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Topology of electrons in an insulator

Fibre bundle theory

integer Chern number – topological invariant 
of fibre bundles

Nash and Sen, Topology and Geometry for Physicists

H(k)
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Topological insulators
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Goal:
§ Exploration of topological 

phase space

{r, p, M, t}

H. Zhang et al., PRL (2012)
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Chiral magnetic skyrmion
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Chiral magnetic skyrmion
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Chiral magnetic skyrmion 
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Skyrmion= non-trivial,
smooth mapping from Sd
to order parameter space
(“trivial winding at infinity”)
magnetization direction

Smooth mapping
Here d=2, S2 → S2
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Ultrathin films with induced chirality 
(Fe/Ir, Mn/W, Pd/Fe/Ir)

Layers of materials with intrinsic chirality 
(cubic helimagnets FeGe, MnSi, Fe1-xCoxSi) 

Lorentz Transmission Electron Microscopy
X.Z. Yu et al. Nature 465, 90 (2010) 

 

Magnetic Force Microscopy
P. Milde et al., Science 340, 1076 (2013)

Spin-Polarized Scanning Tunneling Microscopy
N. Romming et al. Science 341, 636 (2013)

Bapp ≠ 0

Skyrmions: Experimental observations
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Multiscale modeling 

v Spin-Lattice Model:

v Micromagnetic-model:

H =
1
2

X
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mimj � (mi êi )(mj êi )

⇤

v DFT-model: EDFT
tot (q, êrot) = EDFT

noSOC(q) +�EDFT
SOC (q, êrot)

M. Heide, G. Bihlmayer, and S. Blügel, Physica B 404, 2678 (2009)
B. Zimmermann,  M. Heide, G. Bihlmayer, and S. Blügel, PRB 90, 115427 (2014)
B. Schweflinghaus, B. Zimmermann, G. Bihlmayer and S. Blügel, PRB 94, 024403 (2016) 

E(m) =
Z

R2

⇥
A |rm|2 + D : (rm ⇥ m) + m · K · m � B m · êz

⇤
dr

From total energy calculation to
• A, D, K
• Jij, Dij
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Ab-initio A, D, K 

v Spin-Lattice Model:
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tot (q, êrot) = EDFT

noSOC(q) +�EDFT
SOC (q, êrot)

§ Spin Stiffness:

§ Spiralization (micromagnetic D)
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KKRnano: all-electron linear scaling 
for thousands of atoms

Schematic representation of workflow in KKRnano

Calculate charge density

Calculate new potential

Mixing potentials

i

f

Setting up reference system

Preconditioned iterative 
solution of sparse linear 

equation (Dyson-equation)

ELECTRIC TRANSPORT IN THREE-DIMENSIONAL . . . PHYSICAL REVIEW B 94, 174428 (2016)

FIG. 1. (Left) Spin texture n⃗(r⃗) at the boundary of a 2 × 2 × 2 unit cell of the SkX/monopole crystal. (Middle, right) Spin texture n⃗(r⃗)
around an antimonopole (blue point) in the SkX/monopole crystal explores all the possible directions wrapping up a sphere. (Right) We
show for clearness only the in-plane component of the spin texture on three mutually orthogonal planes cutting the antimonopole. Uniform
magnetization mz = 0. Rainbow colors encode nz as red (blue) means more polarized up (down).

should not be confused with the elementary electric charge e,
does not really enter Eq. (4) simply because a⃗ has a 1/qe factor
by definition.

B. Three-dimensional skyrmion crystal/monopole crystal

A magnetic skyrmion is defined as a unit-norm mapping
n⃗(r⃗) ≡ S⃗/|S⃗| from a 2D compact base manifold (real space) to
the target manifold (directional space), which wraps around the
latter certain times, rigorously characterized by the homotopy
group π2(S2) = Z. Explicitly, this winding number, or the
topological skyrmion number for a 2D compact manifold
parametrized by (u,v) reads [1,2,48]

NSk = 1
4π

∫∫
dudvn⃗ ·

(
∂n⃗

∂u
× ∂n⃗

∂v

)
. (5)

In a 3D chiral magnet, the skyrmion number (5) for a
(compactified) region in xβ ,xγ -plane consequently becomes
a function of xα coordinate:

Nα
Sk(xα) = 1

4π
ϵαβγ

∫∫
dxβdxγ n⃗ · (∂β n⃗ × ∂γ n⃗). (6)

This corresponds to the observed 2D SkX and aforementioned
columnar skyrmion tubes in 3D. The latter can be viewed as
piling up 2D SkXs.

In general, a periodic noncollinear or noncoplanar spin
configuration can be viewed as a hybridized state of multiple,
say, N independent spiral spin textures [41] of wave vectors
k⃗α ,

S⃗(r⃗) = m⃗ +
N∑

α=1

(
M⃗αeik⃗α ·r⃗ + M⃗∗

αe−ik⃗α ·r⃗), (7)

where m⃗ is the uniform magnetization in proportion to the
applied external magnetic field. Trivially, when N = 1, i.e.,
there is no hybridization at all, one obtains the ordinary
helical or conical state. On the other hand, topologically
protected magnetic skyrmions in chiral magnets can be well
characterized by the N > 1 scenario. To this end, one can retain
solely the lowest order Fourier components and assume that all

k⃗α’s (M⃗α’s) are equal in norm and without loss of generality,
complex phases in M⃗α = |M⃗α|eiφα ’s are locked to be the
same. This description, for instance, can give us a hexagonal
SkX in 2D or a simple cubic one in 3D when N = 3. The
former for MnSi reads k⃗1 = k(1,0,0), k⃗2 = k(− 1

2 ,
√

3
2 ,0), k⃗3 =

k(− 1
2 ,−

√
3

2 ,0) and M⃗1 = (ẑ + iŷ)/2, M⃗2 = (ẑ − i
√

3
2 x̂ −

i 1
2 ŷ)/2, M⃗3 = (ẑ + i

√
3

2 x̂ − i 1
2 ŷ)/2. The latter for MnGe

reads k⃗1 = (k,0,0), k⃗2 = (0,k,0), k⃗3 = (0,0,k) and M⃗1 = (ŷ −
iẑ)/2, M⃗2 = (ẑ − ix̂)/2, M⃗3 = (x̂ − iŷ)/2. Henceforward, we
study the latter and set |k⃗α| = 1, α = 1,2,3 and m⃗ = mz for
simplicity, which amounts to

S⃗(r⃗) = (sin y + cos z, cos x + sin z,mz + sin x + cos y). (8)

We show the corresponding spin texture n⃗(r⃗) in Fig. 1.
The conventional exchange interaction (EXI) originated

from the Coulomb interaction and the fermion statistics,
usually yields ferromagnetic or antiferromagnetic order. Those
helical, conical or multispiral states can be generated by var-
ious mechanisms [47], e.g., frustrated exchange interactions,
spin-orbit interactions, long-range magnetic dipolar interac-
tions, magnetic anisotropy, and so on. An important example
of the relativistic spin-orbit case is the Dzyaloshinskii-Moriya
interaction (DMI) [49–51]. This work deals with B20-type
materials without inversion symmetry that can host DMI
(including both MnSi and MnGe). The minimal Hamiltonian
in d spatial dimensions,

HSkX =
∫

dd r⃗

[
J!2

ad−2
0

(∇S⃗)2 + D!2

ad−1
0

S⃗ · (∇ × S⃗) − !
ad

0

µS⃗ · B⃗
]
,

(9)

includes the EXI, the Bloch-type DMI, and the Zeeman
energy, wherein and henceforth a dimensionless S⃗ of the
spatial configuration of spin moments is defined without the
! factor. The ratio of the magnitude of the DMI to the EXI,
D
J

, is supposed to be small enough to justify the use of the
continuum approximation, since a0 = D

J
aSkX, where a0 (aSkX)

is the microscopic lattice constant of the material (the size of
the magnetic unit cell or the period of the incommensurate

174428-3
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What happens when 
space inversion symmetry broken

(GaAs, InSb, interfaces, surfaces, ...)

Time reversal + space inversion symmetry:

Time reversal only

,

Effective spin-orbit (“magnetic”) field Ω:

Time reversal symmetry:

I. Zˇuti ć, J. Fabian, and S. Das Sarma, 

Rev. Mod. Phys. 76, 323 (2004).PAGE 14
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Spin-Orbit Coupling

v spin-orbit coupling has fascinating realizations and     
ramifications in solids

Examples:
o Orbital and topological orbital magnetic moment
o Magnetic Anisotropy 
o Dzyaloshinskii-Moriya Interaction
o Rashba Effect , Dresselhaus Effect
o Topological Insulator, Weyl Semimetals
o Spin-Relaxation (Elliot-Yafet, Dyakonov-Perel)
o Anomalous Hall Effect, Spin Hall Effect
o Spin-Orbit torque 
o Quantum Spin Hall Effect, Quantum Anomalous Hall Effect
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Magnetic materials & spintronics 
have a market

Energy Storage Memory
permanent magnets

magneto-caloric materials

hard disk drive MRAM

TMRIoT

magnetic sensors
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Example 1: 
Bandstructure of topological insulator
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GW with spin-orbit coupling (SOC)

18

MOST GW WORKS PUBLISHED   a posteriori SOC:

LDA (without SOC)  +  GW (without SOC)  + SOC(LDA)

GW+SOC
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GW with spin-orbit coupling (SOC)

19

OUR WORK full SOC:

LDA (with SOC) + GW (with SOC) 

(more accurate but ~10 times more time-consuming)

MOST GW WORKS PUBLISHED          a posteriori SOC:

LDA (without SOC)  + GW (without SOC)  + SOC(LDA)

Sakuma et al., PRB 84 085144 (2011)

GSOCWSOC

GW+SOC
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GW with spin-orbit coupling (SOC)

20

OUR WORK full SOC:

LDA (with SOC) + GW (with SOC) 

(more accurate but ~10 times more time-consuming)

Sakuma et al., PRB 84 085144 (2011)

GW+SOC

GSOCWSOC Aguilera, Friedrich, Blügel, 
PRB 88, 165136 (2013)

LDA+SOC
GSOCWSOC

GW+SOC

MOST GW WORKS PUBLISHED          a posteriori SOC:

LDA (without SOC)  + GW (without SOC)  + SOC(LDA)
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min

"GW "
max

contribution 
of the 1st QL"LDA"

(~100 nm)
100 QL slab of Bi2Se3

21
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max

contribution 
of the 1st QL

min

Dispersion of the 
lower Dirac cone?

"LDA" "GW "

(~100 nm)
100 QL slab of Bi2Se3

22



Comparison with ARPES: Bi2Se3
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Comparison with ARPES: Bi2Se3

ARPES

0.3 Å-1 0.3 Å-1

1 eV

"GW ""LDA"

0.3 Å-1

1 eV
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Example 2: 
Skyrmion design
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Skyrmions for Spintronics

• Chiral magnetism in thin films, but not too thin (min 3 layers)
• Try find small but not too small skyrmions ≈ 5-10 nm
• Above room temperature and zero magnetic field
• Fit to the field of spintronics: injection, transport, detection, 
    manipulation at reasonable fields and currents
• Fast & energy efficient
• Also for logic operation
• Metallic magnetism

Albert Fert, Vincent Cross and João Sampaio,     
Nature Nanotechnology 8, 152 (2013) 

The Fert criteria 
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Multiscale modeling 

v Spin-Lattice Model:

v Micromagnetic-model:
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Trieste MaX Conference, 31. Jan. 2018netic structure can directly be extracted as approximately
five diagonals of the square surface unit cell, i.e., about
2.2 nm.

To identify the magnetic state of 1 ML Mn=W!001" we
imaged the same sample area with a tip sensitive to the out-
of-plane magnetization achieved by applying an external
magnetic field of B # $2 T that aligns the tip magnetic
moment along its axis [2]. The resulting constant-current
image shown in Fig. 1(b) looks very similar to the one
measured with the in-plane sensitive tip (a), but now bright
and dark atoms represent magnetic moments pointing nor-
mal to the surface plane. This observation of both in-plane
and out-of-plane magnetic signals with the same periodic-
ity can only be explained by a SS with spiral axis parallel to
the surface [2].

On a larger scale we always find a labyrinthlike structure
resulting from the two possible rotational domains as
shown in (c). The SS state is unstable towards domain
wall movements and phase shifts. A comparison between
(a) and (b) shows that the border between the two rotational
domains has moved, while in the larger view in (c) a jump
in the sample magnetization is indicated by the black
arrow. This seems to happen spontaneously also without
external field and even in the absence of a magnetic tip as it
has been observed with nonmagnetic tips imaging the
electronic structure changes due to SOC [7]. We attribute
this to the fact that the phase of the SS is only weakly
pinned by defects or domain boundaries.

Figure 1(d) displays the Fourier transform of a map of
differential conductance (dI=dU) of a sample area with
both rotational domains, similar to the one in (c). The spots
originating from both the atomic periodicity and the mag-
netic superstructure are clearly resolved. The profile taken
along the white line indicated in (a) is shown in (e) together

with a height profile taken from the simulated SP-STM
image in (f), based on the spin-polarized Tersoff-Hamann
model [8] in the independent orbital approximation [9].
One can clearly see the atomic corrugation of around
15 pm modulated by the magnetic signal with an amplitude
of roughly 20 pm. Sketches visualising the SS are dis-
played in (g) and (h).

Naturally, the question of the origin of the observed
magnetic structure arises. A SS can be driven by two
mechanisms: competing exchange interactions or DMI.
Although the former seems to be supported by the predic-
tion of SS formation in cubic bulk Mn driven by
Heisenberg exchange [10], this mechanism could be sup-
pressed here as a strong nearest-neighbor ferromagnetic
exchange interaction was predicted for 1 ML Mn=W!001"
[5]. Alternatively, SS’s may arise from DMI due to inver-
sion asymmetry at surfaces, as recently demonstrated for
the Mn monolayer on a W substrate with a different surface
orientation than the one investigated here, i.e., (110) [2].

The answer can be given by studying the noncollinear
magnetism of 1 ML Mn=W!001" based on density-
functional theory with and without SOC. The electronic
and magnetic structure has been determined in the local
density approximation [11], using the full-potential line-
arized augmented plane wave (FLAPW) method in film
geometry as implemented in the FLEUR code [12]. The
system was modeled by a pseudomorphic Mn monolayer
on a 7-layer W(001) slab with the experimental W lattice
constant (3.165 Å), including the structural surface relaxa-
tion reported in Ref. [5]. Scalar-relativistic calculations of
homogeneous SS’s along high-symmetry directions have
been performed in the p!1% 1" unit cell [13], exploiting
the generalized Bloch theorem. SOC has been treated as a
perturbation to the self-consistent potential of SS’s based

FIG. 1 (color online). Spin-resolved STM measurements of 1 ML Mn=W!001". Constant-current image with magnetic tip sensitive
to (a) the in-plane and (b),(c) the out-of-plane component of the sample magnetization (the black circle acts as position marker);
(d) Fourier transform of a dI=dU map (not shown) of a sample area with both rotational domains; (e) experimental (circles) and
simulated (solid line) profile along the lines indicated in (a) and (f), respectively; (f) simulated SP-STM image, (g) side, and (h) top
view of the corresponding model of the SS (colors represent the moment’s in-plane component). The following values of bias voltage
U and current I were used: (a) and (b) U # &0:1 V, I # 1 nA; (c) U # &0:1 V, I # 0:1 nA.

PRL 101, 027201 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
11 JULY 2008

027201-2

Spin-polarized STM image
Theory result

on the magnetic force theorem [14]. SOC is only applied to
cycloidal SS’s because helical ones, i.e., magnetic mo-
ments rotating in a plane orthogonal to the propagation
direction, cannot gain energy by DMI due to symmetry
arguments [4,14]. 1024 (2500) kk-points in the two-
dimensional Brillouin zone have been used for the scalar-
relativistic (SOC) calculation.

In order to establish whether the formation of noncol-
linear magnetic order is energetically favorable in
1 ML Mn=W!001", we calculated the energy of homoge-
neous flat SS’s, i.e., magnetic moments confined to a plane
and with constant angle between adjacent lattice sites,
propagating along h110i crystallographic directions as a
function of the period length j!j (Fig. 2). If we exclude
SOC from the calculations, the dispersion is rather flat in a
wide interval around the ferromagnetic state, correspond-
ing to !#1 $ 0, with a shallow minimum at j!j $ 3:1 nm
that is only 1:5 meV=Mn atom lower than the ferromag-
netic state. As revealed by a fit to the Heisenberg model, in
this range the system exhibits strong frustration due to
competing ferromagnetic exchange interactions between
nearest neighbors and antiferromagnetic exchange interac-
tions beyond nearest neighbors [15]. For smaller j!j, i.e.,
for a larger angle between adjacent moments, the energy
increases rapidly due to the strong nearest-neighbor ferro-

magnetic exchange coupling (J1 $ 19:7 meV) and SS
configurations become unfavorable.

The inclusion of SOC introduces two additional energy
contributions as seen in Fig. 2. First, the magnetic anisot-
ropy increases the energy of SS’s with respect to the
ferromagnetic state. While in the latter all moments are
parallel to the surface normal, which we determined to be
the easy axis, in a SS the majority of the moments deviates
from the easy axis. For homogeneous spirals, the resulting
energy difference is !-independent and amounts to the
average magnetic anisotropy in the (110) plane, in this
case !K110 $ 1:8 meV, as can be clearly seen by the vertical
shift in the vicinity of !#1 $ 0.

The second SOC contribution is the DMI resulting in an
odd energy term breaking the symmetry between right-
(!> 0) and left-handed (!< 0) cycloidal SS’s. For the
present system, our calculations reveal a nearest-neighbor
DMI with coupling constant jD1j $ 4:6 meV that domi-
nates in the range where the exchange energy is small and
leads to a large energy gain of about 6:3 meV=Mn atom for
SS states; see Fig. 2. As a result, the ground state is a left-
handed cycloidal SS with a period of 2.3 nm, in excellent
agreement with the experiments. This period is about 5
times smaller than the 12 nm reported for the SS in
1 ML Mn=W!110" [2] and the angle between adjacent mo-
ments is about 36%, cf. Fig. 1(g), showing that the DMI
dramatically modifies the magnetic order even on the
atomic scale.

The dispersion for SS’s propagating along h100i reveals
an anisotropy and a DMI energy comparable to what was
found for h110i directions (inset of Fig. 2). However, due to
the faster increase of the exchange energy with !#1, a SS
propagating along h100i is energetically less favorable and,
consistently, is absent in the experiment.

So far we have explained the origin of the observed
atomic scale SS state. In the following, we discuss the
magnetic structure on the nanometer scale where different
domains result in an intriguing labyrinth pattern as shown
in Fig. 1(c). In ferromagnetic films, domain formation
typically leads to a reduction of the long-ranged dipolar
interaction. Since a SS averaged over one period has no net
magnetic moment, the dipolar interaction is no energetic
driving force for their appearance in the system investi-
gated here. This leaves us with the question whether the
coexistence and the size of rotational domains is an en-
tropic effect reflecting the energetic degeneracy of the
geometrically equivalent domain pattern or whether it is
caused by defects.

To tackle this issue the nanoscale magnetic order was
investigated by the Monte Carlo (MC) method, which can
simulate complex spin structures on the 50 nm scale
[16,17]. We employed a Heisenberg-type model as imple-
mented in Ref. [18], including symmetric exchange up to
the 6th nearest neighbor, DMI between nearest neighbors,
magnetic anisotropy, and dipolar interaction. The material
parameters were obtained from the ab initio calculations

20

15

10

5

0

-5

-10
-0.8 -0.4 0.0 0.4 0.8

-1(nm-1)

SR

SOC

-2.5 2.5(nm)

4

2

0

-2E
T

OT
)

mota/Ve
m(

-0.2 0.0 0.2
-1

(nm-1)

-1.3 1.3

K110

K100

FIG. 2 (color online). Energy of a cycloidal SS propagating
along h110i (main plot) and h100i (inset) as a function of the
period length j!j. The sign of ! indicates the rotational sense.
Blue circles and green triangles are results of the scalar-
relativistic (SR) and spin-orbit coupling (SOC) calculations,
respectively. Solid lines are fits based on the Heisenberg ex-
change, DMI, and magnetic anisotropy. Fitted curves match data
points outside the displayed range up to the Brillouin zone
boundary. In the SOC calculation, the zero of the energy corre-
sponds to the ferromagnetic state with moments pointing along
the easy axis.
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FIG. 4: (Color online) Top view on a spin structure of iso-
lated chiral skyrmion with topological charge Q = 1 (a), and
achiral skyrmion with Q = �1, or antiskyrmion (b). Chiral
antiskyrmion one can obtained by reflecting spins of skyrmion
(a), ~

S

i

= �~

S

i

. Top and side insets shows side view on the
marked fragment of spin structure along x� and y�axis re-
spectively.

FIG. 5: (Color online) Spin structure of (a) chiral meron with
topological charge Q = + 1

2 and (b) achiral meron with topo-
logical charge Q = � 1

2 , or antimeron.

square-like merons discussion section). They may form
only square like lattices. (DB: Do we want to mention
square-like formation here?)

As mentioned above, the presence of the DM inter-
action make chiral merons energetically not favorable.
Thereby pairs of merons, if they are supported by com-
petition of energy terms, can be composed only of chiral
merons. However, chiral meron-meron pairs or meron-
antimeron pairs are topologically forbidden. It means
that such pair of merons cannot satisfy b.c. and thereby
can be localised only due to the formation of topological
defects. (DB: let’s talk about this sentence.) Pairs of chi-
ral meron-antimeron schematically shown in Fig. 7 can
form a lattice which contains topological defects between
two adjacent pairs marked as solid dots in Fig. 7.

IV. RESULTS

A. Magnetic Structure

We use simulated annealing (section IIIA) as a mini-
mization technique to identify the magnetic ground-state
structure, using a realistic set of parameters (Table I).
According to the definition given in Section IIID the
magnetic ground state can be identified as a square-like
lattice of staggered pairs of chiral meron-antimeron, see
Fig. 8. Each meron and antimeron shown as red and
green ellipses in the right inset alternately carry local

FIG. 6: (Color online) Localised pair of chiral meron and
achiral meron, Q = 1 (a) and pair of chiral meron and achiral
antimeron, Q = 0.

FIG. 7: (Color online) Spin structure of the lattice of chi-
ral meron-antimeron pairs. Solid dot correspond to the posi-
tions of topological defects where local topological charge A

l

reaches limited value of ±2⇡.

topological charge of about ±1/2. In total, the topo-
logical charge of the spin structure equals Q = 0. This
is in contradiction to the previous theoretical model24,
where the calculation has been done in the frame of a
phenomenological model and a finite topological number
was found. However, as described in subsection III C, an
interpretation of the topological properties can strictly
speaking not be applied for the Fe/Ir(111) system and
we use the terminology to classify the spin structure we
found. The spin structure presented in Ref. 24 is very
similar to the spin structure we found, but the interpre-
tation of the origin of its formation is di↵erent. (DB: The
spin structure predicted in Ref. 24 by a phenomenological
model is very similar to the spin structure we found and
we can confirm the spin formation by our energy mini-
mization ansatz on a local scale. Improvements to the
long-range behaviour are addressed later in the text.)
As seen in Fig. 8 on the small scale the merons are

not commensurate to the atomic lattice and the posi-
tions of each meron and antimeron inside the supercell
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Exchange bias stabilized skyrmions

Mn/W(100)
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⇤



Trieste MaX Conference, 31. Jan. 2018

�

�

�

�

Skyrmion lattice (SkL) phase

SS phase 

SkL phase 

iSk phase 

<
0
1
0
>

<100>

Spontaneous nucleation of 

individual skyrmion with 

finite life-time

Interlayer Exchange Bias Skyrmions

Nandy, Kiselev, Blügel, PRL.116, 177202 (2016)
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Interlayer exchange coupling (IEC) between reference and free magnetic 
layer may compensate the required magnetic field.

Interlayer Exchange Bias Skyrmions

Nandy, Kiselev Blügel
PRL.116, 177202 (2016)
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SS phase 

SkL phase 

iSk phase 

Mn/W6/Co4/Pt/W(001)
KCo = 2.0 meV/Co, 
Beff = 20 T

Mn/W7/Co4/Pt/W(001)
KCo = 2.7 meV/Co, 
Beff = 15 T

Skyrmions in zero applied field
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State resolved Heisenberg coupling

State resolved Heisenberg coupling

Unrelaxed
Relaxed

Steep slope at the Fermi energy
System is extremely sensitive on lattice relaxations
Energy shifts due to Hybridization effects

J1,5(E) = �1
3

Tr↵,�
1
⇡

Im
Z EF

dE Tr
⇥
G1,5 t↵5 G5,1 t�1

⇤

j(E) =
dJ

dE
Unrelaxed
Relaxed

Bauer, Mavropoulos, Zeller, Blügel to be published

Fe/Ir(111)

PAGE 32



Trieste MaX Conference, 31. Jan. 2018

Skyrmion à la carte 

Ir(111)

Fe
Pd

B. Dupé, G. Bihlmayer, 
S. Blügel, S. Heinze, 
Nature Comm. 7, 11779 (2016)
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Skyrmion à la carte 

Pd

Ir(111)

Fe
Pd

Ir
Ir
Fe
Fe
Pd
PdPd

B. Dupé, G. Bihlmayer, 
S. Blügel, S. Heinze,
Nature Comm. 7, 11779 (2016)
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Skyrmion à la carte 

Ir(111)

Fe
Pd

Rh
Ir
Ir
Fe
Fe

RhxPd1-x
Rh

B. Dupé, G. Bihlmayer, 
S. Blügel, S. Heinze, 
Nature Comm. 7, 11779 (2016)
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Tuning of the
exchange

Tuning of the
DM
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Skyrmion à la carte 

Dupe, Bihlmayer, Blügel, Heinze , Nature Comm. 7, 11779 (2016)

ESS(B)

E
SkX (B)

E
FM (B

)
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Example 3: 
Skyrmion detection
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Small skyrmions from first-principles

GSky = GFM + GFM �V GSky

Ir(111)

Fe

Pd

Spin-Polarized Scanning Tunneling Microscopy
N. Romming et al. Science 341, 636 (2013)

Pd/Fe/Ir(111)
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* *

**

*

*

Real-space spin relaxation of nano-
skyrmions

PAGE 40

D. Crum, M. Bouhassoune, J. Bouaziz, B. Schwelinghaus, S. Blügel, S. Lounis ,
Nature Comm. 6, 8541 (2015)
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*

*

*

*

Spin-mixing magnetoresistance

TXMR(r) =
LDOSvac

FM � LDOSvac
{S}

LDOSvac
FM

⇥ 100%
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**All-electric detection

D. Crum, M. Bouhassoune, J. Bouaziz, B. Schwelinghaus, S. Blügel, S. Lounis ,
Nature Comm. 6, 8541 (2015)
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Future Outlook

Quantum Phenomena for the New Information Age

§ Spinorbitronics
§ Spintextures for neuro-inspired computing 
§ Ultrafast and antiferromagnetic spintronics
§ 3D nanoscale magnetic textures & dynamics

§ Quantum materials
§ Emergent complex phase space topology
§ Topological superconductors for QC 

§ Materials discovery lab – Computer
§ Cognitive Materials and Functionality     

Discovery

From Nicola Marzari
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