal with topological tex-
tures is to prove that they experience a gyrotropic force36
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Skyrmions in  Pt/(Ni/Co/Ni)/
Au/(Ni/Co/Ni)/Pt

A. Hrabec et al., arXiv:1611.00647
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velocities, identical to those of current 
driven DW motion, (iii) realistic strong 
pinning sites give rise to depinning currents 
that are larger than those derived from Hall 
effect measurements19 or simulations26 with 
skyrmion lattices but are still much smaller 
than in most experiments with DWs, and 
(iv) the generation of skyrmions in tracks 
similar to those in Fig. 3b,c is the next 
important experimental challenge on the 
way towards realizing devices. At present, 
we are using the same types of simulation 
to test several possible mechanisms (J. 
Sampaio, V. Cros, S. Rohart, A. Thiaville 
and A. Fert, unpublished observations).

Technological interest of skyrmions
The ultimate small size of the skyrmions 
and the possibility of moving them with 
electrical currents of very small density 
make them promising candidates for 
several types of spintronic storage or logic 
device27. Similar to DW-based racetrack 
memory, where the information is coded 
by pairs each consisting of a DW and 
a magnetic domain, information could 
be coded by skyrmions in a magnetic 
nanoribbon. The spacing between bits 
could be of the order of magnitude of 
the skyrmion diameter (down to a few 
nanometres), as in the simulations in 
Fig. 3b,c. This is much smaller than 
the spacing between pairs of DWs and 
magnetic domains in a DW race track 
(DW widths can also be as small as a 
few nanometres but the size of magnetic 
domains can hardly be reduced below 
30–40 nm). Although the ratio between 
velocity v and current density J is not 
expected to be very different for DWs 
and skyrmions, smaller sizes and shorter 
spacings for skyrmions could allow faster 
information flows with similar current 
densities, or, alternatively, similar flows 
with smaller current densities down 
to the very small depinning currents, 
leading to lower energy consumption. 
These advantages might also be exploited 
in several other spintronic devices such 
as magnetic random access memories in 
which a skyrmion is moved into, or out 
from, one of its electrodes.

The applications described above are 
implicitly for skyrmions in thin films. 
Until now, however, skyrmions have 
only been observed in crystals without 
inversion symmetry at temperatures below 
room temperature, and up to 250 K in 
FeGe (refs 15,16). Room-temperature 
observations are still also lacking for 
interface-induced skyrmions as the SP-
STM experiments, for technical reasons, 
have always been performed at low 
temperatures. However, from the calculated 

stabilization energy12, skyrmions in Fe on 
Ir(111) are expected to be stable at room 
temperature, also demonstrated by the 
micromagnetic simulations we performed 
with realistic DMIs. Also considering the 
unexplored possibilities of multilayered 
structures with active interfaces, we are 
reasonably optimistic on the potential 
of interface-induced skyrmions. In our 
opinion, the best solution should not be 

ultrathin layers like those used in the 
SP-STM experiments but slightly thicker 
layers in which the dilution of the interface 
effect could produce metastable individual 
skyrmions in a stable ferromagnetic state. 
Confined geometries like that shown in 
Fig. 3b–d are of high interest.

On the road
The exploration of the world of magnetic 
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Racetrack memory

Microwave detection and 
energy harvesting

in literature.25,30,31 The weak sinusoidal microwave current
(quasi-monochromatic signal) excites the uniform breathing
mode, being the skyrmion response in a quasi-linear regime.
This mode induces a resistance oscillation of amplitude DRs

linked to the minimum and maximum skyrmion core diameter
dSK-min and dSK-max and given by

DRS ¼
RAP " RPð Þ

d2
SK"max

" d2
SK"min

d2
C

d
SK"max

< dC

RAP " RPð Þ 1"
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d
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% dC;

8
>>>><

>>>>:

(4)

DRS is as larger as d2
SK"min
" > 0 and d

SK"max
" > dC. Moreover,

as expected, the ferromagnetic resonance frequency does not
change with the contact diameter dC (not shown), being linked
to the excitation of the uniform breathing mode of the sky-
rmion. An example of the time and space domain evolution of

the skyrmion core at the resonance frequency f¼ 4.6 GHz
(kU¼ 0.8 MJ/m3 and D¼ 3.0 mJ/m2) is shown in Ref. 32.

The FMR frequencies as a function of D for different kU

are summarized in Fig. 3(c). This non-monotonic trend can
be attributed to a different effect of the confining force (self-
magnetostatic field) on the skyrmion uniform breathing
mode. To qualitatively understand this behavior, we refer to
the concept of critical D (Dcrit) introduced in Ref. 19. For
extended ferromagnets, when D is below Dcrit, the confining
force is negligible, whereas for D near or above Dcrit, the con-
fining force plays a crucial role in fixing the skyrmion size.
We argue that this fact gives rise to the different slopes of the
FMR frequency vs D for our system. Those arguments are
confirmed by micromagnetic simulations performed for devi-
ces with diameter l¼ 75 nm and 150 nm (kU¼ 0.80 MJ/m3)
and displayed in Fig. 3(d). For l¼ 75 nm, the confining force
acts on the skyrmion also at small D giving rise to a mono-
tonic FMR frequency vs D curve. On the other hand, for

FIG. 2. (a) Profile of the out-of-plane component of the magnetization corresponding to the section AA0, as indicated in the inset. dsk represents the skyrmion
diameter. Inset: example of a snapshot of a N!eel skyrmion stabilized by the i-DMI, where the arrows indicate the in-plane component of the magnetization
while the colors are linked to the out-of-plane component (blue negative, red positive). (b) and (c) Skyrmion diameter as computed by means of micromagnetic
simulations (the radius is computed as the distance from the geometrical center of the skyrmion, where mZ¼"1, to the region where mZ¼ 0). Skyrmion diame-
ter (b) as a function of D for kU¼ 0.8 and 0.9 MJ/m3 and (c) as a function of kU for D¼ 3.0 and 3.5 mJ/m2.

FIG. 3. (a) STD response as a function
of D for kU¼ 0.8 MJ/m3. (b) STD
response as a function of kU for
D¼ 3.0 mJ/m2. (c) FMR frequency as
a function of D for two different values
of kU as indicated in the panel. (d)
FMR frequency as a function of D
(kU¼ 0.8 MJ/m3) for three different
values of the cross section diameter
l¼ 75, 100, and 150 nm with the indi-
cation of the critical DMI parameter
Dcrit.

262401-3 Finocchio et al. Appl. Phys. Lett. 107, 262401 (2015)
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propagation, we fix the position of the Skyrmion array by
PBC (see Appendix B for the other method of Skyrmion
pinning by periodic defects).
To generate the plane spin wave, a sinusoidal magnetic

source field H sinωtx̂ is applied only in the yellow-colored
region in Fig. 1(a). Here,H is the magnetic-field amplitude,
ω is the angular frequency and equals 2πf, where f is a
frequency; t is the time. At time zero, the source field
with H ¼ 1 mT and f ¼ 100 GHz is turned on. The field
amplitude is small enough to prevent Skyrmion motions
induced by the spin wave [18,19]. This localized field
oscillation generates the plane spin wave propagating to
both the þx and −x directions [red arrow in Fig. 1(a)]
and the Skyrmion arrays would meet the plane spin wave
moving to the þx direction. The dispersion relation of the
spin wave [23,24] determines the wavelength of the spin
wave (37 nm) at f ¼ 100 GHz.
We compare the effect of relative arrangements of the

Skyrmion arrays on spin-wave propagation. Two different
magnetization states are assumed with a position difference
between SKA and SKB along the y direction, Δy, which is
set to 32 nm and 0 [see Figs. 1(b) and 1(c)]. The images in
Figs. 1(b) and 1(c) show the steady state of the spin-wave
propagation when t ¼ 1 ns after turning on the source field.
To visualize the propagation and the distribution of the spin
wave regardless of the decay effect, we overlap the rainbow
color [inset of Fig. 1(b)] that represents the angle of the
in-plane (x-y plane) magnetization direction of each cellmφ

on the gray-colored magnetization images. The same color

represents the wave plane of the spin wave. In both images,
the same incident spin waves come from the left side;
however, the transmitted spin waves exhibit distinct behav-
iors. In Fig. 1(b), the wave plane of the transmitted wave is
tilted by 35° from the x axis, which means that the incident
spin wave changed its propagation direction, i.e., refraction
of the spin wave. However, this refraction does not appear
in Fig. 1(c).

III. DISCUSSIONS

We now explain this spin-wave refraction phenomenon
using a simple model. According to previous reports, the
Skyrmion scatters the spin wave [18,19] and this scattered
spin wave radially propagates from the Skyrmion with a
scattering angle (φ) of maximum amplitude; therefore, we
could simplify the scattered wave as a localized plane wave
having the propagation direction aligned to φ. To obtain the
observable scattered plane wave with this simplification,
each scattered plane wave from each Skyrmion should
produce a constructive interference. Thus, the following
relation roughly determines the spin-wave interference:
nλ ¼ d sinφ for SKA [black open circles in Fig. 2(a)]. Here,
λ is the wavelength of the spin wave, and d is the distance
between each SKA. When n is an integer number, the
scattered waves should produce the constructive interfer-
ence shown as green shadows in Fig. 2(a). Next, for SKB
[the dashed circle in Fig. 2(a)] placing at Δx ¼ 2λ and
Δy ¼ 0 from SKA, SKB will meet the same phase of the
incident wave [black shadows in Fig. 2(a)] as SKA and
thus SKB will produce the same scattered wave as SKA.
However, the wave plane of the scattered wave from SKB
does not help in making a stronger scattering wave. To
build a stronger scattering wave, the position of SKB should
be modified to that of the red circle in Fig. 2(a). In the same
way, we can obtain the possible position for stronger
scattering at every Δx and the collection of positions forms
red lines in Fig. 2(a). Note that the angle of the red
lines from the x axis is φ=2. If SKB on the red lines makes
up a Skyrmion array parallel to that of SKA, the stronger
scattered wave remains and produces spin-wave refraction.
On the other hand, when SKB is placed on the blue lines,
between the red lines, the scattered wave from SKB
produces a destructive interference with that of SKA; then,
the remaining wave passing through the Skyrmion arrays
should be the same as the incident wave.
The images in Figs. 2(b)–2(j) show several spin-wave

patterns with respect to Δx and Δy. The Skyrmion
positions of SKA satisfy nλ ¼ d sinφ, because d ¼ 64 nm,
λ ¼ 37 nm, φ ¼ 35°, and n ¼ 1. The overlapped red and
blue lines on the images denote SKB positions for con-
structive or destructive interference of the scattering spin
waves. As described above, when the array of SKB is
placed on the red lines, we can observe the spin-wave
refraction regardless of the particular Δx and Δy distances.

FIG. 1. Schematic illustration of the sample structure and
spin-wave propagations. (a) The area between the white dashed
lines represents a reduced region of the simulation structure with
the periodic boundary condition. The gray color on the sample
denotes the perpendicular magnetization component. The yellow
area represents the spin-wave source and the red arrows indicate
the spin-wave propagation direction. (b) Spin-wave distribution
with Δy ¼ 32 nm. (c) Spin-wave distribution with Δy ¼ 0 nm.

MOON, CHUN, KIM, and HWANG PHYS. REV. APPLIED 6, 064027 (2016)

064027-2

Spin wave refraction

K.-W. Moon et al., Phys. Rev. Applied (2016)

Oscillators, logic gates, … 
Exploit linear and/or gyrotropic 
motion in one way or another
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• Brief overview of skyrmions in ultrathin ferromagnets
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• Current-driven motion in disordered systems


• Summary and outlook
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Spin-torque nano-oscillators (STNO)

Current-induced spin torques allow for nonlinear dynamical phenomena not 
accessible with magnetic fields alone 

 

Example: self-sustained magnetization oscillations
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Magnetic nano-oscillator driven by pure
spin current
Vladislav E. Demidov1*, Sergei Urazhdin2, Henning Ulrichs1, Vasyl Tiberkevich3, Andrei Slavin3,
Dietmar Baither4, Guido Schmitz4 and Sergej O. Demokritov1

With the advent of pure-spin-current sources, spin-based
electronic (spintronic) devices no longer require electrical
charge transfer, opening new possibilities for both conducting
and insulating spintronic systems1–9. Pure spin currents have
been used to suppress noise caused by thermal fluctuations
in magnetic nanodevices, amplify propagating magnetization
waves, and to reduce the dynamic damping in magnetic
films10–14. However, generation of coherent auto-oscillations
by pure spin currents has not been achieved so far. Here we
demonstrate the generation of single-mode coherent auto-
oscillations in a device that combines local injection of a
pure spin current with enhanced spin-wave radiation losses.
Counterintuitively, radiation losses enable excitation of auto-
oscillation, suppressing the nonlinear processes that prevent
auto-oscillation by redistributing the energy between different
modes12,15. Our devices exhibit auto-oscillations at moderate
current densities, at a microwave frequency tunable over
a wide range. These findings suggest a new route for the
implementation of nanoscale microwave sources for next-
generation integrated electronics.

Interaction of pure spin currents with magnetization re-
sults in the modification of the effective dynamic damping in
ferromagnets10,11,14, which can be used for the amplification or sup-
pression of magnetization oscillations and waves11–13. The effects
of suppression can be used for the reduction of noise caused by
thermal fluctuations in nanoscale magnetic devices, while the am-
plification enables low-loss transmission andprocessing of electrical
signals via propagatingmagnetization waves8,13,16–18.

If damping can be completely compensated by the spin current,
it will enable lossless propagation of electromagnetic signals in
magnetic media. Furthermore, reversing the sign of damping
with a sufficiently large spin current can induce self-excitation
of coherent magnetization dynamics, enabling new types of
magnetic nano-oscillators. Such oscillators would have significant
advantages over conventional spin-torque nano-oscillators, whose
geometry and structure are limited by the requirement that the
spin current is accompanied by the electric current flowing through
the ferromagnet19–22.

A complete compensation of damping by the spin current seems
to be a straightforward extension of the previously demonstrated
damping reduction. However, recent studies12 showed that as the
compensation point is approached, nonlinear damping emerges
due to the nonlinear interactions among different dynamical
modes enhanced simultaneously by the spin current, preventing
the onset of auto-oscillation. Therefore, nonlinear damping must
be eliminated to realize complete damping compensation.

1Institute for Applied Physics and Center for Nonlinear Science, University of Muenster, 48149 Muenster, Germany, 2Department of Physics, Emory
University, Atlanta, Georgia 30322, USA, 3Department of Physics, Oakland University, Rochester, Michigan 48309, USA, 4Institute of Material Physics,
University of Muenster, 48149 Muenster, Germany. *e-mail: demidov@uni-muenster.de.
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Figure 1 | Experimental layout. a, Scanning electron microscopy image of
the test device. The device consists of a 4 µm-diameter disk formed by a
8 nm-thick Pt on the bottom and a 5 nm-thick Permalloy (Py) layer on top,
covered by two pointed Au(150) electrodes separated by a 100 nm gap.
b, Normalized calculated distribution of current through the section of the
device shown by a dashed line in the inset.

Because magnon–magnon scattering rates are proportional to
the populations of the correspondingmodes, the detrimental effects
of nonlinear damping can be avoided by selectively suppressing
all the modes, except for the ones that can be expected to auto-
oscillate. To achieve selective suppression, in our experiment we
take advantage of the frequency-dependent damping caused by the
spin-wave radiation (see Supplementary Information for a detailed
analysis). To take advantage of the radiative damping, the spin
current is locally injected into an extended magnetic film. The
local spin current enhances a large number of dynamical modes,
but those with higher frequencies, and consequently larger group
velocities, quickly escape from the active region, resulting in their
efficient suppression by the radiation losses. Meanwhile, the modes
at frequencies close to the bottom of the spin-wave spectrum have a
much smaller group velocity, and therefore their radiation losses are
minimal. Moreover, we show below that this damping imbalance is
further enhanced by the formation of a new strongly localizedmode
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Figure 2 | BLS characterization of the magnetization dynamics under the influence of spin current. a, Thermal fluctuation spectra at currents below the
onset of auto-oscillation. b, Integral intensity of thermal fluctuations and its inverse versus current. Both dependencies are normalized by their values at
I = 0. c, Spectra of the magnetization oscillations induced by the spin current above the onset of auto-oscillation. Filled areas are the results of fitting by the
Gaussian function. d, The intensity and the centre frequency of the auto-oscillation peak versus current. Curves are guides for the eye. All measurements
were performed at H = 900 Oe.

at the onset of auto-oscillation. The characteristics of this mode are
reminiscent of the nonlinear self-localized spin wave ‘bullet’23. This
non-propagating bullet is completely free from the radiation losses,
and thus has the lowest auto-oscillation threshold.

The schematic of our experiment is shown in Fig. 1a. The
studied device (see Methods for details) is formed by a bilayer of
a 8 nm-thick film of Pt and a 5 nm-thick film of Permalloy (Py)
patterned into a disk with a diameter of 4 µm. Two 150 nm-thick
Au electrodes with sharp points separated by a 100 nm wide
gap are placed on top of the bilayer, forming an in-plane point
contact. The sheet resistance of the bilayer is nearly two orders of
magnitude larger than that of the Au electrodes. As a consequence,
the electrical current induced by the voltage between the electrodes
should be strongly localized in the gap. Indeed, a calculation of
the current distribution through a section across the middle of
the gap (Fig. 1b) shows that most of the current flows through a
250 nm-wide strip of the bilayer between the Au electrodes. The
in-plane electric current in the Pt film comprises more than 90% of
the total current flowing through the bilayer, owing to the lower Pt
resistivity. This electric current creates a pure spin current flowing
into the Py, owing to a combination of the spin Hall24–26 and the
Rashba-like27,28 effects. The spin current injected into Py exerts a
spin-transfer torque on its magnetization. As a result, the damping
is modified, and the dynamic magnetic modes are either enhanced
or suppressed10–12.We emphasize that our device geometry does not
require electric current to flow through the ferromagnet, therefore
its operation principle can be transferred to low-loss dielectric
magnetic materials such as yttrium iron garnet.

We observed the greatest enhancement of dynamical modes
when the direction of the current I , the static magnetic fieldH , and
the normal to the film directed from Pt to Py formed a right-hand
set of orthogonal vectors.Meanwhile, the strongest suppression was

observedwhen these vectors formed a left-hand set. The effect of the
current was inverted when H was rotated by 180� or the direction
of the current flow was reversed. These observed behaviours are
consistent with the expected symmetry of both the spin Hall and
the Rashba effects24–28.

We study the effect of spin current on the magnetic modes by
micro-focus Brillouin light scattering (BLS) spectroscopy29. The
probing laser light is focused into a diffraction-limited spot on the
surface of the Py film (Fig. 1a) and the spectrum of light inelastically
scattered from the magnetization oscillations is analysed. The
resulting BLS signal at the selected frequency is proportional to
the square of the amplitude of the dynamic magnetization at
this frequency. Figure 2 shows the BLS spectra obtained with the
probing spot positioned in the centre of the gap between the
electrodes, at different values of the d.c. current I . At I = 0, the
BLS spectrum exhibits a broad peak corresponding to incoherent
thermal magnetization fluctuations in the Py film (Fig. 2a). As this
thermal peak growswith increasing current, its rising slope becomes
increasingly sharper than the trailing slope, consistent with the
preferential enhancement of the low-frequency modes12. Analysis
of the dependence of the frequency-integrated BLS intensity on
current (Fig. 2b) shows that the intensity of magnetic fluctuations
diverges as the current approaches a critical value Ic ⇡ 16.1mA.
In contrast to confined systems driven by spatially uniform spin
currents12, the intensity of fluctuations does not saturate as the
current approaches Ic, indicating that the nonlinear processes
preventing the onset of auto-oscillations are avoided.

At I � Ic, a new peak appears in the BLS spectrum below
the thermal peak, as indicated in Fig. 2a by an arrow. The
calculated current density in the centre of the gap at the
onset is 3⇥108 A cm�2, which is only slightly larger than the
extrapolated value 1⇥108 A cm�2 obtained for a similar system

NATUREMATERIALS | VOL 11 | DECEMBER 2012 | www.nature.com/naturematerials 1029

© 2012 Macmillan Publishers Limited. All rights reserved

V. Demidov et al., Nat. Mater. (2011)

SPIN HALL OSCILLATOR



14 Feb 2017 – JGU Mainz

Vortex-based STNOs

In STNOs based on solitons such as vortices, the magnetostatic or Zeeman energy 
defines a confinement potential, i.e. gyration/oscillation frequencies.
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the vortex is annihilated and both the thick and the thin
layers are in quasi-uniform magnetization states with magnetic
moments aligned with the field and the device resistance at
its minimum. As H∥ is reduced, near ±200 Oe the thin-layer
moment reorients owing to the interlayer dipole-field interaction7,
becoming antiparallel to the thick-layer moment. The additional
switching near H∥ = ±100 Oe corresponds to vortex nucleation,
which reduces the GMR from its maximum value in the uniform,
antiparallel configuration. Discrete steps in dV/dI are observed
for both out-of-plane (not shown) and in-plane applied fields,
resulting from intermittent pinning of the vortex owing to material
defects and device shape imperfections26,27. Owing to the thermally
activated nature of the vortex nucleation, in some scans, such as
the one shown in Fig. 1a, the parallel configuration is preferred
near H∥ = 0 when ramping down the field from negative values.
A scan carried out immediately afterwards indicates that the vortex
is nucleated again near 200 Oe.

To study the spin-torque excitation of vortex oscillations, the
d.c. bias current, I , was varied while keeping H , either H∥ or H⊥,
fixed. Previous work has established a link between persistent spin-
torque magnetization dynamics and peaks or dips in dV/dI versus
I scans (for example, refs 5,7). We do observe such features, but
they have a relatively small amplitude, which is consistent with the

relatively small amplitude of the vortex oscillations. Therefore, the
signatures of vortex oscillations in the I–V characteristics are not as
compelling as they are in ‘vortex-free’ spin-valve nanopillar devices.
Consequently, we focused on frequency-domain measurements
to establish the existence and study the character (for example,
linewidth, amplitude and frequency) of these vortex oscillations.
As expected, microwave dynamics are observed only for values of
H∥ between the positive and negative vortex annihilation fields.
Figure 1b shows typical frequency-domain measurements of the
GMR signal for H⊥ = 1,600 Oe, as a function of I for sample 1,
measurements that are indicative of the excitation of a single
strong mode of persistent high-frequency magnetization dynamics
in the structure. Although we usually observe only one dominant
microwave mode under the H and I conditions of interest here,
depending on the bias and sample we sometimes find multiple
modes. In general, the power in the second-harmonic signal is
less than 10% of that in the fundamental, consistent with a nearly
sinusoidal oscillation in the time domain.

The linewidth typically ranges between 60 MHz and <0.3 MHz
as the field- and current-bias conditions are varied. For sample 1, as
I is increased for H⊥ = 1,600 Oe, the full-width at half-maximum
(FWHM; "f ) decreases, whereas the power density increases
rapidly, reaching a maximum at I =11 mA (Fig. 1b). The oscillation
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NANOPILLARS: MAGNETOSTATICS NANOCONTACTS: OERSTED FIELDS

U(k ~Xk) = 1

2
k ~Xk2 + . . .

U(k ~Xk) = k ~Xk+ . . .

Q. Mistral, JVK et al., Phys. Rev. Lett. (2008)

V. Pribiag et al., 
Nat. Phys. (2007)

B. Ivanov & C. E. Zaspel, Phys. Rev. Lett. (2007)
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Thiele equation 

• Magnetization dynamics governed by Landau-Lifshitz equation 

16

dm

dt
= ��0m⇥He↵ + ↵m⇥ dm

dt
+ �ST

Precession Damping Spin torques

• By assuming profile for vortex/skyrmion core, can integrate out degrees of 
freedom and describe dynamics in terms of core position

G⇥ Ẋ0 + ↵DẊ0 = � @U

@X0
+ FST

Gyrotropic Damping Potential 
force

Spin torques

• When spin torques compensate damping, self-sustained gyration occurs 
→ spin-torque oscillator
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Skyrmion oscillators?

Is there a confinement potential for skyrmions? 
 

Yes! Boundaries provide natural confinement 
due to repulsion with partial walls at edges.
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velocities, identical to those of current 
driven DW motion, (iii) realistic strong 
pinning sites give rise to depinning currents 
that are larger than those derived from Hall 
effect measurements19 or simulations26 with 
skyrmion lattices but are still much smaller 
than in most experiments with DWs, and 
(iv) the generation of skyrmions in tracks 
similar to those in Fig. 3b,c is the next 
important experimental challenge on the 
way towards realizing devices. At present, 
we are using the same types of simulation 
to test several possible mechanisms (J. 
Sampaio, V. Cros, S. Rohart, A. Thiaville 
and A. Fert, unpublished observations).

Technological interest of skyrmions
The ultimate small size of the skyrmions 
and the possibility of moving them with 
electrical currents of very small density 
make them promising candidates for 
several types of spintronic storage or logic 
device27. Similar to DW-based racetrack 
memory, where the information is coded 
by pairs each consisting of a DW and 
a magnetic domain, information could 
be coded by skyrmions in a magnetic 
nanoribbon. The spacing between bits 
could be of the order of magnitude of 
the skyrmion diameter (down to a few 
nanometres), as in the simulations in 
Fig. 3b,c. This is much smaller than 
the spacing between pairs of DWs and 
magnetic domains in a DW race track 
(DW widths can also be as small as a 
few nanometres but the size of magnetic 
domains can hardly be reduced below 
30–40 nm). Although the ratio between 
velocity v and current density J is not 
expected to be very different for DWs 
and skyrmions, smaller sizes and shorter 
spacings for skyrmions could allow faster 
information flows with similar current 
densities, or, alternatively, similar flows 
with smaller current densities down 
to the very small depinning currents, 
leading to lower energy consumption. 
These advantages might also be exploited 
in several other spintronic devices such 
as magnetic random access memories in 
which a skyrmion is moved into, or out 
from, one of its electrodes.

The applications described above are 
implicitly for skyrmions in thin films. 
Until now, however, skyrmions have 
only been observed in crystals without 
inversion symmetry at temperatures below 
room temperature, and up to 250 K in 
FeGe (refs 15,16). Room-temperature 
observations are still also lacking for 
interface-induced skyrmions as the SP-
STM experiments, for technical reasons, 
have always been performed at low 
temperatures. However, from the calculated 

stabilization energy12, skyrmions in Fe on 
Ir(111) are expected to be stable at room 
temperature, also demonstrated by the 
micromagnetic simulations we performed 
with realistic DMIs. Also considering the 
unexplored possibilities of multilayered 
structures with active interfaces, we are 
reasonably optimistic on the potential 
of interface-induced skyrmions. In our 
opinion, the best solution should not be 

ultrathin layers like those used in the 
SP-STM experiments but slightly thicker 
layers in which the dilution of the interface 
effect could produce metastable individual 
skyrmions in a stable ferromagnetic state. 
Confined geometries like that shown in 
Fig. 3b–d are of high interest.

On the road
The exploration of the world of magnetic 
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Figure 3 | Skyrmion velocity. a, Deviation of the MnSi Hall resistivity from the normal behaviour (left 
y-axis), and the calculated corresponding velocity of the skyrmion lattice along the current direction 
(right y-axis) as a function of the current19,24. jc, depinning current. b–d, Micromagnetic simulations of 
current-induced motion of individual skyrmions or chains of skyrmions in 500 × 40 × 0.4 nm3 Co stripes 
with DMI of 1.4 meV per atom for the interface atoms and the different spin current densities indicated. 
The positions are indicated at t = 0 and either t = 2.8 ns or 1 ns, the corresponding velocity is also shown. 
b,c, Individual skyrmions in perfect stripes (b) and stripes with pinning (c) shown by the shaded triangle 
of enhanced anisotropy (jc is between the two current values). d, Individual skyrmions and chains of 
skyrmions exhibit the same velocity. The spacing between skyrmions can be smaller than shown in 
the figure and of the order of their diameter. The colour scale shows the out-of-plane component of 
magnetization, mZ. Animations of b–d can be seen in Supplementary Movies S1–S3. Figure reproduced 
from: a, ref. 19, © 2012 NPG.
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results could be applied to a large set of possible experimental
systems with different interfaces and different thicknesses
(Supplementary Section S1).

Stability of isolated skyrmions in nanodisks
We numerically calculated the relaxed micromagnetic state of
80-nm-wide nanodisks in zero field for different values of the DM
parameter D and different initial magnetic configurations (see
Methods). An example of our results for the variation of the total
energy with D (including the DMI, the Heisenberg exchange inter-
action, dipolar interactions, as well as the magnetic anisotropy) is
shown in Fig. 1a. Our central value of D (4 mJ m22) corresponds
approximately to the experimental value for one monolayer of Fe
on Ir(111), |D12|¼ 1.8 meV per atom pair4, divided by two in
order to take into account the dilution of the interface DMI in
our 0.4-nm-thick layers.

We first consider the results of Fig. 1a with an initial uniform
perpendicular magnetization along þz. Up to D ≈ 6 mJ m22, we
find that the relaxed stable state is still a quasi-uniform out-of-
plane ferromagnetic state (FM). At higher D, the FM state is no
longer stable and the system relaxes to a multidomain state with
domain walls of a given chirality20. The decrease in the energy of
the FM state with D in Fig. 1a is due to lowering of the DMI
energy by an inward tilt of the spins at the edges27.

In a second series of simulations, the initial state is skyrmion-
like. For D , 2.5 mJ m22, the relaxed state is not a skyrmion but
the FM state. For D in the range 2.5–6 mJ m22, the relaxed state
is a skyrmion. This regime with a bistable system is the most inter-
esting for applications: both the FM and single skyrmion states
can be stabilized, the energy being smaller for the skyrmion above
D*¼ 4 mJ m22 (for this disk diameter) and larger below D* (D*
decreases from 5.6 to 3.8 mJ m22 when the disk increases from
40 nm to infinity). For D . 7 mJ m22, the state with a single sky-
rmion becomes unstable and relaxes to a multiple-domain state.

As shown in Fig. 1a, the skyrmion size, defined as the diameter of
the line mz¼ 0, increases with D, in contrast to what is expected for
skyrmion lattices in unbounded films, where the lattice period is
proportional to A/D (ref. 7). In both systems, increasing D tends
to increase the quantity of twisted spin pairs. In a skyrmion lattice
where the density of skyrmions is a free parameter, an increase in
D leads to the creation of more skyrmions of smaller size8. In con-
trast, with a single skyrmion (or any fixed number of skyrmions),
the skyrmion spreads into a larger part of the disk (the skyrmion
diameter depends on the dot diameter too; Supplementary
Fig. S1A) and its size increases when D increases with respect to
A and K. Finally we emphasize that, in confined structures with a
fixed number of skyrmions, the skyrmion size can be reduced by
increasing the anisotropy (inset of Fig. 1a).

We thus demonstrate that stable or metastable isolated sky-
rmions can be obtained in dots with realistic values of the DMI,
exchange and anisotropy parameters. In Supplementary Section
S1 (Supplementary Fig. S2), we show how the existence of the bist-
ability region is robust against the variation of various parameters.

Nucleation of skyrmions by spin transfer torque
We propose a way to create isolated skyrmions in nanostructures of
thin magnetic films. Such a process necessarily involves overcoming
the topological stability barrier. Recently, solutions based on the use
of local stray fields from a magnetic tip have been described28,29.
Here, we investigate the option of creating a skyrmion by local injec-
tion of a spin-polarized current.

To investigate this nucleation mechanism, we performed micro-
magnetic simulations on the device geometry as described in Fig. 2
and composed of an 80 nm magnetic disk with a 40 nm inner disk
for the injection of a current of spin polarization P¼ 0.4 along 2z.
We start with an initial FM state (m¼þeZ, that is, red dot) and
apply a 2-ns-long current pulse. At low current density, as shown
in Fig. 2a for J¼ 1 × 108 A cm22, the initial FM configuration sub-
sists. Above a threshold value Jth (#2 × 108A cm22 for our par-
ameters) and at small values of D (2 and 3 mJ m22 in Fig. 2), the
magnetization is reversed (blue dot). For an intermediate D value
(4 mJ m22), a multidomain state (separated by Dzyaloshinskii
domain walls30) is the more stable final state. The most interesting
result is the nucleation of a single skyrmion found for D ≥ 5 mJ m22

with a 2 ns current pulse of density ≥2 × 108 A cm22.
Interestingly, the threshold current for nucleation can be signifi-
cantly reduced by using magnetic materials with smaller a values
than the one for Co (a¼ 0.3) we used in these simulations. For
example, if we take a¼ 0.015, recently measured in perpendi-
cularly magnetized CoFeB films31, nucleation currents as small as
0.5 × 108 A cm22 are found for D¼ 3 mJ m22 (Fig. 2c). This
current can be further reduced by applying a field along 2z to
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Figure 1 | Isolated skyrmion in a nanodisk (diameter, 80 nm). a, Total
micromagnetic energy (including the DMI, exchange, dipolar and anisotropy
energies) for an isolated skyrmion (yellow line and crosses) and FM states
(grey line and circles) as a function of DM parameter D. The top horizontal
axis shows the value of |D12| per pair of spins at the interface that
corresponds to the value of D for a 0.4-nm-thick cobalt layer at the bottom
scale. Note that 1.8 meV per pair is the value of |D12| found for the Fe/Ir(111)
interface. Below D¼ 2.2 mJ m22, the skyrmion state is only stable with a
smaller simulation cell (dashed yellow line). The magnetization mz of the
skyrmions for four values of D is shown. Inset: variation with anisotropy of
the skyrmion diameter for different values of D (4, 5 and 6 mJ m22 in
brown, orange and yellow lines, respectively). b, Magnetization distribution
in the skyrmion state for D¼ 4 mJ m22. Arrows represent the in-plane
component. The colour scale for a and b is shown in the inset of b.
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oriented along the (111) direction (N is the number of atomic
planes in the film). For example, given the value from the
literature2 for 1 monolayer of Fe on Ir(111) d = −1.8 meV
and a = 2.715 Å, we find D = −8.3 mJ/m2 for N = 1. Note
also that, although Eq. (2) has been derived from a simple
first-neighbor description, it remains valid for a more complex
formulation, as long as the system is isotropic. In such a case,
only the link between D and d is modified.

DMI needs to be included together with the other mi-
cromagnetic energies so that the exchange energy density
A[( ∂m⃗

∂x
)2 + ( ∂m⃗

∂y
)2] and anisotropy energy density −K(m⃗ · ẑ)2

are added to Eq. (2) (A being the micromagnetic exchange
constant and K the anisotropy constant). In this paper, we
consider the case with a perpendicular easy axis (K > 0). In
order to provide exact solutions which can be compared to
numerical calculations, we do not consider dipolar coupling
here so that K can be seen as an effective anisotropy constant,
which takes into account the shape anisotropy (K = KMC −
1
2µ0M

2
S , with KMC the magnetocrystalline anisotropy and

MS the spontaneous magnetization). This approximation is
justified by the fact that we are interested in ultrathin films,
where dipolar coupling becomes local (shape anisotropy) in
the zero-thickness limit.28 See, however, Fig. 1 for a case where
full dipolar coupling is included. As a first approximation, we
also do not include any specific edge energies (enhanced edge
anisotropy, modified exchange, or DMI constant, . . .) as usual
in continuous magnetism.

For numerical applications, we consider in the following
the parameters of Pt/Co/AlOx samples29 [A = 16 pJ/m, K =
510 kJ/m3 (" = 5.6 nm, Dc = 3.6 mJ/m2; see Sec. III B)],
thought to be good candidates to show the importance of

FIG. 1. (Color online) Magnetization rotation at the edges of an
ultrathin film with interface DMI. (a) Magnetization profile in a stripe
infinite in the ŷ direction and with a 100-nm width in the x̂ direction,
with initial magnetization along the ẑ axis and for D = 3 mJ/m2

(ξ = 10.67 nm). (b) Variation of mx at the structure boundary versus
"/ξ . The calculation has been stopped at D = Dc = 3.6 mJ/m2 as
beyond this value, cycloids start to develop in the sample and C

in Eq. (5) is not zero. The continuous line is the solution (numerical
integration) of Eq. (4) for different strengths of the DMI. In (a) and (b),
symbols correspond to numerical calculations: for the open symbols,
the local dipolar coupling approximation is used whereas, for the full
symbols, the full dipolar energy is included. Note that in (a), both
results are hardly distinguishable.

DMI.17,21 The value of D is varied in order to observe its
influence on the micromagnetic configurations.

III. ONE-DIMENSIONAL CASE

We first consider the case where the magnetization direction
only changes along the x̂ direction. Such a case has already
been considered for an infinite film and the results presented
in Secs. III B and III C are already known,7,8,10,16 but we recall
them as they underline the micromagnetic meaning of the
parameter D and its associated length ξ . Moreover, the results
of this one-dimensional (1D) model are essential in order to
understand results obtained on skyrmions.

Given the fact that, in the case of ultrathin films, d⃗ij is
orthogonal to u⃗ij , the DMI favors rotation in the (x̂,ẑ) plane
with a fixed chirality, so that a single angle θ is needed to
describe the variation of m⃗(x). Referring θ to the ẑ axis, the
total micromagnetic energy density reads as

E[θ (x)] =
∫ xB

xA

[
A

(
∂θ

∂x

)2

− D
∂θ

∂x
− K cos2 θ

]
dx, (3)

where xA and xB are the boundaries of the sample in the x
direction. We note that, contrarily to the exchange term, the
DMI term is chiral so that lowest-energy states are expected
for ∂θ/∂x of the sign of D.27 Using standard variation
calculus,30,31 it can be shown that the function θ (x) which min-
imizes the energy is the solution of the following equations:

d2θ

dx2
= sin θ cos θ

"2
for xA < x < xB, (4a)

dθ

dx
= 1

ξ
for x = xA or x = xB, (4b)

where " =
√

A/K and ξ = 2A/D are the two characteristic
lengths of the problem. The first one is the well-known Bloch
wall width parameter,31 while the second one is specific to the
DMI.7,8,14,32 By integration of Eq. (4a) we obtain

(
dθ

dx

)2

= C + sin2 θ

"2
, (5)

where C is an integration constant.

A. Magnetic edge structure and micromagnetic
boundary conditions

Equation (4b) needs to be carefully considered. It cor-
responds to a condition at the boundary of the sample.
Note that no specific micromagnetic energy was considered
at the edges so that this is a “natural” (or free) boundary
condition, that arises from the volume energies. It differs from
usual micromagnetism (i.e., without DMI) where it would be
dθ/dx = 0 in the absence of surface term, or where the edge
condition would be due to specific surface energies.33–36 A
striking consequence is that, in a finite-dimension structure
with DMI, the uniform state is never a solution of the
micromagnetic problem as soon as D ̸= 0.

For more complex investigations, these boundary condi-
tions have to be implemented in a micromagnetic simulation
code, which we have done for two different codes (one
homemade, Ref. 37, and the public code OOMMF, Refs. 38

184422-2
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tan ✓H =
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G

CPP torques with inhomogeneous polarizer

• Under CPP Slonczewski torques (~ SHE), skyrmion motion is not collinear with 
spin polarization vector P

18

✓H
e.g. Deflection analogous to 

Hall effect

• Could a vortex-like polarizer, combined with edge confinement, lead to skyrmion 
oscillations?

e.g.

Direct Observation of Unconventional Topological Spin Structure in Coupled Magnetic Discs
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Confined magnetic thin films are known to exhibit a variety of fascinating topological spin states such as

Skyrmions, vortices, and antivortices. Such topological excitations are fundamentally important to our

understanding of quantum critical phenomenon and related phase transitions. Here we report on the direct

observation of an unconventional topological spin state and its behavior in antiferromagnetically coupled

NiFe discs at room temperature. The observed spin structure is similar to the theoretically predicted merons

which have not yet been observed directly. We have used in situ Lorentz microscopy magnetizing experi-

ments combined with micromagnetic simulations to follow the stability and the behavior of the meron state.

Thework presented in this paperwill open newopportunities for direct experimental investigation of various

topological states that can provide insights into the fundamental physics of their interactions.

DOI: 10.1103/PhysRevLett.108.067205 PACS numbers: 75.30.Et, 75.70.!i, 75.78.Cd

The concept of topological ground states and excitations
originated in the study of exotic field theories but has more
recently emerged in all branches of physics [1], particu-
larly strongly correlated systems such as high temperature
superconductors [2], Mott insulators [3,4], as well as topo-
logical insulators [5,6]. A major hindrance in the direct
study of these states is that most of them occur only at very
low temperatures in bulk materials and cannot be visual-
ized or probed directly. By artificially changing the degrees
of freedom in the system, for example, by patterning, these
states can be accessed at room temperatures. For example,
Skyrmions have been observed in 2D confined thin films of
FeGe at close to room temperature [7]. Similarly, pattern-
ing ferromagnetic thin films to submicron sized discs leads
to the formation of the vortex state [8,9].

One nontrivial topological spin state is the meron state
that originally emerged as a solution to classical Yang-
Mills theories [10], in which the spins point radially out-
ward or inward from a core within a plane and point out of
the plane at the core [Fig. 1(a)]. In particle physics, merons
have been described in the context of quark confinement
and can only exist in pairs [11]. There have also been
several theoretical predictions regarding the existence of
merons in condensed matter systems, e.g., as ground states
in quantum Hall droplets [12,13], or thin chiral magnetic
films [14], although the experimental verification is still
lacking.

In this work, we will show that the combination of
confinement and an antiferromagnetic interfacial exchange
coupling mediated by a spacer layer gives rise to a topo-
logical spin state which is similar to the meron state and
that can be directly observed experimentally. The meron-
like topological state in AF-coupled Py (Ni80Fe20) discs
was observed using aberration-corrected Lorentz transmis-
sion electron microscopy (LTEM). LTEM offers the ability

of imaging domain behavior in all the layers simulta-
neously with high spatial resolution, with the sample
sitting in a field-free state. We also employ the transport-
of-intensity equation (TIE) based phase reconstruction
technique to obtain thickness-integrated magnetic induc-
tion maps. The response of the discs to an applied magnetic
field is observed using an in situ magnetizing holder that
applies a controlled magnetic field in the plane of the discs.
Our experimental observations combined with micromag-
netic modeling lead us to conclude that the observed spin
state is similar to the meron state.
Although ferromagnetic (FM) layers coupled antiferro-

magnetically (AF) via nonmagnetic spacers have been
studied previously, there has been relatively little work
on the spin states of patterned AF-coupled structures.
Previous work on imaging of the domain behavior in
such systems has used x-ray photoemission electron

(a)
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NiFe (20 nm)

NiFe (20 nm)
Cr (2 nm)

(b) Direction of 
electron beam

1 m

LTEM image Mag. Color Map
(c) (d)

FIG. 1 (color online). (a) Schematic showing the spin structure
of a meronlike state with opposite chirality; (b) schematic
showing the trilayer discs and direction of the electron beam
for imaging, and (c) LTEM under-focus image, and
(d) reconstructed magnetic induction color map.
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Micromagnetics simulations

• Performed micromagnetics simulations 
using MuMax3 code


- Solves Landau-Lifshitz-Gilbert + spin torques 
using finite difference method


- Graphics processing units (GPUs) for fast 
computation of dipole-dipole interaction


- Standard energy terms: exchange, 
anisotropy, dipole-dipole, DMI, Zeeman

19

107133-19 Vansteenkiste et al. AIP Advances 4, 107133 (2014)

FIG. 21. MuMax3 throughput on GTX TITAN GPU, for all N ⇥N grid sizes up to 1024⇥ 1024. Numbers with only factors
2,3,5,7 are marked with an open box, pure powers of two (corresponding to Fig. 22) with a full box. Proper grid sizes should
be chosen to ensure optimal performance.

su�ciently large simulations. This is clearly illustrated by considering how many cells can be pro-
cessed per second, i.e., Ncells/tupdate with tupdate the time needed to calculate the torque for Ncells cells.
We refer to this quantity as the throughput. Given the overall complexity of O(N log(N)) one would
expect a nearly constant throughput that slowly degrades at high N . For all presented throughputs,
magnetostatic and exchange interactions were enabled and no output was saved.

The throughput presented in Fig. 21 for a square 2D simulation on a GTX TITAN GPU only
exhibits the theoretical, nearly constant, behaviour starting from about 256 000 cells. Below, the
GPU is not fully utilized and performance drops. Fortunately, large simulations are exactly where
GPU speed-up is needed most and where performance is optimal.

MuMax3’s performance is dominated by FFT calculations using the cuFFT library, which per-
forms best for power-of-two sizes and acceptably for 7-smooth numbers (having only factors 2,3,5
and 7). Other numbers, especially primes should be avoided. This is clearly illustrated in Fig. 21
where other than the recommended sizes show a performance penalty of up to about an order of
magnitude. So somewhat oversizing the grid up to a nice smooth number may be beneficial to the
performance.

Note that the data in Fig. 22 is for a 2D simulation. Typically a 3D simulation with the same to-
tal number of cells costs an additional factor ⇠ 1.5⇥ in compute time and memory due to additional
FFTs along the z-axis.

On the other hand, simulations with periodic boundary conditions will run considerably faster
than their non-periodic counterparts. This is due to the absence of zero-padding which reduces FFT
sizes by 2 in each periodic direction. Memory consumption will be considerably lower as well. Only
the one-time kernel initialization will take longer in this case, as a number of repeated images need
to taken into account here.

FIG. 22. MuMax3 throughput, measured in how many cells can have their torque evaluated per second (higher is better),
for a 4⇥106 cell simulation (indicative for all su�ciently large simulations). For comparision, OOMMF performance on a
quad-core 2.1 GHz CPU lies around 4 M cells/s.

 All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported license. See:
http://creativecommons.org/licenses/by/3.0/ Downloaded to IP:  129.175.97.14 On: Wed, 22 Oct 2014 13:03:01

A. Vansteenkiste et al., AIP Adv. (2014)
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Radial polarizer – MuMax simulations

Oscillations occur for only one current polarity 
(“outward” motion)

20

150 nm / 128 cells

Parameters based on 

Pt/Co (0.6 nm)/AlOx


[M. Belmeguenai et al., PRB 2015]
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Estimating frequency from edge velocities

Use the skyrmion velocity along a straight edge (uniform polarizer) 
to predict oscillation frequency
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Generalized vortex polarizers

Similar oscillations are observed for different vortex polarizer configurations
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Role of grains and anisotropy distributions

• Modeled defects with distribution of grains with 
different anisotropies (Gaussian)


• Distorted trajectories with no evidence of athermal 
spectral line broadening
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Outline

• Brief overview of skyrmions in ultrathin ferromagnets


• Skyrmion oscillators


• Current-driven motion in disordered systems


• Summary and outlook

26
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Role of disorder in current-driven skyrmion motion

• Q: What is the role of (anisotropy) defects in current-driven skyrmion motion?


• Q: Is “topological protection” relevant, or do skyrmions just get pinned like 
domain walls?

27

NATURE NANOTECHNOLOGY | VOL 8 | MARCH 2013 | www.nature.com/naturenanotechnology 155

commentary

velocities, identical to those of current 
driven DW motion, (iii) realistic strong 
pinning sites give rise to depinning currents 
that are larger than those derived from Hall 
effect measurements19 or simulations26 with 
skyrmion lattices but are still much smaller 
than in most experiments with DWs, and 
(iv) the generation of skyrmions in tracks 
similar to those in Fig. 3b,c is the next 
important experimental challenge on the 
way towards realizing devices. At present, 
we are using the same types of simulation 
to test several possible mechanisms (J. 
Sampaio, V. Cros, S. Rohart, A. Thiaville 
and A. Fert, unpublished observations).

Technological interest of skyrmions
The ultimate small size of the skyrmions 
and the possibility of moving them with 
electrical currents of very small density 
make them promising candidates for 
several types of spintronic storage or logic 
device27. Similar to DW-based racetrack 
memory, where the information is coded 
by pairs each consisting of a DW and 
a magnetic domain, information could 
be coded by skyrmions in a magnetic 
nanoribbon. The spacing between bits 
could be of the order of magnitude of 
the skyrmion diameter (down to a few 
nanometres), as in the simulations in 
Fig. 3b,c. This is much smaller than 
the spacing between pairs of DWs and 
magnetic domains in a DW race track 
(DW widths can also be as small as a 
few nanometres but the size of magnetic 
domains can hardly be reduced below 
30–40 nm). Although the ratio between 
velocity v and current density J is not 
expected to be very different for DWs 
and skyrmions, smaller sizes and shorter 
spacings for skyrmions could allow faster 
information flows with similar current 
densities, or, alternatively, similar flows 
with smaller current densities down 
to the very small depinning currents, 
leading to lower energy consumption. 
These advantages might also be exploited 
in several other spintronic devices such 
as magnetic random access memories in 
which a skyrmion is moved into, or out 
from, one of its electrodes.

The applications described above are 
implicitly for skyrmions in thin films. 
Until now, however, skyrmions have 
only been observed in crystals without 
inversion symmetry at temperatures below 
room temperature, and up to 250 K in 
FeGe (refs 15,16). Room-temperature 
observations are still also lacking for 
interface-induced skyrmions as the SP-
STM experiments, for technical reasons, 
have always been performed at low 
temperatures. However, from the calculated 

stabilization energy12, skyrmions in Fe on 
Ir(111) are expected to be stable at room 
temperature, also demonstrated by the 
micromagnetic simulations we performed 
with realistic DMIs. Also considering the 
unexplored possibilities of multilayered 
structures with active interfaces, we are 
reasonably optimistic on the potential 
of interface-induced skyrmions. In our 
opinion, the best solution should not be 

ultrathin layers like those used in the 
SP-STM experiments but slightly thicker 
layers in which the dilution of the interface 
effect could produce metastable individual 
skyrmions in a stable ferromagnetic state. 
Confined geometries like that shown in 
Fig. 3b–d are of high interest.

On the road
The exploration of the world of magnetic 
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Figure 3 | Skyrmion velocity. a, Deviation of the MnSi Hall resistivity from the normal behaviour (left 
y-axis), and the calculated corresponding velocity of the skyrmion lattice along the current direction 
(right y-axis) as a function of the current19,24. jc, depinning current. b–d, Micromagnetic simulations of 
current-induced motion of individual skyrmions or chains of skyrmions in 500 × 40 × 0.4 nm3 Co stripes 
with DMI of 1.4 meV per atom for the interface atoms and the different spin current densities indicated. 
The positions are indicated at t = 0 and either t = 2.8 ns or 1 ns, the corresponding velocity is also shown. 
b,c, Individual skyrmions in perfect stripes (b) and stripes with pinning (c) shown by the shaded triangle 
of enhanced anisotropy (jc is between the two current values). d, Individual skyrmions and chains of 
skyrmions exhibit the same velocity. The spacing between skyrmions can be smaller than shown in 
the figure and of the order of their diameter. The colour scale shows the out-of-plane component of 
magnetization, mZ. Animations of b–d can be seen in Supplementary Movies S1–S3. Figure reproduced 
from: a, ref. 19, © 2012 NPG.
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down-directed applied magnetic field. b, Sequential STXM images showing skyrmion displacement in Pt/Co/Ta after injecting 20 unipolar current pulses
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skyrmion velocity of Pt/Co/Ta (filled symbols) and Pt/CoFeB/MgO (open symbols) versus current density. Di�erent shaped symbols correspond to
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heavy metal because of the spin Hall e�ect. In this case, the current
exerts a Slonczewski-like torque that can be much stronger than
spin-transfer torques from in-plane spin current. As Pt and Ta have
large spin Hall angles with opposite signs, the spin Hall currents
generated at each interface in Pt/Co/Ta work in concert to generate
a large Slonczewski-like torque28. As the spin Hall e�ect direction
of motion of a skyrmion depends on its topology13, observations
of current-induced displacement can serve to unambiguously verify
the topology and chirality of the skyrmions in this system.

In Fig. 4, an external magnetic field Bz was applied to a
2-µm-wide Pt/Co/Ta magnetic track to shrink the zero-field
labyrinth domains into a few isolated skyrmions. The track was
contacted by Au electrodes at either end for current injection
(Fig. 4a). Figure 4b shows a sequence of STXM images of a
train of four skyrmions stabilized by Bz . Each image was acquired
after injecting 20 current pulses with current-density amplitude
ja =2.2⇥1011 Am�2 and duration 20 ns, with the polarity indicated
in the figure. Three of the four skyrmions move freely along the
track, and can be displaced forward and backward by current,
whereas the left-most skyrmion remains immobile, evidently
pinned by a defect.

The propagation direction is along the current-flow direction
(against electron flow), and this same directionality was observed
for skyrmions with oppositely oriented cores. This behaviour is
analogous to spin Hall current-driven motion of homochiral Néel
domain walls stabilized by interfacial DMI in Pt/Co(Fe)/oxide
thin films19,20,24. Micromagnetic simulations (see Supplementary
Information 6.1 and Supplementary Fig. 5 for details) show that as is
the case for domain walls, spin-Hall-driven displacement along the
current-flow direction occurs only for left-handed Néel skyrmions,
confirming the topology of the skyrmions in this material.

The average skyrmion velocity was measured versus current
density in three di�erent devices, shown in Fig. 4c. We observe
a critical current density jc ⇠ 2.0 ⇥ 1011 Am�2, below which no

skyrmion motion is observed. Slightly above jc the skyrmions
move at di�erent average speeds in di�erent regions of the track,
suggesting a significant influence of local disorder on the dynamics.
Interestingly, pinned skyrmions can be annihilated, as seen in the
last image of Fig. 4b, where only three skyrmions remain, and the
left-most skyrmion becomes pinned at the same location as was
the annihilated skyrmion. At higher current densities we observe
fast skyrmion motion with velocities approaching 50m s�1 at
j⇠3.5⇥1011 Am�2.

The experimentally observed critical current density, and the
skyrmion velocities that are lower than those calculated for a defect-
free sample (see Supplementary Fig. 8) are in sharp contrast to
recent micromagnetic studies that predict high skyrmion mobility
even in the presence of discrete defects10–13. In those studies, discrete
defects were introduced sparsely at a length scale larger than the
skyrmion size, so that skyrmions could propagate around them and
avoid becoming pinned. In ultrathin films, both the anisotropy and
DMI arise from interface coordination, and atomic-scale interface
disorderwill result in an energy landscape that is inhomogeneous on
length scales comparable to and smaller than the skyrmion size. Our
micromagnetic simulations (see Supplementary Information 6.2
and 6.3 and Supplementary Figs 9–11 for details) show that short-
length-scale dispersion in the local DMI can strongly pin skyrmions,
leading to a finite critical current, reduced velocities, and current-
induced annihilation of pinned skyrmions, in agreement with
our experiments.

These results suggest that more reliable current-
driven motion might be achieved by using lower pinning
materials. To test this experimentally, we developed
[Pt(3 nm)/CoFeB(0.7 nm)/MgO(1 nm)]15 multilayer stacks.
Here, amorphous CoFeB was chosen because the absence of grain
boundaries leads to lower pinning as compared with polycrystalline
Co (see Supplementary Information 3 and Supplementary Fig. 4).
The average skyrmion velocity for Pt/CoFeB/MgO versus current
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What can domain wall dynamics teach us?

• In PMA materials, domain wall pinning is an important issue and remains key 
roadblock for racetrack-type applications


• Pinning leads to finite threshold field or current for propagation

28
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Figure 3 |Domain-wall velocity induced by current or field in the PtCoAlOx layers. a, Current-induced domain-wall displacement as a function of pulse
length, for current densities j ranging from 2.0 to 3.3⇥ 1012 A m�2. Each data point is an average over more than 103 individual displacements. Error bars
calculated as the standard error of the average value are smaller than the data points. b, Domain-wall velocity as a function of the current density. Vertical
error bars are calculated as the error of the linear regression. Horizontal error bars are important only for the shortest pulses where the plateau of constant
current is reduced. They are caused by the imprecision in the determination of the pulse height. The solid line is a linear fit to the domain-wall flow regime
(occurring for j> 1.8⇥ 1012 A m�2). The shaded area maps the region where the velocity values are compatible with the turbulent motion. The inset shows
a measurement of the domain-wall velocity as a function of the magnetic field. When H> 1.0 kOe, the domain-wall mobility saturates (indicated by the red
solid line) and thus demonstrates a similar behaviour to the current-induced velocity.

Figure 3b shows the domain-wall velocity plotted as a function
of current density. Similarly to the creep and flow regimes seen in
studies of field-drivenmotion26, the domain-wallmobility increases
at low currents and saturates at higher values (⇠1.8⇥1012 Am�2).
Moreover, we observe that the onset of the constant-mobility
regime coincides with the saturation of the delay time (Supplemen-
tary Fig. S5). This proves that for the high current densities the
velocity determination is not affected by pinning, allowing the com-
parison of experimental results to values predicted by theory.

An outstanding feature of this comparison (Fig. 3b) is that even
in the limit of full current polarization (P = 1), the measured
domain-wall mobility exceeds by a factor of 2 the value expected
in the turbulent-motion regime (v = u). Besides the value of the
saturation magnetization (µ0MS ⇡ 1 T; ref. 17), u depends only on
physical constants; therefore, such high mobility can be explained
only by considering the �/↵ correction factor ensuing from the
steady domain-wall motion (v = �/↵ ·u). As this analysis rules out
the scenario of turbulent motion, we conclude that in the range
of currents used experimentally the domain wall translates steadily
under the effect of the non-adiabatic torque.

To further prove this point, we exploit the most distinctive
feature of non-adiabatic STT: its effects are identical to those of
an easy-axis magnetic field. Employing an established method26,
we measure the field-induced domain-wall displacement in an
unpatterned film and compare it with the current-induced
behaviour. Again, we find that at first the mobility increases but
eventually saturates (Fig. 3b, inset). As constant-mobility regimes,
independent of pinning, are observed for both current- and
field-driven domain-wall motion, we can compare their respective
velocity values and determine a field–current correspondence.
We find within experimental error that this conversion factor
(0.1 T corresponding to 1.25 ⇥ 1012 Am�2) is the same as
the one previously observed by quasi-static measurements at
lower current density (far below the Walker breakdown) on
the same system16. The extension of the same field–current
equivalence up to the highest current densities proves that
the same physical mechanism governs the domain-wall motion.
Relying on simple comparison of direct measurements, this
method circumvents any potential imprecision in the values

of physical quantities used for estimations and confirms that
domain-wall motion is indeed in the steady-flow regime.

To explain why the Walker breakdown is never observed, we
consider the effects of the HR on the domain-wall dynamics. As
it points in-plane, perpendicular to the wire direction, HR will
favour one of the two possible chiralities of the domain-wall
Bloch structure. As the domain-wall transformations above the
Walker breakdown involve the periodic reversal of the chirality, the
asymmetry induced by HR obstructs these cyclic transformations
andmaintains the high-mobility regime.

If this scenario is correct, and indeed the HR lifts the chiral
degeneracy, a second phenomenon should also occur. When the
chirality is initially selected to oppose HR, the application of
a current pulse should switch it to the state favoured by HR
(Fig. 4a). Similarly to the turbulent regime where the chirality
changes repeatedly, this single reversal is also expected to influence
the domain-wall motion28. Therefore, its occurrence should be
detectable by simplemeasurements of domain-wall displacements.

To probe this effect we slightly adjust our experiment: before
applying each current pulse (from a series of 10) we set
the domain-wall chirality using an external in-plane magnetic
field perpendicular to the wire (see Methods). The resulting
displacements, shown in Fig. 4b, are clearly smaller when the initial
chirality is opposing HR, indicating that the chirality has indeed
switched. If we then repeat the experiment, but without using
any external field, we find that the displacements are identical to
those obtained when the chirality was prepared parallel to HR.
This is expected as after the first pulse the domain-wall chirality
is set along HR whatever its initial state, and then maintained
throughout the nine remaining pulses. This evidence of the chirality
dependence of the displacements is additional confirmation of the
steady domain-wall motion.

An in-depth micromagnetic analysis is presented in the
Supplementary Information. Offering detailed insight into the
domain-wall dynamics within different scenarios, the comparison
between micromagnetic predictions and measurements confirms
the influence of HR on the domain-wall chirality together with
its consequences on the displacement values. As an example, we
show in Fig. 4c the results of the micromagnetic simulations for

NATUREMATERIALS | VOL 10 | JUNE 2011 | www.nature.com/naturematerials 421

© 2011 Macmillan Publishers Limited. All rights reserved

LETTERS

PUBLISHED ONLINE: 15 MAY 2011 | DOI: 10.1038/NMAT3020

Fast current-induced domain-wall motion
controlled by the Rashba effect
Ioan Mihai Miron1,2*, Thomas Moore1,3, Helga Szambolics1, Liliana Daniela Buda-Prejbeanu1,
Stéphane Auffret1, Bernard Rodmacq1, Stefania Pizzini3, Jan Vogel3, Marlio Bonfim4, Alain Schuhl1,3

and Gilles Gaudin1

The propagation of magnetic domain walls induced by
spin-polarized currents1–5 has launched new concepts for mem-
ory and logic devices6–8. A wave of studies focusing on permal-
loy (NiFe) nanowires9 has found evidence for high domain-wall
velocities (100ms�1; refs 10,11), but has also exposed the
drawbacks of this phenomenon for applications. Often the
domain-wall displacements are not reproducible12, their de-
pinning from a thermally stable position is difficult13 and the
domain-wall structural instability (Walker breakdown14,15) lim-
its the maximum velocity10. Here, we show that the combined
action of spin-transfer and spin–orbit torques offers a compre-
hensive solution to these problems. In an ultrathin Co nanowire,
integrated in a trilayer with structural inversion asymmetry
(SIA), the high spin-torque efficiency16 facilitates the depin-
ning and leads to highmobility, while the SIA-mediated Rashba
field17–19 controlling the domain-wall chirality stabilizes the
Bloch domain-wall structure. Thus, the high-mobility regime
is extended to higher current densities, allowing domain-wall
velocities up to 400ms�1.

Domain walls are local deformations of the magnetization at
the boundary separating two uniformly and oppositely magnetized
domains (Fig. 1). Amagnetic field can favour the expansion of a do-
main over its neighbours and as a result shift the bordering domain
walls. This process can take place by two distinct mechanisms. First,
at low fields, the wall structure is slightly distorted, and an internal
torque associated with this deformation propagates the wall. This
mechanism leads to a regime of high domain-wall mobility. Above a
critical field value, called Walker breakdown14,15, a different regime
of low domain-wall mobility ensues: the internal deformation is
so strong that the wall structure is altered. As the magnetization
inside the wall precesses around the applied field, the Bloch domain
wall periodically changes its chirality by transiting through a Néel
structure. The steady motion induced by the constant domain-wall
deformation is replaced by back and forth motion associated with
its continuous metamorphosis.

Unlike the field-induced domain-wall motion, the injection
of an electric current produces unidirectional motion of domain
walls through a more complex interaction. Its effect, generically
called spin-transfer torque (STT), has two components (Fig. 1e,f).
The first one (non-adiabatic) mimics an easy-axis magnetic field,
whereas the second (adiabatic) acts as a hard-axis field always
perpendicular to the magnetization inside the domain wall3,5. It is
common to designate the deviation from adiabaticity of the STT by
�, the ratio between the non-adiabatic and adiabatic torques.
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Figure 1 | Effects of magnetic field and electric current on domain walls.
a, Optical micrograph of a Pt/Co/AlOx wire. To better distinguish from the
magnetic contrast in the following images, the micrograph is given an
artificial height profile. b, Differential Kerr microscopy image of the domain
structure after application of a magnetic field (blue arrow). In the reference
image (not shown) the magnetization points upwards. The magnetic field
brings a domain wall from each end of the wire towards the middle, to
positions A and B. The magnetic contrast from the reversed domains
(which have magnetization pointing down) is bright. c, Under the effect of
current (red arrow), the domain walls move in the same direction (from A
to A’ and B to B’). As one of the domains previously created by field grows
while the other shrinks, the differential image (c) contains both bright and
dark contrast. d, Schematic representation of a domain wall. The black
arrows symbolize the magnetization, continuously rotating between the
two domains. e, Schematic representation of the torque created by an
easy-axis magnetic field (thick blue arrow) on the domain wall. In a
simplified domain-wall structure (a region of in-plane uniform
magnetization) the torque (thin blue arrow) points in-plane, perpendicular
to the magnetization. f, Instead of a single torque, the electric current
produces two torques (red arrows). One points in-plane, similar to the field
torque (TNA non-adiabatic), whereas the other is perpendicular to the
plane (TA adiabatic). In our samples, besides producing STT, the current
generates a strong in-plane Rashba effective field (HR).

In spite of the relative complexity of the STT with respect to the
simple field torque, the same domain-wall motion mechanisms are
predicted5. Below the Walker breakdown, the steady domain-wall
motion is controlled by the non-adiabatic torque, which together
with the damping constant (↵) dictates the velocity v = �/↵ ·u.
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Fast current-induced domain-wall motion
controlled by the Rashba effect
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The propagation of magnetic domain walls induced by
spin-polarized currents1–5 has launched new concepts for mem-
ory and logic devices6–8. A wave of studies focusing on permal-
loy (NiFe) nanowires9 has found evidence for high domain-wall
velocities (100ms�1; refs 10,11), but has also exposed the
drawbacks of this phenomenon for applications. Often the
domain-wall displacements are not reproducible12, their de-
pinning from a thermally stable position is difficult13 and the
domain-wall structural instability (Walker breakdown14,15) lim-
its the maximum velocity10. Here, we show that the combined
action of spin-transfer and spin–orbit torques offers a compre-
hensive solution to these problems. In an ultrathin Co nanowire,
integrated in a trilayer with structural inversion asymmetry
(SIA), the high spin-torque efficiency16 facilitates the depin-
ning and leads to highmobility, while the SIA-mediated Rashba
field17–19 controlling the domain-wall chirality stabilizes the
Bloch domain-wall structure. Thus, the high-mobility regime
is extended to higher current densities, allowing domain-wall
velocities up to 400ms�1.

Domain walls are local deformations of the magnetization at
the boundary separating two uniformly and oppositely magnetized
domains (Fig. 1). Amagnetic field can favour the expansion of a do-
main over its neighbours and as a result shift the bordering domain
walls. This process can take place by two distinct mechanisms. First,
at low fields, the wall structure is slightly distorted, and an internal
torque associated with this deformation propagates the wall. This
mechanism leads to a regime of high domain-wall mobility. Above a
critical field value, called Walker breakdown14,15, a different regime
of low domain-wall mobility ensues: the internal deformation is
so strong that the wall structure is altered. As the magnetization
inside the wall precesses around the applied field, the Bloch domain
wall periodically changes its chirality by transiting through a Néel
structure. The steady motion induced by the constant domain-wall
deformation is replaced by back and forth motion associated with
its continuous metamorphosis.

Unlike the field-induced domain-wall motion, the injection
of an electric current produces unidirectional motion of domain
walls through a more complex interaction. Its effect, generically
called spin-transfer torque (STT), has two components (Fig. 1e,f).
The first one (non-adiabatic) mimics an easy-axis magnetic field,
whereas the second (adiabatic) acts as a hard-axis field always
perpendicular to the magnetization inside the domain wall3,5. It is
common to designate the deviation from adiabaticity of the STT by
�, the ratio between the non-adiabatic and adiabatic torques.
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Figure 1 | Effects of magnetic field and electric current on domain walls.
a, Optical micrograph of a Pt/Co/AlOx wire. To better distinguish from the
magnetic contrast in the following images, the micrograph is given an
artificial height profile. b, Differential Kerr microscopy image of the domain
structure after application of a magnetic field (blue arrow). In the reference
image (not shown) the magnetization points upwards. The magnetic field
brings a domain wall from each end of the wire towards the middle, to
positions A and B. The magnetic contrast from the reversed domains
(which have magnetization pointing down) is bright. c, Under the effect of
current (red arrow), the domain walls move in the same direction (from A
to A’ and B to B’). As one of the domains previously created by field grows
while the other shrinks, the differential image (c) contains both bright and
dark contrast. d, Schematic representation of a domain wall. The black
arrows symbolize the magnetization, continuously rotating between the
two domains. e, Schematic representation of the torque created by an
easy-axis magnetic field (thick blue arrow) on the domain wall. In a
simplified domain-wall structure (a region of in-plane uniform
magnetization) the torque (thin blue arrow) points in-plane, perpendicular
to the magnetization. f, Instead of a single torque, the electric current
produces two torques (red arrows). One points in-plane, similar to the field
torque (TNA non-adiabatic), whereas the other is perpendicular to the
plane (TA adiabatic). In our samples, besides producing STT, the current
generates a strong in-plane Rashba effective field (HR).

In spite of the relative complexity of the STT with respect to the
simple field torque, the same domain-wall motion mechanisms are
predicted5. Below the Walker breakdown, the steady domain-wall
motion is controlled by the non-adiabatic torque, which together
with the damping constant (↵) dictates the velocity v = �/↵ ·u.
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• For field-driven dynamics, motion at low fields occurs in creep regime
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[28], and CoFeB [17]) which have polycrystalline or
amorphous structures. All these materials present specific
structural and magnetic properties which results in different
domain wall elastic energies and random pinning proper-
ties. Regardless of those differences, our comparative study
shows that the creep domain wall dynamics presents
universal behavior.
The ðGa0.95;Mn0.05ÞðAs0.9; P0.1Þ film is a 12 nm thick

semiconducting ferromagnetic single crystal [29]. It was
grown by low-temperature (T ¼ 250 °C) molecular beam
epitaxy on a GaAs (001) substrate and was then annealed
at T ¼ 200 °C, for 4 h in air. Its Curie temperature
is 74$ 1 K. The multilayer film Si3N4ð11 nmÞ=
½Tbð0.8 nmÞ=Feð1 nmÞ& × 5=Si3N4ð11 nmÞ have been
deposited on floated glass substrate using a reactive diode
rf sputtering system. Pure Tb, Fe, and Si targets were used
and the pressure of 8 mTorr was regulated in the chamber.
The Si3N4 layer was obtained by pulsing a nitrogen partial
pressure flux maintained at 2 mTorr near the samples
during the silicon deposition. The Curie temperature is
around 340 K and no compensation is observed in the
270–340 K temperature range. In order reach different
temperatures, we used an open cycle He cryostat for the
(Ga,Mn)(As,P) film and a homemade variable temperature
system for the TbFe film. The motion of domain walls was
observed in a magneto-optical Kerr effect (MOKE) micro-
scope. Their displacement was produced by magnetic field
pulses of adjustable amplitude and duration (1 μs − 1 s)
applied perpendicularly to the films. The domain wall
velocity is calculated by the ratio between the displacement
and the pulse duration. Velocity-field characteristics
observed for the (Ga,Mn)(As,P) and the TbFe films,
reported in Fig. 2, are good illustrations of typical results
reported in the literature for the creep, depinning, and flow
regimes [5,13–15,19,24].

At low drives (H ≤ Hd, the depinning threshold Hd is
indicated by black stars in Fig. 2), domain walls follow
the creep motion [see Figs. 2(a) and 2(c)]. The velocity
presents a strong dependency on magnetic field, varying
over several orders of magnitude for a relatively narrow
applied magnetic field range. Increasing temperature is
found to shift the curves towards low field values, thus
reflecting the strong contribution of thermal activation. The
flow regime is characterized by a linear variation of the
velocity which is seen at sufficient large drive (H ≫ Hd)
for the (Ga,Mn)(As,P) film [see Fig. 2(b)]. This nonuni-
versal regime is controlled by material dependent micro-
scopic dynamical structure of domain walls [24]. The flow
regime is only encountered in materials presenting a
sufficiently low depinning threshold, like Pt=Co=Pt
[14,19], (Ga,Mn)As [13,24], FeNi [30], Pt=Co=AlOx
[31]. For other materials as TbFe [see Fig. 2(d)] and
Au=Co=Au [28], the flow regime was never observed
experimentally. The depinning transition is manifested at
intermediate drive (H ≳Hd). The crossover between creep
and depinning is found to occur for an Hd value 2 orders of
magnitude higher for TbFe than for (Ga,Mn,)(As,P) [see
Figs. 2(b) and 2(d)], thus reflecting strongly different
material dependent pinning properties.
To go beyond this qualitative presentation, we propose to

describe empirically the whole creep regime, 0 < H <
HdðTÞ, by a velocity given by

vðH; TÞ ¼ vðHd; TÞ exp
!
−
ΔE
kBT

"
ð1Þ

with

ΔE ¼ kBTd

#!
H
Hd

"−μ
− 1

$
; ð2Þ

FIG. 1. Motion of pinned elastic interfaces. (a) Velocity-force characteristics for zero (blue curve) and finite (black curve) temperature
showing the different dynamical regimes, the depinning threshold fd and the upper boundary (black star) of the thermally activated
creep regime. (b) (Top view) The out-of-plane magnetic field H favors the growth of up magnetization regions thus driving the domain
wall (represented by the yellow spaghetti) in the right direction. (Bottom view) Theoretically, the creep domain wall dynamics in a thin
film can be modeled by the displacement of a one-dimensional elastic line coupled to an effective two-dimensional random pinning
energy landscape Vðx; zÞ.
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We report a comparative study of magnetic field driven domain wall motion in thin films made of
different magnetic materials for a wide range of field and temperature. The full thermally activated creep
motion, observed below the depinning threshold, is shown to be described by a unique universal energy
barrier function. Our findings should be relevant for other systems whose dynamics can be modeled by
elastic interfaces moving on disordered energy landscapes.

DOI: 10.1103/PhysRevLett.117.057201

Domain walls are at the basis of future applications of
high-density memories in ferromagnetic materials [1]. In
this type of memories data bits are built up of magnetic
domains with opposite magnetization varying in size and/or
in position, and hence working memories implies the
displacement of domain walls. Noteworthy, even weak
random pinning due to local defects or inhomogeneities in
the host materials is known to have a strong effect on
domain walls [2]. Pinning tends to stabilize domain wall
positions [3], introduces stochasticity [4], induces domain
wall roughness, and dramatically modifies the driven
dynamics at small field and current [5–7]. A fundamental
understanding on how weak disorder affects the dynamics
of domain walls is thus critical for applications. This
question is also particularly relevant on a wider context
since pinning dependent motion of elastic interfaces is
observed in a large variety of other systems such as
ferroelectric materials [8], contact lines in wetting [9],
crack propagation [10], and earthquake models [11]. In all
those systems, the competition between the interface
elasticity and pinning leads to rich and complex thermally
activated motion over effective energy barriers (see Fig. 1)
described by universal law [2,12,13]. Although remarkable
efforts have been made in the last decades, a quantitative
description of the thermally activated regime of slow
motion, the so-called creep regime, has remained elusive.
An essential starting point to seize the universal character

of pinning dependent motion is zero temperature behavior
[see Fig. 1(a)]. For an elastic line driven by a force f, a
depinning threshold fd separates a zero velocity regime for
f < fd from a finite velocity regime for f > fd. A finite
temperature value T results in a thermally activated
subthreshold creep motion with the velocity following an
Arrhenius law v ∼ expð−ΔE=kBTÞ. For a near zero driving
force (f → 0), the motion of an elastic line requires to
overcome a universal divergent energy barrier presenting a
power law variation ΔE ∼ f−μ. The universal creep expo-
nent μ presents a good agreement [5,7,14–19] with the

predicted value (μ ¼ 1=4), for an elastic line moving in
an uncorrelated short range pinning disorder [20].
Compatibility with a random-field type of pinning
(μ ¼ 1) was also evidenced [13]. The universal nature of
creep motion and its independence from the detailed
domain wall magnetic texture and shape of the pinning
potential originate from the typical size of domain wall
segment wandering over the pinning disorder landscape [5]
which is larger than the domain wall width. A more
stringent test of universality demonstrating a compatibility
between universal scaling exponents and dimensionality
[20] was performed in ferromagnetic Pt=Co=Pt ultrathin
films [5,14] but was not yet reproduced for other ferro-
magnetic materials or other physical systems. Moreover,
apart from the near zero drive creep (f → 0), the situation is
much less clear and the nature of the motion is not well
established. Only numerically, minimal models [21] can be
used to test the universal character of domain wall motion.
The experimental investigations often go beyond the
depinning transition [18] (f ≳ fd) and even reach the
nonuniversal flow regimes independent of pinning and
limited by dissipation [14,22–24] (f ≫ fd). However,
thermally activated regimes with velocity laws different
from the predicted creep law (ΔE ∼ f−μ) [15,18,19] can be
encountered. Hitherto, the issue of the universality of force-
driven elastic line creep motion for different magnetic
materials and other systems remains open.
In this work, we address the question of universality

from a study of magnetic field driven creep motion in
magnetic films with perpendicular anisotropy. In magnets,
the elastic interfaces are magnetic domain walls and the
force f is proportional to the applied fieldH [see Fig. 1(b)].
The field-induced domain wall dynamics is studied in a
single-crystalline ðGa0.95;Mn0.05ÞðAs0.9;P0.1Þ semiconduc-
tor [25] and in an amorphous ½Tb=Fe%5 ferrimagnetic [26]
multilayer over a large range of temperatures. The obser-
vations are compared with results published in the literature
for ultrathin metallic films (Pt=Co=Pt [14,27], Au=Co=Au
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demonstrates that the creep regime can be very well
described by a unique (reduced) barrier function of the
(reduced) temperature and field. Furthermore, it compares
fairly well with the results obtained by using numerical
simulations [21] of a minimal model for a one-dimensional
elastic line in a two-dimensional disordered medium (see
Fig. 3). As this model does not take into account the
properties of a specific system, the barrier function of the
creep regime is expected to be relevant for a larger variety
of systems other than ferromagnets.
In conclusion, we provide evidence of the universal

character of the whole thermally activated subthreshold
creep motion in magnetic thin films. In this dynamical
regime, the magnetic domain wall motion is shown to be
controlled by a unique universal reduced energy barrier
function. The compatibility of this universal law with the
predictions of a minimal model strongly suggests our results
to be relevant to understand the creep dynamics in other
systems thanmagnetic thin filmswhose emergent properties
are also controlled by the competition between quenched
disorder and the elasticity of a driven fluctuating string.
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FIG. 3. Universal energy barrier of the creep regime. The
variation of the reduced energy barrier height ΔE=Ed, with
Ed ¼ kBTd, is reported as a function of the reduced force H=Hd,
for five different magnetic materials and for temperatures ranging
from 10 to 315 K (25 curves are superimposed). The solid line is a
plot of Eq. (2). The black circles correspond the predictions of
Ref. [21] whose energy scale was adjusted to experimental data
(see Ref. [34]). The dashed line corresponds to the linear
variation of the energy barrier close to the depinning field
ðH ¼ HdÞ. Inset: Universal barrier presented in semi-log scale
showing a good quantitative agreement with Eq. (2) over more
than 3 orders of magnitude.
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• Proposal: Depinning field, Hd, is a useful material parameter for characterizing 
disorder (even for skyrmion dynamics)
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Material Thick. (nm) T (K) Td(K) Hd(mT ) v(Hd)(m/s)

(Ga,Mn)(As,P) 12 10 616(10) 6.2(0.1) 1.8(0.1)

30 1440(20) 5.8(0.1) 1.8(0.1)

50 1140(20) 5.6(0.1) 2.0(0.2)

65 815(10) 5.5(0.1) 2.3(0.1)

TbFe 5⇥1.8 271 5750(50) 295(5) 1.4(0.1)

289 4200(50) 225(5) 1.8(0.1)

304 3050(50) 130(5) 1.7(0.1)

310 2600(50) 100(5) 1.7(0.1)

315 2200(50) 80(5) 1.8(0.1)

Pt/Co/Pt 0.5 293 2558(10) 28.5(2) 5.7(0.2)

0.6 4145(25) 56(1) 10.6(1.0)

0.7 6490(30) 76(1) 16.6(1.0)

0.8 9720(45) 72(1) 18.4(1.0)

irradiated 0.5 2260(50) 15(1) 7.5(1.0)

Au/Co/Au 1.0 150 25800(1000) 122.6(1.0) 9.7(1.0)

183 28800(1500) 115.0(1.0) 7.4(1.0)

213 29400(1500) 110.0(1.0) 7.5(1.0)

243 29300(1500) 102.5(1.0) 7.3(1.0)

273 29000(1500) 96.5(1.0) 8.45(1.0)

318 28400(1500) 88.0(1.0) 8.75(1.0)

Co20Fe60B20 an 1 293 1800(100) 6.6(0.2) 1.7(0.5)

Co20Fe60B20 ag 1800(100) 4.8(0.2) 2.3(0.5)

Co40Fe40B20 an 1400(100) 5.0(0.2) 2.0(0.5)

Co40Fe40B20 ag 2000(100) 4.3(0.2) 4.6(0.5)

Co60Fe20B20 an 2200(100) 3.5(0.5) 2.3(0.5)

Table I. Material and temperature dependent parameters deduced from the fit of Eqs. 1

and 2 of the letter. For each material, the thickness (Thick. (nm)) and the temperature of the

experiment (T(K)) is indicated. The fitted parameters are the depinning temperature (Td) and

magnetic field (Hd) and the domain wall velocity at the depinning field (v(Hd)).
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[28], and CoFeB [17]) which have polycrystalline or
amorphous structures. All these materials present specific
structural and magnetic properties which results in different
domain wall elastic energies and random pinning proper-
ties. Regardless of those differences, our comparative study
shows that the creep domain wall dynamics presents
universal behavior.
The ðGa0.95;Mn0.05ÞðAs0.9; P0.1Þ film is a 12 nm thick

semiconducting ferromagnetic single crystal [29]. It was
grown by low-temperature (T ¼ 250 °C) molecular beam
epitaxy on a GaAs (001) substrate and was then annealed
at T ¼ 200 °C, for 4 h in air. Its Curie temperature
is 74$ 1 K. The multilayer film Si3N4ð11 nmÞ=
½Tbð0.8 nmÞ=Feð1 nmÞ& × 5=Si3N4ð11 nmÞ have been
deposited on floated glass substrate using a reactive diode
rf sputtering system. Pure Tb, Fe, and Si targets were used
and the pressure of 8 mTorr was regulated in the chamber.
The Si3N4 layer was obtained by pulsing a nitrogen partial
pressure flux maintained at 2 mTorr near the samples
during the silicon deposition. The Curie temperature is
around 340 K and no compensation is observed in the
270–340 K temperature range. In order reach different
temperatures, we used an open cycle He cryostat for the
(Ga,Mn)(As,P) film and a homemade variable temperature
system for the TbFe film. The motion of domain walls was
observed in a magneto-optical Kerr effect (MOKE) micro-
scope. Their displacement was produced by magnetic field
pulses of adjustable amplitude and duration (1 μs − 1 s)
applied perpendicularly to the films. The domain wall
velocity is calculated by the ratio between the displacement
and the pulse duration. Velocity-field characteristics
observed for the (Ga,Mn)(As,P) and the TbFe films,
reported in Fig. 2, are good illustrations of typical results
reported in the literature for the creep, depinning, and flow
regimes [5,13–15,19,24].

At low drives (H ≤ Hd, the depinning threshold Hd is
indicated by black stars in Fig. 2), domain walls follow
the creep motion [see Figs. 2(a) and 2(c)]. The velocity
presents a strong dependency on magnetic field, varying
over several orders of magnitude for a relatively narrow
applied magnetic field range. Increasing temperature is
found to shift the curves towards low field values, thus
reflecting the strong contribution of thermal activation. The
flow regime is characterized by a linear variation of the
velocity which is seen at sufficient large drive (H ≫ Hd)
for the (Ga,Mn)(As,P) film [see Fig. 2(b)]. This nonuni-
versal regime is controlled by material dependent micro-
scopic dynamical structure of domain walls [24]. The flow
regime is only encountered in materials presenting a
sufficiently low depinning threshold, like Pt=Co=Pt
[14,19], (Ga,Mn)As [13,24], FeNi [30], Pt=Co=AlOx
[31]. For other materials as TbFe [see Fig. 2(d)] and
Au=Co=Au [28], the flow regime was never observed
experimentally. The depinning transition is manifested at
intermediate drive (H ≳Hd). The crossover between creep
and depinning is found to occur for an Hd value 2 orders of
magnitude higher for TbFe than for (Ga,Mn,)(As,P) [see
Figs. 2(b) and 2(d)], thus reflecting strongly different
material dependent pinning properties.
To go beyond this qualitative presentation, we propose to

describe empirically the whole creep regime, 0 < H <
HdðTÞ, by a velocity given by

vðH; TÞ ¼ vðHd; TÞ exp
!
−
ΔE
kBT

"
ð1Þ

with

ΔE ¼ kBTd

#!
H
Hd

"−μ
− 1

$
; ð2Þ

FIG. 1. Motion of pinned elastic interfaces. (a) Velocity-force characteristics for zero (blue curve) and finite (black curve) temperature
showing the different dynamical regimes, the depinning threshold fd and the upper boundary (black star) of the thermally activated
creep regime. (b) (Top view) The out-of-plane magnetic field H favors the growth of up magnetization regions thus driving the domain
wall (represented by the yellow spaghetti) in the right direction. (Bottom view) Theoretically, the creep domain wall dynamics in a thin
film can be modeled by the displacement of a one-dimensional elastic line coupled to an effective two-dimensional random pinning
energy landscape Vðx; zÞ.
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Simulating disorder with micromagnetics

31

vary average 
grain size

vary spread in (Gaussian) 
distribution of Ku

• Simulate disorder using random grain distribution 
with different anisotropies


• Anisotropy variation leads to random potential  
for domain walls (and skyrmions …)
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Simulating domain wall depinning
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H = 0 H < Hdep H > Hdep

avg. grain size = 20 nm
10% variation in Ku

0.5 µm (512 cells)
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• Minimize energy at each field step
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Simulating current-driven skyrmion motion (T = 0 K)

• For each current density, considered 50 different realizations of disorder


• For each realization, applied current during 10 ns (*)


• Velocity for each current density averaged over the 50 realizations

35

clean system disordered system

0.5 µm (512 cells), PBC

J.-V. Kim et al., arXiv:1701.08357
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1. Propagation

2. Pinned

3. Annihilation

4. Explosion (SHE)

t = 0 t = tfinalPossible scenarios
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Motion due to the spin Hall effect

37

dm

dt
= �|�|µ0m⇥He↵ + ↵m⇥ dm

dt
+

~�
2eMsd

✓SHJN m⇥ (m⇥ ŷ)

• Considered spin torques due to the spin Hall effect


• Implicit assumption: Current density JN flows through a heavy-metal under 
layer along x (e.g., Pt, W, …), which leads to spin current polarized along y that 
flows in the z direction.

Js x
y

z

T DL~m  ( y  m)

JN

• Caveat: currents must be 
below switching current at 
which magnetization is 
aligned // y.

J.-V. Kim et al., arXiv:1701.08357
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[28], and CoFeB [17]) which have polycrystalline or
amorphous structures. All these materials present specific
structural and magnetic properties which results in different
domain wall elastic energies and random pinning proper-
ties. Regardless of those differences, our comparative study
shows that the creep domain wall dynamics presents
universal behavior.
The ðGa0.95;Mn0.05ÞðAs0.9; P0.1Þ film is a 12 nm thick

semiconducting ferromagnetic single crystal [29]. It was
grown by low-temperature (T ¼ 250 °C) molecular beam
epitaxy on a GaAs (001) substrate and was then annealed
at T ¼ 200 °C, for 4 h in air. Its Curie temperature
is 74$ 1 K. The multilayer film Si3N4ð11 nmÞ=
½Tbð0.8 nmÞ=Feð1 nmÞ& × 5=Si3N4ð11 nmÞ have been
deposited on floated glass substrate using a reactive diode
rf sputtering system. Pure Tb, Fe, and Si targets were used
and the pressure of 8 mTorr was regulated in the chamber.
The Si3N4 layer was obtained by pulsing a nitrogen partial
pressure flux maintained at 2 mTorr near the samples
during the silicon deposition. The Curie temperature is
around 340 K and no compensation is observed in the
270–340 K temperature range. In order reach different
temperatures, we used an open cycle He cryostat for the
(Ga,Mn)(As,P) film and a homemade variable temperature
system for the TbFe film. The motion of domain walls was
observed in a magneto-optical Kerr effect (MOKE) micro-
scope. Their displacement was produced by magnetic field
pulses of adjustable amplitude and duration (1 μs − 1 s)
applied perpendicularly to the films. The domain wall
velocity is calculated by the ratio between the displacement
and the pulse duration. Velocity-field characteristics
observed for the (Ga,Mn)(As,P) and the TbFe films,
reported in Fig. 2, are good illustrations of typical results
reported in the literature for the creep, depinning, and flow
regimes [5,13–15,19,24].

At low drives (H ≤ Hd, the depinning threshold Hd is
indicated by black stars in Fig. 2), domain walls follow
the creep motion [see Figs. 2(a) and 2(c)]. The velocity
presents a strong dependency on magnetic field, varying
over several orders of magnitude for a relatively narrow
applied magnetic field range. Increasing temperature is
found to shift the curves towards low field values, thus
reflecting the strong contribution of thermal activation. The
flow regime is characterized by a linear variation of the
velocity which is seen at sufficient large drive (H ≫ Hd)
for the (Ga,Mn)(As,P) film [see Fig. 2(b)]. This nonuni-
versal regime is controlled by material dependent micro-
scopic dynamical structure of domain walls [24]. The flow
regime is only encountered in materials presenting a
sufficiently low depinning threshold, like Pt=Co=Pt
[14,19], (Ga,Mn)As [13,24], FeNi [30], Pt=Co=AlOx
[31]. For other materials as TbFe [see Fig. 2(d)] and
Au=Co=Au [28], the flow regime was never observed
experimentally. The depinning transition is manifested at
intermediate drive (H ≳Hd). The crossover between creep
and depinning is found to occur for an Hd value 2 orders of
magnitude higher for TbFe than for (Ga,Mn,)(As,P) [see
Figs. 2(b) and 2(d)], thus reflecting strongly different
material dependent pinning properties.
To go beyond this qualitative presentation, we propose to

describe empirically the whole creep regime, 0 < H <
HdðTÞ, by a velocity given by

vðH; TÞ ¼ vðHd; TÞ exp
!
−
ΔE
kBT

"
ð1Þ

with

ΔE ¼ kBTd
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FIG. 1. Motion of pinned elastic interfaces. (a) Velocity-force characteristics for zero (blue curve) and finite (black curve) temperature
showing the different dynamical regimes, the depinning threshold fd and the upper boundary (black star) of the thermally activated
creep regime. (b) (Top view) The out-of-plane magnetic field H favors the growth of up magnetization regions thus driving the domain
wall (represented by the yellow spaghetti) in the right direction. (Bottom view) Theoretically, the creep domain wall dynamics in a thin
film can be modeled by the displacement of a one-dimensional elastic line coupled to an effective two-dimensional random pinning
energy landscape Vðx; zÞ.
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• Pinning observed at low currents, disorder-free regime attained as current is 
increased.
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Motion due to CIP currents

39

• Also considered spin torques due to 
current flow through ferromagnet


• Implicit assumption: Uniform current 
density JF leads to torques that depend 
on magnetization gradients (Zhang-Li 
model)


• Caveat: currents must be below 
instability threshold for uniform 
magnetization state
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J.-V. Kim et al., arXiv:1701.08357
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[28], and CoFeB [17]) which have polycrystalline or
amorphous structures. All these materials present specific
structural and magnetic properties which results in different
domain wall elastic energies and random pinning proper-
ties. Regardless of those differences, our comparative study
shows that the creep domain wall dynamics presents
universal behavior.
The ðGa0.95;Mn0.05ÞðAs0.9; P0.1Þ film is a 12 nm thick

semiconducting ferromagnetic single crystal [29]. It was
grown by low-temperature (T ¼ 250 °C) molecular beam
epitaxy on a GaAs (001) substrate and was then annealed
at T ¼ 200 °C, for 4 h in air. Its Curie temperature
is 74$ 1 K. The multilayer film Si3N4ð11 nmÞ=
½Tbð0.8 nmÞ=Feð1 nmÞ& × 5=Si3N4ð11 nmÞ have been
deposited on floated glass substrate using a reactive diode
rf sputtering system. Pure Tb, Fe, and Si targets were used
and the pressure of 8 mTorr was regulated in the chamber.
The Si3N4 layer was obtained by pulsing a nitrogen partial
pressure flux maintained at 2 mTorr near the samples
during the silicon deposition. The Curie temperature is
around 340 K and no compensation is observed in the
270–340 K temperature range. In order reach different
temperatures, we used an open cycle He cryostat for the
(Ga,Mn)(As,P) film and a homemade variable temperature
system for the TbFe film. The motion of domain walls was
observed in a magneto-optical Kerr effect (MOKE) micro-
scope. Their displacement was produced by magnetic field
pulses of adjustable amplitude and duration (1 μs − 1 s)
applied perpendicularly to the films. The domain wall
velocity is calculated by the ratio between the displacement
and the pulse duration. Velocity-field characteristics
observed for the (Ga,Mn)(As,P) and the TbFe films,
reported in Fig. 2, are good illustrations of typical results
reported in the literature for the creep, depinning, and flow
regimes [5,13–15,19,24].

At low drives (H ≤ Hd, the depinning threshold Hd is
indicated by black stars in Fig. 2), domain walls follow
the creep motion [see Figs. 2(a) and 2(c)]. The velocity
presents a strong dependency on magnetic field, varying
over several orders of magnitude for a relatively narrow
applied magnetic field range. Increasing temperature is
found to shift the curves towards low field values, thus
reflecting the strong contribution of thermal activation. The
flow regime is characterized by a linear variation of the
velocity which is seen at sufficient large drive (H ≫ Hd)
for the (Ga,Mn)(As,P) film [see Fig. 2(b)]. This nonuni-
versal regime is controlled by material dependent micro-
scopic dynamical structure of domain walls [24]. The flow
regime is only encountered in materials presenting a
sufficiently low depinning threshold, like Pt=Co=Pt
[14,19], (Ga,Mn)As [13,24], FeNi [30], Pt=Co=AlOx
[31]. For other materials as TbFe [see Fig. 2(d)] and
Au=Co=Au [28], the flow regime was never observed
experimentally. The depinning transition is manifested at
intermediate drive (H ≳Hd). The crossover between creep
and depinning is found to occur for an Hd value 2 orders of
magnitude higher for TbFe than for (Ga,Mn,)(As,P) [see
Figs. 2(b) and 2(d)], thus reflecting strongly different
material dependent pinning properties.
To go beyond this qualitative presentation, we propose to

describe empirically the whole creep regime, 0 < H <
HdðTÞ, by a velocity given by

vðH; TÞ ¼ vðHd; TÞ exp
!
−
ΔE
kBT

"
ð1Þ

with

ΔE ¼ kBTd
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"−μ
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FIG. 1. Motion of pinned elastic interfaces. (a) Velocity-force characteristics for zero (blue curve) and finite (black curve) temperature
showing the different dynamical regimes, the depinning threshold fd and the upper boundary (black star) of the thermally activated
creep regime. (b) (Top view) The out-of-plane magnetic field H favors the growth of up magnetization regions thus driving the domain
wall (represented by the yellow spaghetti) in the right direction. (Bottom view) Theoretically, the creep domain wall dynamics in a thin
film can be modeled by the displacement of a one-dimensional elastic line coupled to an effective two-dimensional random pinning
energy landscape Vðx; zÞ.
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• Similar pinning behavior observed as for SHE-driven motion
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Extrinsic skyrmion Hall effect
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• Disorder-induced local fields lead to jagged motion of skyrmion


• Pinning forces (cf. boundary edges) give rise to additional Hall effect
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• Behavior consistent with molecular dynamics simulations (hard cores) and 
recent experimental results

42

FD, with a slope that increases with increasing np. As np becomes small, the nonlinear region just above
depinningwhereR increases very rapidly with drive becomesmore prominent.

For weak pinning, the skyrmions form a triangular lattice and exhibit elastic depinning, inwhich each
skyrmionmaintains the same neighbors over time. Infigure 4(a)we plot the critical depinning force Fc and the
fractionP6 of sixfold-coordinated skyrmions versus Fp for a systemwith =n 0.1p and a a = 5.708m d . For
< <F0 0.04p , the skyrmions depin elastically. In this regime, =P 1.06 and Fc increases as µF Fc p

2 as expected
for the collective depinning of elastic lattices [25]. For .F 0.04p ,P6 drops due to the appearance of topological
defects in the lattice, and the systemdepins plastically, with µF Fc p as expected for single particle depinning or
plastic flow.

Infigure 4(b)we plotR versus FD in samples with =F 0.01p and np=0.1 in the elastic depinning regime for
varied a am d.We highlight the nonlinear behavior for the a a = 5.708m d case by afit of the form
µ - b( )R F FD c with b = 0.26 and =F 0.000 184c . The dotted line indicates the corresponding clean limit

value ofR=5.708.We find thatR is always nonlinear within the elastic flow regime, but that there is no
universal value ofβ, which ranges from b = 0.15 to b = 0.5with varying a am d. The change in theHall angle
with drive ismost pronounced just above the depinning threshold, as indicated by the rapid change inR at small
FD. This results from the elastic stiffness of the skyrmion lattice which prevents individual skyrmions from
occupying themost favorable substrate locations. In contrast,R changesmore slowly at small FD in the plastic

Figure 2. Skyrmion positions (dots) and trajectories (lines) obtained over a fixed time period from the system infigure 1(a). The drive
is in the positive x-direction. (a)At =F 0.02D ,R=0.15 and themotion ismostly along the x direction. (b)At =F 0.05D ,R=0.6
and the flow channels begin tilting into the-y direction. (c)At =F 0.2D ,R=1.64 and the channels tilt further toward the-y
direction. (d)Trajectories obtained over a shorter time period at =F 1.05D whereR=5.59. The skyrmions are dynamically ordered
andmove at an angle of-79.8 to the drive.

4

New J. Phys. 18 (2016) 095005 CReichhardt andC JOlsonReichhardt

Figure 3. (a)R versus FD for samples with =F 1.0p and =n 0.1p at a a = 9.962m d , 7.7367, 5.708, 3.042, 1.00, and 0.3737, from left
to right. The line indicates a linearfit. (b) q = - ( )Rtansk

1 for a a = 0.3737m d frompanel (a). The solid line is a linearfit and the
dashed line indicates the clean limit value of q = 20.5sk . (c)R versus FD for a a = 5.708m d at Fp= 0.061 25, 0.125, 0.25, 0.5, 0.75,
and 1.0, from left to right. (d)R versus FD for =F 1.0p at a a = 5.708m d for np = 0.006 17, 0.012 34, 0.024 69, 0.049 38, 0.1, and 0.2,
from left to right. The clean limit value ofR is indicated by the dashed line.

Figure 4. (a)Depinning force Fc (circles) and fractionP6 of six-fold coordinated particles (squares) versus Fp for a systemwith
a a = 5.708m d and np=0.1, showing a crossover from elastic depinning for <F 0.04p to plastic depinning for .F 0.04p . (b)R
versus FD for a system in the elastic depinning regimewith =F 0.01p and =n 0.1p at a a = 9.962m d , 7.7367, 5.708, 3.042, and 1.00,
from top to bottom.Circles indicate the case a a = 5.708m d , for which the dashed line is a fit to µ - b( )R F FD c with b = 0.26 and
the dotted line indicates the pin-free value ofR=5.708. (c)R versus FD for sampleswith a a = 5.708m d and np=0.1 at

=F 0.005p , 0.01, 0.02, 0.03, 0.04, and 0.05, from left to right. The solid symbols correspond to values of Fp for which plasticflow
occurs, while open symbols indicate elastic flow. The line shows a linear dependence ofR on FD for =F 0.04p .
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Experiments on Ta/CoFeB/TaOx

ARTICLES NATURE PHYSICS DOI: 10.1038/NPHYS3883

−je

Q = +1Q = −1
a b

Substrate Substrate10 µm

Figure 5 | Accumulation of skyrmions at the device edge. a, Demonstration of skyrmion (Q=�1) accumulation at the edge of the device (width 60 µm
and length 500 µm). This is done by repetitively applying 50 pulsed currents of 50 µs duration at a frequency of 1 Hz with a current density
je =�6⇥ 106 A cm�2 and an applied field of +5.4 Oe. b, Reversing the magnetic field from positive (+5.4 Oe) to negative (�5.2 Oe) leads to the
accumulation of skyrmions with positive topological charge Q=+1 at the opposite edge.

one could electrically probe the skyrmion accumulation due to
the skyrmion Hall e�ect, from which the reciprocity between
the topological Hall e�ect and the skyrmion Hall e�ect can be
established3,6,46. For the topological Hall e�ect it should be beneficial
to have smaller skyrmions with consequently larger emerging
magnetic field.

By changing the sign of the topological charge, and the sign of
the electric current, we have revealed a strong similarity between
the conventional Hall e�ect of the electronic charge and the Hall
e�ect due to the topological charge. Furthermore, our results
suggest the important role of defects for understanding the detailed
dynamics of magnetic skyrmions. In the future, similar to the
well-studied motion of superconducting vortices in the presence
of pinning47, by tailoring the geometry/distribution of materials
defects or artificially created pinning sites, it will be possible to
experimentally reveal many exciting phenomena, such as dynamic
phase transitions, rectifyingmotion of skyrmions from ratchets, and
quantized transport ofmagnetic skyrmions5,33,34,42. Our observations
also indicate that the topological charges of magnetic skyrmions, in
combination with the current-induced spin Hall spin torque, can
be potentially integrated to realize novel functionalities, such as
topological sorting.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Figure 3 | Phase diagram of current-driven skyrmion motion. a, The average skyrmion velocity (v̄) as a function of electron current density (je). The blue
region corresponds to the skyrmion-pinning regime (when je <(0.6±0.1)⇥ 106 A cm�2). The orange region corresponds to the regime of stochastic
motion without net transverse motion ((0.6±0.1)⇥ 106 A cm�2 < je < 1.5⇥ 106 A cm�2). b, Evolution of the skyrmion Hall angle (�sk) and the ratio
between the transverse and longitudinal velocities of the skyrmion (vy/vx). The green region corresponds to the regime without net transverse motion
(when je < 1.5⇥ 106 A cm�2). When je > 1.5⇥ 106 A cm�2, both �sk and vy/vx are monotonically increasing as a function of current density. Data shown in
a and b are collected by tracking a single skyrmion in a device of dimensions 100 µm (width) ⇥500 µm (length) with an external magnetic field +5.2 Oe.
c, Phase diagram of the skyrmion Hall angle as a function of current density/sign of topological charge in a modified device of dimensions 80 µm (width)
⇥100 µm (length), obtained by tracking the motion of several tens of skyrmions. In the low-current-density regime, the skyrmion Hall angle �sk exhibits a
linear dependence similar to that shown in b. A further increase of current density |je|>8⇥ 106 A cm�2 results in the saturation of the skyrmion Hall angle.
By alternating the sign of the driving electron current density (±je) and the sign of topological charge (±Q), a phase diagram for the four di�erent regimes
was determined. Namely, for negative topological charge (under positive magnetic fields), regime I(+je,�Q) with positive �sk and regime III(�je,�Q) with
negative �sk were identified by changing the polarity of the electron current. For skyrmions with positive topological charge (under negative magnetic
fields) a positive �sk in regime II(�je,+Q), and negative �sk in regime IV(+je,+Q) were detected. The decrease of skyrmion Hall angle from
|�sk|⇡32±2

�
to |�sk|⇡28±2

�
is also demonstrated by increasing the skyrmion diameter from d=800±300nm (+5.4 Oe/�5.2 Oe) to

d= 1,100±300 nm (+4.8 Oe/�4.6 Oe).

current densities. We addressed this issue with slightly modified
devices, as discussed further below.

This current density dependence is inconsistent with the simple
theoretical prediction given in equation (2), which suggests a
constant value of vy/vx that is given by 1/↵D and is independent of
the driving current. On the other hand, the magnitude obtained at
the highest achievable current density is approximately in the range
of what can be expected theoretically. While for most theoretical
studies, small skyrmions are considered (10 nm), leading to a small
dissipative term D and vy/vx > 1, the skyrmions imaged here
are significantly larger (⇡1,000 nm). For skyrmions of diameter
⇡1,000± 300 nm with a fixed domain wall widths �dw ⇡ 21 nm,
the value of the dissipative term D is estimated to be around 60
and increases proportionally with the area of the skyrmion, as
discussed in Supplementary Fig. 1. The error bar of 300 nm arises
from the optical di�raction limit. This suggests a skyrmion Hall
angle �sk around 40� as an upper limit, which is compatible with
the observed values of vy/vx being less than 0.3 for current density
je <7⇥106 A cm�2. A further increase of the current density could
thus lead to higher values of vy/vx and the saturation of skyrmion
Hall angle.

One possible reason for the apparent discrepancy between our
experimental observation of the current-dependent increasing value
of vy/vx and the simple prediction of equation (2) is the presence
of pinning that a�ects the skyrmion motion33–35,42. Such pinning
may originate from random disorder/defects in the sputtered films,
which is consistent with the experimentally observed threshold
depinning of skyrmions and stochastic motion at low driving
currents. Detailed theoretical investigation of the dynamics of
skyrmions interacting with randomly distributed disorder/defects
has shown a significant reduction of the skyrmion Hall angle �sk,
as well as complex skyrmion trajectories33–35,42. Specifically, the
skyrmion Hall angle is minimized around the depinning threshold
and increases monotonically with the driving current, due to side-
jump scattering of skyrmions from the scattering potentials. This
is reminiscent of our experimental observations in the absence
of interactions between multiple skyrmions. Experimentally for
je <1.5⇥106 A cm�2, skyrmions escape from the pinning potential
and exhibiting a hopping-like motion along the driving direction
with a zero skyrmion Hall angle. In the strong-driving regime
je > 1.5 ⇥ 106 A cm�2, increasing the driving force increases
monotonically the skyrmion Hall angle �sk. In fact, a recent study
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motion without net transverse motion ((0.6±0.1)⇥ 106 A cm�2 < je < 1.5⇥ 106 A cm�2). b, Evolution of the skyrmion Hall angle (�sk) and the ratio
between the transverse and longitudinal velocities of the skyrmion (vy/vx). The green region corresponds to the regime without net transverse motion
(when je < 1.5⇥ 106 A cm�2). When je > 1.5⇥ 106 A cm�2, both �sk and vy/vx are monotonically increasing as a function of current density. Data shown in
a and b are collected by tracking a single skyrmion in a device of dimensions 100 µm (width) ⇥500 µm (length) with an external magnetic field +5.2 Oe.
c, Phase diagram of the skyrmion Hall angle as a function of current density/sign of topological charge in a modified device of dimensions 80 µm (width)
⇥100 µm (length), obtained by tracking the motion of several tens of skyrmions. In the low-current-density regime, the skyrmion Hall angle �sk exhibits a
linear dependence similar to that shown in b. A further increase of current density |je|>8⇥ 106 A cm�2 results in the saturation of the skyrmion Hall angle.
By alternating the sign of the driving electron current density (±je) and the sign of topological charge (±Q), a phase diagram for the four di�erent regimes
was determined. Namely, for negative topological charge (under positive magnetic fields), regime I(+je,�Q) with positive �sk and regime III(�je,�Q) with
negative �sk were identified by changing the polarity of the electron current. For skyrmions with positive topological charge (under negative magnetic
fields) a positive �sk in regime II(�je,+Q), and negative �sk in regime IV(+je,+Q) were detected. The decrease of skyrmion Hall angle from
|�sk|⇡32±2

�
to |�sk|⇡28±2

�
is also demonstrated by increasing the skyrmion diameter from d=800±300nm (+5.4 Oe/�5.2 Oe) to

d= 1,100±300 nm (+4.8 Oe/�4.6 Oe).

current densities. We addressed this issue with slightly modified
devices, as discussed further below.

This current density dependence is inconsistent with the simple
theoretical prediction given in equation (2), which suggests a
constant value of vy/vx that is given by 1/↵D and is independent of
the driving current. On the other hand, the magnitude obtained at
the highest achievable current density is approximately in the range
of what can be expected theoretically. While for most theoretical
studies, small skyrmions are considered (10 nm), leading to a small
dissipative term D and vy/vx > 1, the skyrmions imaged here
are significantly larger (⇡1,000 nm). For skyrmions of diameter
⇡1,000± 300 nm with a fixed domain wall widths �dw ⇡ 21 nm,
the value of the dissipative term D is estimated to be around 60
and increases proportionally with the area of the skyrmion, as
discussed in Supplementary Fig. 1. The error bar of 300 nm arises
from the optical di�raction limit. This suggests a skyrmion Hall
angle �sk around 40� as an upper limit, which is compatible with
the observed values of vy/vx being less than 0.3 for current density
je <7⇥106 A cm�2. A further increase of the current density could
thus lead to higher values of vy/vx and the saturation of skyrmion
Hall angle.

One possible reason for the apparent discrepancy between our
experimental observation of the current-dependent increasing value
of vy/vx and the simple prediction of equation (2) is the presence
of pinning that a�ects the skyrmion motion33–35,42. Such pinning
may originate from random disorder/defects in the sputtered films,
which is consistent with the experimentally observed threshold
depinning of skyrmions and stochastic motion at low driving
currents. Detailed theoretical investigation of the dynamics of
skyrmions interacting with randomly distributed disorder/defects
has shown a significant reduction of the skyrmion Hall angle �sk,
as well as complex skyrmion trajectories33–35,42. Specifically, the
skyrmion Hall angle is minimized around the depinning threshold
and increases monotonically with the driving current, due to side-
jump scattering of skyrmions from the scattering potentials. This
is reminiscent of our experimental observations in the absence
of interactions between multiple skyrmions. Experimentally for
je <1.5⇥106 A cm�2, skyrmions escape from the pinning potential
and exhibiting a hopping-like motion along the driving direction
with a zero skyrmion Hall angle. In the strong-driving regime
je > 1.5 ⇥ 106 A cm�2, increasing the driving force increases
monotonically the skyrmion Hall angle �sk. In fact, a recent study
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Fluctuations of core size
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Summary and outlook

• Examined boundary edge and disorder-induced 
confinement effects in ultrathin ferromagnets with 
perpendicular anisotropy:


- Skyrmion oscillators with inhomogeneous polarizers [1] 

- Current-induced motion in disordered films [2] 

• Disorder can result in strong pinning, finite threshold 
currents, stochastic motion in realistic films


- Undesired effects for information storage applications, 
possibly no advantages compared with domain walls 

• Besides their fundamental interest, can skyrmions 
actually be used for applications?
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Exploiting the stochastic nature of skyrmion dynamics?

• Idea: Instead of exploiting the deterministic nature (hard), why not use the 
stochastic nature (easier) instead for applications?

45
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Controlling the phase locking of 
stochastic magnetic bits for ultra-
low power computation
Alice Mizrahi1,2, Nicolas Locatelli2, Romain Lebrun1, Vincent Cros1, Akio Fukushima3, 
Hitoshi Kubota3, Shinji Yuasa3, Damien Querlioz2 & Julie Grollier1

When fabricating magnetic memories, one of the main challenges is to maintain the bit stability 
while downscaling. Indeed, for magnetic volumes of a few thousand nm3, the energy barrier between 
magnetic configurations becomes comparable to the thermal energy at room temperature. Then, 
switches of the magnetization spontaneously occur. These volatile, superparamagnetic nanomagnets 
are generally considered useless. But what if we could use them as low power computational building 
blocks? Remarkably, they can oscillate without the need of any external dc drive, and despite their 
stochastic nature, they can beat in unison with an external periodic signal. Here we show that the 
phase locking of superparamagnetic tunnel junctions can be induced and suppressed by electrical noise 
injection. We develop a comprehensive model giving the conditions for synchronization, and predict 
that it can be achieved with a total energy cost lower than 10−13 J. Our results open the path to ultra-low 
power computation based on the controlled synchronization of oscillators.

Superparamagnetic tunnel junctions present a number of advantages for computation. First, they can be down-
scaled to atomic dimensions1. Secondly, because the energy barrier separating the two magnetic configurations 
is small, low current densities can lead to significant action of spin torques on magnetization switching2. But how 
can they be harnessed for applications? A first option is to use superparamagnetic tunnel junctions as sensors. 
Indeed, thanks to their high sensitivity to electrical currents they are able to detect weak oscillating signals3–5 
through the effect of stochastic resonance6. A second option is to use them as building blocks of computing sys-
tems leveraging the synchronization of oscillators for processing7,8. It has been recently recognized that coupled 
nano-oscillators are promising brain-inspired systems for performing cognitive tasks such as pattern recogni-
tion9–16. Like neurons in some parts of the brain, they compute by synchronizing and desynchronizing depending 
on sensory inputs17. However, such systems require a high number of oscillators, that each need to be powered. 
Using superparamagnetic tunnel junctions would allow orders of magnitude gain in power consumption. In 
addition, by shrinking their dimensions they can be fabricated from the same magnetic stack as stable junctions, 
allowing for densely interweaving oscillations and memory.

Nevertheless there are a number of prerequisites to be able to use superparamagnetic tunnel junctions for 
computational purposes. In particular, it is necessary to identify handles providing control over their synchroni-
zation and to model accurately the associated physics for simulating large scale systems of interacting oscillators. 
Here we show experimentally that we can induce the phase-locking of a superparamagnetic tunnel junction to a 
weak periodic signal through the addition of a small electrical noise, and that we can suppress the phase-locking 
by adding more noise. While the stochastic behavior of most systems becomes unpredictable when shrunk to 
nanometer scale, the dedicated model we develop here encompasses all our experimental results. The quantita-
tive agreement between model and experiments allows predicting the power consumption of computing systems 
harnessing phase-locking of superparamagnetic tunnel junctions.

Experimental Results
We study experimentally superparamagnetic tunnel junctions with an MgO barrier and a CoFeB free layer of 
dimensions 60 ×  120 ×  1.7 nm3 (details in Methods). As depicted in the inset of Fig. 1a, we evaluate their ability to 
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phase lock to a weak square periodic drive voltage in the presence of electrical white noise, at room temperature. 
We set the drive frequency at Fac =  50 Hz and the drive amplitude at Vac =  63 mV, which corresponds to approx-
imately 25% of the voltage threshold for deterministic magnetization switching at 0 K. Figure 1a shows how the 
mean frequency of the stochastic oscillator evolves when the amplitude of the electrical noise is increased.

We observe three different regimes, illustrated in Fig. 1b. As can be seen in the first panel, the jumps in the 
junction resistance, corresponding to reversals of the magnetization, remain stochastic for small values of injected 
electrical noise. In addition, the junction mean frequency is lower than the drive frequency. Usually, adding noise 
to a system tends to destroy its coherence and is detrimental to the occurrence of a synchronized regime. On the 
contrary, in our case, by increasing the electrical noise amplitude, we can increase the junction’s mean frequency 
towards the drive frequency. Eventually, for an optimal range of electrical noise (between 20 and 30 mV), we 
observe both frequency locking (as evidenced from the plateau in Fig. 1a), and phase locking to the driving 
signal (as shown in panel 2). In this second regime, electrical noise optimally assists the periodic drive to over-
come the voltage threshold for magnetization switching at every oscillation of the drive voltage18–20. In the third 
regime (panel 3), higher amplitude electrical noise induces unwanted switches of the magnetization and prevents 
synchronization.

Analytical model and simulations of phase-locking. Phase-locking to an external drive controlled by 
electrical noise has been experimentally demonstrated in a few non-linear systems such as Schmitt triggers19,21 or 
lasers22 but never in a nanoscale system as achieved here. In order to assess the potential of superparamagnetic 
tunnel nanojunctions for applications, we now propose a model that accurately describes their noise-mediated 
synchronization to weak periodic signals. The thermally activated escape rate of a single domain magnetization, 
modulated by spin transfer torque23,24, has a simple expression25–27:
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where φ0 is the attempt frequency, ∆ E the energy barrier between the two stable states, T the temperature and 
Vc the voltage threshold for deterministic switching26,27. In our case the driving force is the sum of the periodic 
voltage V(t) =  ± Vac and the electrical noise VN(t), which is assumed Gaussian with standard deviation σNoise. In 
consequence there are two sources of noise in our system: electrical and thermal noises (T =  300 K). Using Eq. (1), 
we can numerically compute the junction’s mean frequency as a function of the electrical noise amplitude28 (see 

Figure 1. Controlling the phase locking of a superparamagnetic tunnel junction through electrical noise: 
experimental results. A square periodic voltage of amplitude Vac =  63 mV and frequency Fac =  50 Hz as well as 
white Gaussian electrical noise are applied to the junction. (a) Inset: schematic of the superparamagnetic tunnel 
junction driven by a periodic square voltage and electrical noise. Main: junction’s mean frequency as a function 
of electrical noise amplitude (standard deviation σ Noise). (b) Times traces of the junction’s resistance (top) and 
applied voltage (bottom) for three different levels of noise with standard deviations: (1) σ Noise =  15 mV, (2)  
σ Noise =  30 mV and (3) σ Noise =  40 mV.
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1 Introduction

Magnetic skyrmions promise unique opportunities for the processing, stor-
age and transfer of information at the intersection of both spintronics and
nanoelectronics [1, 2, 3, 4, 5, 6]. The experimental verification of skyrmion
spin configurations has been a forefront research topic in magnetism over
the past decade. Initially observed in bulk non-centrosymmetric crystal lat-
tices [7, 8, 9, 10, 11], they have been more recently stabilized in ultrathin
ferromagnetic nanostructures strongly affected by the Dzyaloshinski-Moriya
interaction (DMI) resulting from coupling to a heavy metal substrate [12, 13].
In such materials, skyrmions are exceptionally stable spin textures capable
of enduring room-temperature environments [14, 15, 16, 17] and manipulable
at small current densities (106 � 1011A/m2) [18, 19, 16, 20, 21]. Further-
more, their topological resilience [22, 2] allows them to avoid pinning onto
defects [23, 24] and guarantees particle number conservation under a wide
range of operating conditions [25, 26].

The appeal of skyrmions is so wide that it has defined a field of its own,
skyrmionics, which refers to the emerging technologies based on magnetic
skyrmions as information carriers. In an effort to push for skyrmion-based
electronics, challenges ranging from their creation and annihilation [2, 27, 28],
the conversion of their topological properties [5, 29], as well as their efficient

⇤dpinna@protonmail.com
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Figure 1: Bare-bones schematic of a generic skyrmionic device constructed with a thin
film ferromagnet/heavy metal bilayer. One or more skymions are injected into the geom-
etry where manipulation occurs before readout.

vantages permit us in Section 3 to show how a very compact device can be
modelled for the reshuffling of stochastic telegraph noise signals and ran-
dom number generation. Finally, in Section 4, we argue how our skyrmion
reshuffler, subject to trivial modifications, can serve a much more general
purpose by effectively working as an analog integrate-and-fire neuron [41].
These results lay the groundwork for the application of skyrmionic devices
as bio-inspired building blocks for non-conventional computing strategies.

2 Model

2.1 Isolated Skyrmion Dynamics

The motion of an isolated skyrmion in a two dimensional film can be de-
scribed by a modified version of Newton’s equation which tracks the coor-
dinate evolution of the skyrmion’s center. Assuming translational invari-
ance of the skyrmionic spin texture, the Thiele-equation of motion can be
used [42, 43, 40, 4]:

ˆ
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↵ · ẋ = µˆ
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⌘ · v
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+ FTh + FExt (1)
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where ˆ

G is the gyrotropic matrix, ✏
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the Levi-Civita tensor, �
ij

a Krö-
necker delta, and � is equal to either the damping constant ↵ (when referring
to the left side of (1)) or a parameter ⌘ characterizing both the net ratio of
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Figure 9: The proposed device consists of two magnetic chambers into which skyrmions
are injected depending on the state of an input telegraph noise signal. The net drift of
the skyrmion particles due to a constant current flow along with the thermal diffusion in
the chambers leads to an exit order that can be significantly different from that of entry.
This is employed to reconstruct a new outgoing signal with the same statistical properties
as the first as well as being uncorrelated from it.
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Summary and outlook

• Examined boundary edge and disorder-induced 
confinement effects in ultrathin ferromagnets with 
perpendicular anisotropy:


- Skyrmion oscillators with inhomogeneous polarizers 

- Current-induced motion in disordered films 

• Disorder can result in strong pinning, finite threshold 
currents, stochastic motion in realistic films


- Undesired effects for information storage applications, 
possibly no advantages compared with domain walls 

• Besides their fundamental interest, can skyrmions 
actually be used for applications?


- Stochastic-based paradigms for computing
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Figure 1: Bare-bones schematic of a generic skyrmionic device constructed with a thin
film ferromagnet/heavy metal bilayer. One or more skymions are injected into the geom-
etry where manipulation occurs before readout.

vantages permit us in Section 3 to show how a very compact device can be
modelled for the reshuffling of stochastic telegraph noise signals and ran-
dom number generation. Finally, in Section 4, we argue how our skyrmion
reshuffler, subject to trivial modifications, can serve a much more general
purpose by effectively working as an analog integrate-and-fire neuron [41].
These results lay the groundwork for the application of skyrmionic devices
as bio-inspired building blocks for non-conventional computing strategies.

2 Model

2.1 Isolated Skyrmion Dynamics

The motion of an isolated skyrmion in a two dimensional film can be de-
scribed by a modified version of Newton’s equation which tracks the coor-
dinate evolution of the skyrmion’s center. Assuming translational invari-
ance of the skyrmionic spin texture, the Thiele-equation of motion can be
used [42, 43, 40, 4]:
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