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Plan of the talk

Skyrmions, skyrmion crystal, minimal model, known results
Stereographic projection, Ansatz for skyrmion crystal
Energy and Lagrangian, equations of motion

Spectrum, its evolution with magnetic field

Magnon bands topology, Berry curvature, Chern numbers

Conclusions and outlook



skyrmion crystals
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Minimal continuum model, 2D
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Length in units of [ = C/D (helix pitch),
Magnetic field in units D?/C = B/b
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Phase diagram at 7T = 0 :
Simple helix 0 < b < 0.25

Skyrmion phase 0.25 < b < 0.8
Uniform ferromagnet 6 > 0.8
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Timofeev et al., PRB (2021)



Magnon bands in SkX and topology

Schiitte, Garst, Phys.Rev. B (2014)

Roldan-Molina, Nufiez, Fernandez-Rossier, New J. Phys. (2016)

M.Garst 1n «The 2020 skyrmionics roadmap» J. Phys. D: Appl. Phys. (2020)

Diaz, Hirosawa, Klinovaja, Loss, Phys. Rev. Research (2020)

Two-step procedure

1) Equilibrium local magnetization direction (Monte-Carlo?)
2) Boson representation of spins in local frame

Stereographic projection approach :
Timofeev, Aristov, Phys.Rev. B (2022)



Stereographic projection
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Topological charge:
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Energy and Lagrangian
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Variation: oL/of =0 =
200, fo.f — (1 + f1)0.0,f — il fo.f + fo,f}+-bf(1 + ff) = 0
Any (anti)holomorphic f Belavin,Polyakov (1975): D =B =0

2f0.f0-F — (1 +f)0.0-f = 0

See also: Metlov, PRB (2013)



Ansatz for skyrmion crystal

S1Ze Z;, position Z;

Belavin, Polyakov: f = Z /(2 — Z;)

Now D #0,B # 0
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Timofeev, Sorokin, Aristov, Towards an effective theory of skyrmion crystals, |ETP Letters (2019)

., PRB (2021)

Timofeev, Sorokin, Aristov, Triple helix versus skyrmion lattice ..



Ansatz for skyrmion crystal
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Timofeev, Sorokin, Aristov, Towards an effective theory of skyrmion crystals, |ETP Letters (2019)

Timofeev, Sorokin, Aristov, Triple helix versus skyrmion lattice ..., PRB (2021)



Semiclassical method
f(t,z,2) = fo(z,2) + Of(t, 2, 2)
Z1fo+ 61 = LUl + S L\ fol+ 5 Lol fod + ...

Overall translation R(?) = «Zero mode» | Linear spm-wave theo

fr) = fo + (1 + fofo) wr — R(®)



Equations of motion
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Spectrum: evolution with B

=0.40 b= 0.55




Two sets of bands:

Spectrum: tight-binding fit

1) flat bands, topologically trivial,
fast evolution with B

11) tight-binding form, topologically non-trivial,

steady with B
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Spectrum: types of deformation

(a) | ¢ | 2 (b)

nm.

wm | RN * Bogoliubov u-v spinors,

e / \ most weight in the upper (u) component
<°> : | * Bloch function strongly varying in the unit cell
ry \/ * behavior at centers of the skyrmions, y ~ exp img

6,2 M)

<°> < > Deformations of skyrmions:
(3,0M)

51 L " m—=0 counterclockwise rotation

m=1 breathing mode

m=2 clockwise rotation, «zero mode»
m=3 elliptical deformation

m=4 triangular deformation, etc.




Magnon bands topology

Berry curvature, Chern numbers

Bloch state of nth band. Y =Xy  (r)

( assuming 1t 1s a smooth function of k )

Berry connection A, (K) ==V 5 |10, |V )

Berry curvature Q, K =04, K) -0, (K

Chern number C

= —[ Q. ,(K)dk
27 B7

Link-variable method
Fukui, Hatsugai, Suzuki, JPSJ (2005)



Magnon bands topology

Clearly separated bands for 5 = 0.52
Flat bands => zero Berry curvature 1n B.z.

Non-flat bands => non-zero Berry curvature.
However Chern number may be zero,
always non-negative !!

Berry curvature:
smooth background + peaks around I, K

R

Influence of higher-energy bands Neighboring bands
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Conclusions and outlook

Stereographic projection: unified approach to spin dynamics in SkX
Other types of ordering (square lattice), interaction (uniaxial anisotropy)
Spin susceptibilities

Melting of Skyrmion crystal

Thermal Hall effect

Topological magnon edge states



Thank you !



Melting of Skyrmioncrystal ~ ¢=00

NATURE NANOTECHNOLOGY | VOL 15| SEPTEMBER 2020 | 761-767

nature ARTICLES
nanOtCChHOIOgy https://doi.org/10.1038/541565-020-0716-3

‘ ") Check for updates ‘

Melting of a skyrmion lattice to a skyrmion liquid
via a hexatic phase
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/ FIG. 2. Two-dimensional structure factor at the magnetic
fields Hp indicated (see text).
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