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The Omnipresent Skyrmion

the stationary j0i atoms fill the core of the j!1i vortices
with opposite circulations [32]

The spin winding structure of the spin texture was con-
firmed from the matter wave interference between the spin
components. A 14-!s rf pulse of 430 kHz was applied at
Bz ¼ 620 mG before turning off the optical trap.
The power and duration of the rf pulse were set with a
jmz ¼ 0i condensate to transfer all atoms equally into the
jmz ¼ !1i states. Three-to-one, fork-shaped interference
fringe patterns were observed (Fig. 3), clearly demonstrat-
ing that the relative phase winding between the j!1i com-
ponents around the core j0i component is 4" [33,34].
Since the total angular momentum of the condensate
should be conserved to be zero in the imprinting process

[35], the phase winding numbers of the spin components
are (# 1, 0, 1). Together with the radial distribution of #,
this clearly shows that a 2D Skyrmion is indeed created in
the polar condensate.
In order to study the stability of the 2D Skyrmion, we

measured the time evolution of the spin texture with a
variable dwell time t in the optical trap and observed that
it dynamically deforms and decays to a uniform spin
texture (Fig. 4). Modulation of the ring structure gradually
developed and distorted the whole spin texture over
100 ms. Eventually, the spin texture became uniform in
the jmz ¼ 0i state at t > 300 ms. Recent theoretical cal-
culations have shown that 2D Skyrmion excitations are
energetically unstable and decay to a uniform spin texture
by expanding or shrinking in a harmonic potential [22] but
we estimate that the thermal dissipation is negligible in our
experiments for the upper bound of the condensate tem-
perature<65 nK. The decay of the Skyrmion is a dynami-
cally driven process.
It is remarkable that the outer j0i component kept sur-

rounding the j!1i components in the decay dynamics,
implying that there was no topological charge density
flow via the boundary of the finite-sized condensate.
Since it is topologically impossible for the isolated
Skyrmion to unwind to a uniform spin texture when the
global polar phase is preserved, nonpolar defects must have
developed inside the condensates during the decay dynam-
ics. Breaking the polar phase might be attributed to the
quadratic Zeeman effects and the induced spin currents
[10]. The spin relaxation time of a jmz ¼ !1i equal mix-
ture was measured to be over 1 s at Bz ¼ 500 mG, clearly
indicating that the rapid development of nonpolar defects is
due to the presence of the Skyrmion spin texture.
One interesting observation in the deformed spin tex-

tures is that the core j0i component could be connected to
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FIG. 2 (color online). Creation of 2D Skyrmions in spin-1
polar Bose-Einstein condensates. (a)–(c) Density distributions
of the jmz ¼ 0;!1i spin components were measured by taking
absorption images after a Stern-Gerlach separation. The field
ramp rate was (a) j _Bzj ¼ 12, (b) 32, and (c) 80 G=ms with a
quadrupole field gradient B0 ¼ 8:1 G=cm. The contour plots
(d)–(f) show the distribution of the tilt angle #ðx; yÞ in (a)–(d),
respectively. (g),(h) The density profiles of the spin components
are the horizontal center cuts in (a),(c). The Skyrmion size R"=2

versus (i) j _Bzj and (j) B0#1. The solid lines are square-root and
linear fits to the data points, respectively. The field of view in
(a)–(c) is 1:2 mm& 330 !m.
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FIG. 3. Interference of the coreless spin vortex state. (a) Initial
density distribution of the three spin components. (b) A rf pulse
was applied before a Stern-Gerlach separation and fork-shaped
interference fringes appear in the jmz ¼ 0i atom cloud.
(c) Numerical simulation of our experimental condition with
the phase winding numbers (# 1, 0, 1) for the jmz ¼ þ1i, j0i,
and j# 1i components.
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achieved for the thin-film form of the specimen
(6, 7), in which SkX is found to be stabilized
over a much wider T and H range than in bulk
specimen. Because the existence of the SkX state
has been confirmed only in conductive materials
(4, 5, 7), the dielectric nature of this spin state
remains unexplored.

The crystal structure of Cu2OSeO3 is char-
acterized by the same space group (cubic and
chiral) P213 as the B20 alloys, but with very dif-
ferent atom coordination (Fig. 1A) (23–25). Cu2+

(spin S = 1/2) sites are surrounded by either a
square pyramid or a trigonal bipyramid of ox-
ygen ligands, with the ratio of 3:1. Recent pow-
der neutron diffraction (26) and nuclear magnetic
resonance (27) studies suggested that a three-
up, one-down type of ferrimagnetic spin arrange-
ment is realized in the magnetic ground state
below Tc ~ 60 K, where collinear spins align
antiparallel among two inequivalent Cu2+ sites
(Fig. 1B). The single crystal of Cu2OSeO3 has
been grown by chemical vapor transport meth-
od (27).

To investigate the nanometric-scale modifi-
cation of the magnetic structure, we performed

high-resolution Lorentz TEM imaging of a thin-
film single crystal of Cu2OSeO3 with a thick-
ness of ~100 nm. Combined with a magnetic
transport-of-intensity equation calculation, this
technique enables mapping the lateral magne-
tization distribution in real space (28). Under
zero magnetic field for the (110) and (111) sample
planes (Fig. 1, C and F, respectively), we ob-
served the stripe patterns of the lateral magneti-
zation, corresponding to a proper screw-spin
order with a modulation period of ~50 nm, where
spins rotate within a plane perpendicular to the
magnetic modulation vector q || <110>. These
results are consistent with the existence of a finite
D-M interaction and reveal that the magnetic
ground state of Cu2OSeO3 is helically modu-
lated. Note that the modulation period (~50 nm)
of the magnetic moment is long enough as com-
pared with the Cu-Cu atomic distance, being
compatible with the local ferrimagnetic spin ar-
rangement. With H ~ 800 Oe applied normal
to the sample plane, the formation of a trian-
gular lattice of skyrmions is observed both for
the (110) and (111) planes (Fig. 1, D and G).
Here, the diameter of a skyrmion is identical to

the modulation period of the helical spin state.
Every skyrmion in the SkX state has a uni-
form spin chirality (spin-swirling direction), and
three magnetic modulation vectors always lie
perpendicular to the applied H. These features
are consistent with the recent report for the
SkX state in B20 alloys (4, 6, 7). Based on these
real-space observations, Fig. 2B shows the H-T
phase diagram under H || [111] for thin-film
Cu2OSeO3 determined through the measure-
ment of skyrmion density. Skyrmions disappear
for H > 1800 Oe, which implies transition into
the collinear (ferrimagnetic) spin state. Typical spin
textures for selected (T, H) points are displayed
in Fig. 2, D to K.

In B20 alloys, the stability of the SkX state
essentially depends on the dimensions of the
system: Whereas the SkX is stable over a wide
T and H range in the two-dimensional (2D) limit
(thin film), it shrinks into the narrow A-phase
region in the 3D limit (bulk) (6, 7). To invest-
igate the effects of dimensionality in our system,
we studied the magnetic behavior of a bulk
single crystal of Cu2OSeO3 for H || [111]. Figure
3, A and B, indicate the H-dependence of mag-
netization M and ac magnetic susceptibility c′
measured at 5 K. Around 600 Oe, the M profile
shows a steplike anomaly, and c′ also exhibits a
clear kink structure. Above 1800 Oe, M-value
saturates at M ~ 0.5mB/Cu

2+ (where mB is the
Bohr magneton), which suggests the transition
into the three-up, one-down ferrimagnetic state
(Fig. 1B) (25, 26, 29). The same measurements
are also performed at 55 (Fig. 3, D and E) and
57 K (Fig. 3, G and H), and the obtained c′
profiles indicate that the above two magnetic
transitions still take place at both temperatures.
Notably, we found an additional dip anomaly
for 200 Oe < H < 400 Oe in the c′ profile at
57 K, which has not been identified previously.
The H-T phase diagram for the bulk crystal of
Cu2OSeO3 obtained through H and T scans of
M and c′ is summarized in Fig. 2, A and C. The
overall features of the magnetic phase diagram,
including the existence of a narrow A phase char-
acterized by the dip anomaly in the c′ profile,
bear close resemblance to those reported for B20
alloys (21, 30). Considering the reported dimen-
sion dependence for the stability of the SkX state
in B20 alloys (6, 7), we conclude that the ob-
served A phase represents the SkX state in the
bulk form of Cu2OSeO3. The ground state of the
bulk Cu2OSeO3 can be assigned to be helimag-
netic, but with multiple q domains due to the
high symmetry of the cubic lattice. Here, the ap-
plication of H leads to the formation of a single
q-domain state with H || q keeping the proper
screw-spin texture, as antiferromagnetically aligned
spins tend to lie perpendicular to the applied H.
Such rearrangement of a q vector within the heli-
magnetic state explains the steplike anomaly of
the M profile (Fig. 3A) and the enhancement of
the c′ value (Fig. 3B) observed around 600 Oe
at 5 K, as in the case of B20 (e.g., Fe1–xCoxSi)
compounds (22).
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Fig. 1. (A) Crystal structure of Cu2OSeO3, characterized by two inequivalent Cu
2+ sites with different oxygen

coordination. (B) Ferrimagnetic spin arrangement on Cu2+ sites. (C to G) Lateral magnetization distribution
map for a thin-film (~100-nm-thick) sample of Cu2OSeO3, obtained through the analysis of Lorentz TEM data
taken at 5 K. The color wheel in the bottom-left corner of (F) shows the direction (hue) and relative magnitude
(brightness) of the lateral magnetization. Panels (C) and (D), as well as (F) and (G), represent images for the
(110) and (111) plane, respectively, and a magnetic field is applied normal to the observed sample plane. In
both cases, proper screw-spin texture appears for zero magnetic field, whereas a skyrmion lattice with the
identical spin chirality is formed for H = 800 Oe. A magnified view of (D) is shown in (E), where white arrows
represent the magnetization direction. (H) Schematic illustration of a single magnetic skyrmion.
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Skyrmions in Ferromagnets

AF Spinor Bose-Einstein condensates  
J. Choi et al., Phys. Rev. Lett. 108, 035301 (2012)

Dipolar-stabilised Skyrmions

C. Moutafis, et al.  
Phys. Rev. B 76, 104426 (2007) 

Sc-doped hexagonal barium ferrite 
X. Yu, et al. PNAS 109, 8856 (2012) 

Dzyaloshinskii–Moriya  (DMi) 
stabilised Skyrmions: chiral Magnets

Helical Magnet, Fe0.5Co0.5Si 
X. Yu, et al., Nature 465, 901 (2010) 



The Skyrmion Topology

Skyrmion bubble chiral Skyrmions

“Skyrmion”: topology of the mapping between real space and the unit sphere  [1,2] 

Various energy mechanisms for skyrmions, e.g. : i) dipolar, ii) DMi [2] 

Skyrmion number unity |N|=1 -> Skyrmion Topology 

Instances of Topological Solitons in PMA magnets: topologically protected

[1] R. Rajaraman, Solitons and instantons (Elsevier, 1982) 
[2] N. Nagaosa, Y. Tokura, Topological properties and dynamics of magnetic skyrmions, Nat. Nanotech. 8, 899 (2013) 
[3] A. Fert, et al. Nature Nanotech. 8, 152 (2013)

Magnetisation Dynamics is directly linked to Topology [1]



Isolated Bubbles in Confined Geometries

a) 500nm FePt dot  b) Magnetic Force Microscopy 
    

AFM MFM Simulation

 c) Monobubble state schematic

Monobubble state: nanoscale bubble in the center of the dot [3] 

Stable at remanence; no bias-field 

[1] A. P. Malozemoff and J. C. Slonczewski, Magnetic Domain Walls in Bubble Materials, Academic Press (1979) 

[2] M. Hehn et al., Nanoscale Magnetic Domains in Mesoscopic Magnets, Science (1996) 

[3] C. Moutafis, S. Komineas, et al., Magnetic bubbles in FePt nanodots with perp. anis., Phys. Rev. B 76, 104426 (2007)



The Three-Ring state  
D = 1 µm

a) Topography of a dot

 Symmetric-like domain structures possible;tridomain ring structures observed 

 Stable at remanence; no bias-field 

 These can be interpreted as higher order bubble states

 b)Ring-like structure: domains  
of alternating  magnetisation

MFMAFM Three-ring state

c) Schematic of the three-ring 
state

[1] C. Moutafis, et al., Magnetic bubbles in FePt nanodots with perpendicular anisotropy, Phys. Rev. B 76, 104426 (2007) 



a) Topography of a dot

 Symmetric-like domain structures possible;tridomain ring structures observed 

 Stable at remanence; no bias-field 

 These can be interpreted as higher order bubble states

 b)Ring-like structure: domains  
of alternating  magnetisation

MFMAFM Three-ring state

c) Schematic of the three-ring 
state

[1] X. Yu, et al., Magnetic stripes and skyrmions with helicity reversals, PNAS 109, 8856–8860 (2012)

The Three-Ring state  
D = 1 µm



Phase diagram in parameter-space
We explore numerically the effects of  thickness in dots of varying diameters

➢ The lines correspond to radii Rc1 and Rc2 as a function of thickness 

The critical radius depends strongly on thickness, especially for ultrathin films



Topological considerations

Skyrmion number (∝Thiele’s Gyrovector)

[1] A.A. Thiele, Steady-state motion of magnetic domains, Phys. Rev. Lett.  30,  230  (1973)
[2] N. Nagaosa, Y. Tokura, Topological properties and dynamics of magnetic skyrmions, Nature Nanotech. 8, 899 (2013)

Complexity of multidomain states can be  
quantified by a topological invariant [1,2].

 Magnetisation dynamics is directly linked to topology [1].  
Different dynamics is expected  

for states with different Skyrmion number (e.g. N=0 and N=1)

  Monobubble state has Skyrmion number (topological charge) N=±1 

 Manifestations of Skyrmions in the ferromagnet: Skyrmion bubble.



Dynamics

Field Pulse ?

Interested in the dynamic response of such skyrmionic structures in a finite geometry:



Gyrotropic Motion

Note details of DW do not change considerably. Bubble size changes.

x

[1] C. Moutafis, S. Komineas, J. A. C. Bland, Phys. Rev. B vol. 79, 224429 (2009). 
[2] DMi: M. Mochizuki, Phys. Rev. Lett. (2012): Simulations of CW & CCW modes in a DMi system. 
[3] DMi: Y. Onose, et al., Y. Tokura, Phys. Rev. Lett. 109, 037603 (2012). Observation of CCW mode. 
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Field strength g=-0.0025

Period:~1ns
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Simulation



Measures of Bubble Position

In order to show the bubble’s orbit and measure the effect of the field:

where n is the topological density

X =
R

x (Mz�1) dVR
(Mz�1) dV

, Y =
R

y (Mz�1) dVR
(Mz�1) dV

Rx =
R

x n dVR
n dV

, Ry =
R

y n dVR
n dV

Moments of the 
magnetization

Moments of the 
topological density

[1] N. Papanicolaou and T. N. Tomaras, Nucl. Phys. B 360, 425 (1991)



N=1 Bubble’s Gyrotropic Motion

-4 -2 0 2 4
X ,  Rx  (lex)

-4

-2

0

2
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Y
 , 

 R
y  (

l ex
)

(Rx, Ry)

(X, Y)

Period:~1ns
f=1Ghz

 (X, Y) the guiding center of the center of magnetisation 

 (Rx, Ry) the guiding center of the associated topological moments [1] 

 N different to unity would exhibit non-regular trajectory

[1] N. Papanicolaou and T. N. Tomaras, Nucl. Phys. B 360, 425, 1991 



 Larger field gradient (τ=45 ps) 
 Switch off and allow the system to evolve freely

 

From: N=1

To: N=0

To: N=1

 Large gradients of magnetisation along the domain wall 

At t = 385 ps, a burst of spin waves -> the Skyrmion number changes!  
It switches to a  “bubble” with different topological charge in less than 1 nanosecond

Different dynamics

Dynamics: bubble under field gradient 
Topological switching

[1] C. Moutafis, S. Komineas, J. A. C. Bland, Phys. Rev. B vol. 79, 224429 (2009) 

Simulation



N=1 N=0

Topological Switching

Fast switching to a topologically trivial state. And back. 
Nucleation of a pair of VBLs 
Isolated states of various topological complexities can be stable/metastable

[1] C. Moutafis, et al. Dynamics & switching processes for magnetic bubbles in nanoelements, Phys. Rev. B 79, 224429 (2009)
[2] DMi: J. Sampaio, V. Cros, S. Rohart, A. Thiaville and A. Fert, Nat Nanotechnol vol. 8, 839-844, (2013)



N=0

Topological Switching

Fast switching to a topologically trivial state. And back. 
Nucleation of a pair of VBLs 
Isolated states of various topological complexities can be stable/metastable 
Different dynamics

[1] C. Moutafis, et al. Dynamics & switching processes for magnetic bubbles in nanoelements, Phys. Rev. B 79, 224429 (2009)
[2] Yu, X. et al. Magnetic stripes and skyrmions with helicity reversals, PNAS 109, 8856–8860 (2012). 



200 nm 300 nm100 nm 400 nm 500 nm 600 nm 700 nm
 X-rays (XMCD) magnetic imaging 

Pump-and-probe STXM & Soft X-ray Holography (PolLux, SLS, UE46-MAXYMUS & UE52SGM, BESSY) 

Dots of amorphous CoB/Pt multilayers (Pt(2)/[CoB(0.4)/Pt(0.7)]x29/CoB(0.4)/Pt(2))  

 From single domain, to bubbles, to concentric ring domains to film-like multidomains. 

CoB/Pt Phase diagram: 
getting the desired states 

[1] “Magnetic states in low-pinning high-anisotropy material  nanostructures suitable for dynamic imaging” 
     F. Büttner, C. Moutafis, et al., Phys. Rev. B 87, 134422 (2013).  

[2] “Reduced domain wall pinning in ultra thin Pt/Co100−xBx/Pt with perpendicular magnetic anisotropy” 
      R. Lavrijsen, et al. , Appl. Phys. Lett. 96, 022501 (2010).  



 X-rays (XMCD) magnetic imaging 

Dots of amorphous CoB/Pt multilayers (Pt(2)/[CoB(0.4)/Pt(0.7)]x29/CoB(0.4)/Pt(2))  

“Symmetric” multilayer?

CoB/Pt Phase diagram: 
Stripes, Bubbles, Skyrmions 

[1] “Magnetic states in low-pinning high-anisotropy material  nanostructures suitable for dynamic imaging” 
     F. Büttner, C. Moutafis, et al., Phys. Rev. B 87, 134422 (2013).  
[2] “Dynamics & inertia of skyrmionic spin structures”,  
     F. Büttner, C. Moutafis, et al., Nature Physics 11, 225–228 (2015). 

B = 0 mTB = 60 mTB = 90 mTB = 150 mTB = 160 mTB = 180 mT



500 nm CoB/Pt dot 
in a microcoil 

500 nm diameter dot [Ta(2)/Pt(2)/[CoB(0.35)/Pt(0.7)]x39/CoB(0.35)/Pt(2)]. 

Dynamics: Excitations / Set-up 

90 mT in-situ magnetic field results in two confined bubbles. 
We pass a 3 ns bi-polar current pulse (1.5 ns in each polarity). 
Dynamical imaging of the bubbles’ response, during the pulse, imaged every 125 ps.

MicroMagnum



STXM 

100	nm

100	nm

Bubble I

Bubble II

Dot

Evolution over time 

Expansion and Shrinking of  
two bubbles on the pulse 

a) b)

c) d)

Bubble I Bubble II

100	nm

X-ray imaging (STXM)



Bubble Gyrotropic motion?

 550 nm diameter dot (Pt(2)/[CoB(0.4)/Pt(0.7)]x29/CoB(0.4)/Pt(2))  

 External bias field (120 mT) sustains the magnetic configuration 

 We pass a 6 ns bi-polar current pulse (3 ns in each polarity) 

100	nm

X-ray imaging (Holography)
Bipolar pulse

[1] “Dynamics & inertia of skyrmionic spin structures”, F. Büttner, C. Moutafis, et al., Nature Physics 11, 225–228 (2015) 



Bubble Gyrotropic motion

[1] “Dynamics and inertia of skyrmionic spin structures”, F. Büttner, C. Moutafis, et al., Nature Physics 11, 225–228 (2015) 

Pulse finishes, relaxation process, center of bubble’s magnetisation back to original point



Gyrotropic motion



Gyrotropic motion

Damped gyrotropic motion (GHz regime), in line with predictions [1] 

We can conclude it is the N=1 bubble [1,2] 

First direct experimental observation of gigahertz dynamics of a skyrmionic spin structure

[1] “Dynamics & switching processes for magnetic bubbles in nanoelements",  
      C. Moutafis, et al., Phys. Rev. B vol. 79, 224429 (2009) 
[2] “Dynamics & inertia of skyrmionic spin structures”,  
      F. Büttner, C. Moutafis, et al., Nature Physics 11, 225–228 (2015) 



Inertia

Fit from model accurately described observed trajectory [1,2]. 

Model implies a mass for the N=1 bubble.  

M > 8 x 10-22 Kg / Areal mass density of 2.0 x 10-7 Kg m-2. Governs the displacement [3]. 

Reflects its extended size and deformability. 

[1] “Dynamics & switching processes…”, C. Moutafis, S. Komineas, J. A. C. Bland, Phys. Rev. B vol. 79, 224429 (2009) 
[2] I. Makhfudz, B. Krüger, and O. Tchernyshyov,  Phys. Rev. Lett. 109, 217201 (2012) 
[3] “Dynamics and inertia of skyrmionic spin structures”, F. Büttner, C. Moutafis, et al., Nature Physics 11, 225–228 (2015) 



Conclusions

Next step…?

Bubbles a laboratory to study link between Topology & Dynamics 

Nanostructures laboratories of  topological states 

Isolated/Single skyrmion bubble GHz dynamics observed  

The Gyrotropic & breathing-like motion demonstrated 

Skyrmion bubble exhibits inertia 

Infer topological complexity (Skyrmion number N) from dynamical 

behaviour -> Skyrmion topology



Si#
Sj#Dij#

Dkl#Sk#
Sl#

[1] N. Nagaosa, Y. Tokura, Topological properties and dynamics of magnetic skyrmions, Nature Nanotech. 8, 899 (2013) 

[2] Fixed Chirality: e.g. G. Chen, et al., "Tailoring the chirality of DWs by interface engineering." Nat. Comm. 4: 2671. (2013), 
G. Chen, et al., Appl. Phys. Lett. 106, 242404 (2015). 

DMi System: Engineer films with Dzyaloshinskii-Moriya interaction 
Collaboration between PSI/Manchester and CNRS/Thales V. Cros & A. Fert 
European Union MAGicSky No. FET-Open-665095 
http://magicsky-fet.prod.lamp.cnrs.fr/

Recent publications, e.g.: [A] “Room temperature chiral magnetic skyrmion in ultra thin magnetic nanostructures”,  
O. Boulle, …, G. Gaudin, Nature Nanotechnology, 25 Jan. 2016, doi:10.1038/nnano.2015.315 

[B] ‘Observation of room temperature magnetic skyrmions and their current-driven dynamics in ultrathin Co films’,           
S. Woo,…, G. Beach Nature Materials, Published online 29 February 2016 doi:10.1038/nmat4593 

[C] “Additive interfacial chiral interaction in multilayers for stabilisation of small individual skyrmions at room temperature”, 
C. M.-Luchaire, C. Moutafis, …, V. Cros, A. Fert, Nat. Nanotechnology, 18 Jan. 2016, doi:10.1038/nnano.2015.313  

Interfacial DMI in asymmetric magnetic multilayers

http://magicsky-fet.prod.lamp.cnrs.fr/


◉ Break of the inversion symmetry at the 
interface 

◉ Large spin - orbit coupling in the normal metal  
(i.e. large Dzyaloshinskii-Moriya interaction  DMi) 

Hedgehog skyrmion

	Main	advantages	:	multiple	possible	associations	of	magnetic	thin	films		
and	metals	with	large	SO	coupling	(Pt,	W,	Ir	,	etc…)	in	bilayers	or	multilayers		

à	Opportunities	to	tune	various	parameters	:	DMi	(dilution	with	thickness),		
magnetic	anisotropy,	number	of	active	interfaces	etc…

A. Fert, Mater. Sci. Forum 59, 439 (1990) 
In case of interfacial DMi :

Interfacial Dzyaloshinskii-Moriya Interaction in films

[1] N. Nagaosa, Y. Tokura, Topological properties and dynamics of magnetic skyrmions, Nature Nanotech. 8, 899 (2013)
[2] Fixed Chirality: G. Chen, et al., "Tailoring the chirality of DWs by interface engineering." Nat. Comm. 4: 2671. (2013)



Asymmetric multilayer made of 
several repetitions of the trilayer. 
Additive chiral interactions.

Interfacial DMI in asymmetric magnetic multilayers

 [1] Fert, A. & Levy, P. M. Role of anisotropic exchange interactions in determining the properties of spin-glasses.  
        Phys. Rev. Lett. 44, 1538–1541 (1980).  

The DMI for two magnetic atoms 
(grey spheres) close to an atom with a 
large spin–orbit coupling (blue 
sphere) in the Fert–Levy picture1. 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. 



(Pt|Co)x10

Domain size with perpendicular field cycles

Magnetic field cycle and image (Pt/Co/Pt and Ir/Co/Pt). Experimentally determine domain 
and bubble size. 
Simulate domain/bubble size during field cycle and fit DMi value to obtain experimental 
domain/bubble size. 

[1] “Skyrmions at room temperature : From magnetic thin films to magnetic 
multilayers” C. M.-Luchaire, C. Moutafis, et al., arxiv.org/abs/1502.07853. 
or  
[2] “Additive interfacial chiral interaction in multilayers for stabilisation of small 
individual skyrmions at room temperature” 
C. M.-Luchaire, C. Moutafis, …, V. Cros, A. Fert, online 18th of January, Nature 
Nanotechnology 11, 444–448 (2016). 

http://arxiv.org/abs/1502.07853


Domain size with perpendicular field cycles

[1] “Skyrmions at room temperature : From magnetic thin films to magnetic 
multilayers” C. M.-Luchaire, C. Moutafis, et al., arxiv.org/abs/1502.07853. 
or  
[2] “Additive interfacial chiral interaction in multilayers for stabilisation of small 
individual skyrmions at room temperature” 
C. M.-Luchaire, C. Moutafis, …, V. Cros, A. Fert, online 18th of January, Nature 
Nanotechnology 11, 444–448 (2016). 

(Ir|Pt|Co)x10

http://arxiv.org/abs/1502.07853


•  Asymmetric multilayer made of several repetitions of the trilayer. 

•  A 1.5 × 1.5 μm2 out-of-plane magnetization (mz ) map (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) 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. 

• 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. 

Interfacial DMI in asymmetric magnetic multilayers



• Comparing the simulations with the experimental domain-width value (dotted horizontal line) allows us to estimate |
D|(Ir|Co|Pt) = 1.6 ± 0.2 mJ m–2 and |D|(Pt|Co|Pt) = 0.2 ± 0.2 mJ m–2. 

• The box height represents the error margins on the experimental domain-size evaluation; its width gives the resulting 
error on |D| for the used simulation parameters. 

• The inset shows a simulated worm pattern for |D| = 1.6 mJ m–2 in Ir|Co|Pt (1.5 × 1.5 μm2) and a corresponding 
experimental observation at the same scale (using the same colour code as in Fig. 1). 

Micromagnetic simulations & experimental measurements of 
mean domain-width evolution with DMI after demagnetization



[1] “Additive interfacial chiral interaction in multilayers for stabilisation of small individual skyrmions at room temperature”, 
C. M.-Luchaire, C. Moutafis, …, V. Cros, A. Fert, online 18 Jan. 2016, Nature Nanotechnology 11, 444–448 (2016). 
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Evolution of the skyrmion size in patterned nanoscale 
disks and tracks

•  Isolated nanoscale skyrmions, at R.T. in nanodiscs and nanowires / racetracks 

• a) field dependence of the diameter of circular domain in a 500-nm-diameter disk, compared with 
micromagnetic simulations.  

• We need large DM values of at least 1.5 mJ m–2 to stabilize any bubble-like domain in nanodiscs. 
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Evolution of the skyrmion size in patterned nanoscale 
disks and tracks

•  Isolated nanoscale skyrmions, at R.T. in nanodiscs and nanowires / racetracks 

• a) field dependence of the diameter of circular domain in a 500-nm-diameter disk, compared with 
micromagnetic simulations.  

• We need large DM values of at least 1.5 mJ m–2 to stabilize any bubble-like domain in nanodiscs.  

• b) 300 nm disks and tracks 200 nm wide with nanoscale skyrmions, 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.  

[1] “Additive interfacial chiral interaction in multilayers for stabilisation of small individual skyrmions at room temperature”, 
C. M.-Luchaire, C. Moutafis, …, V. Cros, A. Fert, online 18 Jan. 2016, Nature Nanotechnology 11, 444–448 (2016). 



Conclusions

Ongoing…

Isolated/Single skyrmion bubble GHz dynamics observed  

The Gyrotropic & breathing-like motion demonstrated 

Infer topological complexity (Skyrmion number N) from dynamical 

behaviour -> Skyrmion Bubble 

Inertia/mass 

Nanoscale Room Temperature Chiral Skyrmions

Topologically equivalent systems -> Similar behaviour?
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The story continues…

Cooling Skyrmions 

Moving Skyrmions 

Writing/Deleting Skyrmions 

Topology & Dynamics
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