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early works

Skyrme, «A unified field theory of mesons and baryonsy,
Nuclear Physics, 31, 556(1962)

Belavin, Polyakov, «Metastable states of two-
dimensional isotropic ferromagnets», JETP Lett. 22,

245 (1975)

Bogdanov, Yablonsky, «Thermodynamically stable "vortices" in

magnetically ordered crystals. The mixed state of magnets»
Sov.Phys. JETP 68, 101 (1989)
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skyrmion crystals
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Yu et al., Nature (2010)
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Melting of Skyrmion crystal

VOLUME 66, NUMBER 21 PHYSICAL REVIEW LETTERS 27 MAY 1991

Hexatic-to-Liquid Melting Transition in Two-Dimensional Magnetic-Bubble Lattices

R. Seshadri and R. M. Westervelt

Department of Physics and Division of Applied Sciences, Harvard University,
Cambridge, Massachusetts 02138

Thin magnetic film of bismuth-substituted iron garnet

Dipolar interaction

Room temperature T= 300 K
Bubble Radius r =3.3 um
Distance between a=17-47 um
Film thickness d=7.8 um

FIG. 2. Two-dimensional structure factor at the magnetic
fields Hp indicated (see text).
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Melting of Skyrmion crystal

NATURE NANOTECHNOLOGY | VOL 15 | SEPTEMBER 2020 | 761-767
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Melting of a skyrmion lattice to a skyrmion liquid (k)
Via d hexatic phase Fig. 5 | Phase diagram of nano-slab Cu,0SeO,. Quantitative analysis of

LTEM data reveals two new skyrmion phases: the hexatic and liquid phases.
Ping Huang ©12374 Thomas Schénenberger?’, Marco Cantoni4, Lukas Heinen®?3, Arnaud Magrez®,

Achim Rosch?®, Fabrizio Carbone?® and Henrik M. Rannow ©2X
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95 K, 0 mT (130-mT-FC)

FeGe

180 K, 0 mT (160-mT-FC)
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Melting of Skyrmion crystal

Ia SCAa

, Nobuto Nakanishi'?, Yi-Ling Chiew', Yizhou Liu', Kivomi Nakajima',

Communications Materials| (2024)5:80
3D skyrmion strings and the
Naoya Kanazawa ® 3, Kosuke Karube', Yasujiro Taguchi', Naoto Nagaosa'

dynamics revealed v
electron tomography

Xiuzhen Yu®'



Triple helix versus skyrmion lattice Timoteev, Sorokin, Aristov ’ t
PRB 103, 094402 (2021)

Skyrmion lattice

(Detormed) Triple helix (Sum of images of single skyrmions)
S, — Sofg + Sp=0 + Sy=2r/3 + Syp=dr/3 f(z.7) = ZF (Z—7%;) /Z(J))
[Soé3 + Sy=0 + Sp=27/3 + Sy=4r 3|
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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 :
Timoteev, Aristov, Phys.Rev. B (2022)




Intro

X

Minimal continuum model, 2D

E = %J( VS)2 +DS.-VxXS—-—-B8 SZ Ferromagnetic exchange J ~ 7. ~ 100 K

Dzyaloshinskii-Moriya inter. D < J

Length in units of [ = J/D (helix pitch),
Magnetic field in units D*/J = H_,

1
&=-(VS)’+S-VXxS-bS,

Phase diagram at 7T = 0 :
Simple helix 0 < b < 0.25

Skyrmion phase 0.25 < b < 0.8
Uniform ferromagnet 6 > 0.8

Belavin, Polyakov, JETP Letters (1975) 0.0 0.2 0.4 0.6 0.8
Bogdanov, Yablonsky, JETP (1989) H/H_



Intro *
Difference between 2D and 3D

2D

helical modulation

1
&=-J(VS)’+DS-VxS-BS,

OO /' 1
-0.1 p ’

_ - Econ §
=02 — bBsix N2\ N\
A : * conical modulation
S - Ehelz:v 3D q

_03 - ECSL * \»

| B

-0.4
%80 02 04 06 08

H/H researchgate.net


http://researchgate.net

Part |

Stereographic projection

2f @ I —ff S = (0,0,1) & f=0

ST 4+iS?% = _ -
1‘|‘ff 1‘|‘ff S=(0,0,—-1) & f=c

(z=x4+1y,Z=x—1y)

Topological charge: Wikipedia

0= [ 40.10:] - 0.0 %>\ /N
A1 (1 + ff)? \
0 = IJerS (0,8 X 9,S) % y
4r
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Energy and Lagrangian

_ 2 (GF Cr _ ifatf_f&t]?
L—[d r(y — &) I|f] R
o _ H,f0:f + 0,19 ) N 2i(f*0-f + 0:f = 0.f = f°0.f) . 2bff
(1 +1f)? (1+ ) L+ /7
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
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Timofeev, Sorokin, Aristov, |ETP Letters (2019)

Timofeev, Sorokin, Aristov, PRB (2021)
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Shape and size of skyrmions

K(r?) ~ exp(—rz)

Timofeev, Sorokin, Aristoyv, |ETP Letters (2019)

Timofeev, Sorokin, Aristov, PRB (2021)
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Interaction between skyrmions

VeSS
JJ ' "“‘“\ Skyrmion size
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0.57 U,
—1-03...” IR NN RN N RN Inverse
Us(a) = H Z fil —4H[f1] — 5Us(a) 5 6 7 8 9 10 11 12 Sisttance
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Timofeev, Sorokin, Aristoyv, |ETP Letters (2019)
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Semiclassical method

f(t,z,2) = fo(z,2) + Of(t, 2, 2)
LU fy+ 81 = LUl + 6 L1 fol+ 58 f Lol fo) + ..

Overall translation R(?) = «Zero mode» | Linear spin-wave theory

fr) = fo + (1 + fofo) wr — R(®)
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Equations of motion
& (—=iV+A¥*+U % “"Bogoliubov-de Gennes™
V* (ZV 1 A)2 + U Any f ptrol/}ildingt extremum
[ _4()Zfazf+ d_f0-f b

L—ff | ) 2i(f*0.f+0.f— 0.f — f*0-f + 2iff)
(1 +£F)? L+/ff (1 +£f)?

v

_OSOSA =D +SA+ [0S [ 4GOS0 fA 2PN\ _, 2
(1 +f)? (1 +f)?

A = ifaxf_ ifaxf 4Ref
R L+/f

Gauge vector potential




Part ||

Spectrum: evolution with B

2040 b.:.o.’55.
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Spectrum: types of deformation

(a) 2 (b)
|¢4 . b= 0.52 . .
5 m) (n, m ) wm | T * Bogoliubov u-v spinors,
/ \ most weight 1in the upper (u) component
8 . . . .
o 7 * Bloch function strongly varying in the unit cell
7 |
L \/ * behavior at centers of the skyrmions, yw ~ exp img
(6.2m) 2 W) | |
o Deformations of skyrmions:
G.om) “ 4-) 5,... . m=0 counterclockwise rotation

m=1 breathing mode
m=2 clockwise rotation, «zero mode»
m=3 elliptical deformation

m=4 triangular deformation, etc.

Timofeev, Aristov, PRB (2022)
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Dynamic susceptibility tensor

Xij (K, t) = —i0(t){[Si(k, 1), Sj(—k,0)])

S S(O) \/72 Az —zen c, —|—HC)

A%(k) — /dreikr(ﬁjun +Fjvn)

wolew) = S5 (BB 4WHC)

1

Timofeev, Aristov, JETP Letters (2023)
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Uniform dynamic susceptibility

Im | (0,w) Im x(0,w)
.......................... e, CW3
4 e | 4
CCW2 | | Br3
E .. Br2
3 3
,  CW 3
_.0000000000000000000000Qooooooo.o...,.,.'..‘ _
_ 0..... IBI.
CCW

l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 Y A T R SR T S

\; Lines crossing,
| <<C1051gf the gap». ‘ Timofeev, Aristov, JETP Letters (2023)



Uniform dynamic susceptibility

Spectral weight / Line intensity

10
- Br
10000 CCW
_CW . .
N | Lines crossing,
ﬂ:m 100 —<C i «Closing of the gap» |
— Bro .~ .- e
——%”"::——
_____ o - /'
———————— ,”’ o/' A
————— ,”’ . ol
10 SV CW3 7
-~ =TT~ ”f’ 7 /
—”<‘~~~C~~CW2 ,’,1 ,",/ /'llll
l/;x ~~~~~~~~ o e "BI'3 -~ 1',
0.3 0.4 0.5 0.6 0.7 0.8

Several resonance frequencies, in addition to three lowest ones



Part IV The lowest (gyrotropic) energy mode

Goldstone mode = equal displacements

of all skyrmions
=>
Consider individual displacements

| \\W

Jsix =Jo = Zﬁ(r — ha; — ma)

.
NN VAV

=y 7 /

Jsix = Zﬂ(r - I'EO) +u)
z

0) —
r” = na, + ma, z



Part IV

Gyrotropic energy mode

> w VA -1 = (1+ffp) w(r)
[

(

')

1

(

0> ]?-, 0, ]j ;-
azf k aZ]?j uj_l_



Part IV Gyrotropic energy mode

1 . -\ (Y
z =23 () (=idy0,- 7,) ()

Ij J

4 /i H ;j depend only on 1.50) —rY X+ iy = Z R R
o 7 = A q
e Expect the property Zj x| zl ;=0 ”

°* K Ij H ;j decrease rapidly with distance
® Thiele equation: u;- =0 forallj #[:

I} = () + ()?) 7 =3 X (i) (-0, - 7,) (

Uu

Uu

= 4 =
\/

%q — (7[ + klys(q))03

A ( hy Q). h, }/Z?(q))

o
T\ q),hy(q)



Part IV Gyrotropic energy mode

1 _ A A Uy Equation of motion
£ = 5 Z (ui_q, l/t_q> <—l%qat — %q) (u_l_)
q

q g (1) = €y
K g = (7 + kyy(q))os Y %
& _ ( hy(@), hy Vé‘i(q)) det(@H q— # ) =0
T\ rAQ), hyy(Q)
Dispersion B (h12 }’Sz (q) — hzz | 7/q) ‘2)1/2
relation q = 7+ kiy(q)

- 3
7,(q) = Z e”d _6=2 (2 COS %qxa COS %qya + co8 q,a — 3)
d

. . 3 . V3 :
y(q) = Z e~ d,2ip; — 9 (cos %qxa COS %qya — €08 q,a — i\/§ S1n %qxa S1n %qya>
d



Part IV Gyrotropic energy mode *

iR @ = @ )"
B 7t kl }/S(q)




Part IV Gyrotropic energy mode, Green’s function

2 |
L = lz (ull ut ) —Ayq7, —270, \ [ Ug
2 VN 270, -4,¢% ) \ud

For phonons: longitudinal and transverse sound modes

L | - ||
| _ 1 + et _ic 1 Now U_q 1S canonically conjugate to Uy
\/47[% Second quantization: [uQ,Zn u_lq] — ih
A : ,
L — \/_ T 1€ —1€,t
Ug =1 (qu d —c_se ")

Only one sort of bosons (would be two for phonons)




Part IV Gyrotropic energy mode, Green’s function

X

[ (1), ull, [ (1), )]

[12(D), ugl,  [uZy(D), ug]

et

l/l(! — (c:lfe q 4 c_qe_ieqf) G(t, q) — l&(t)
l/lJ_ _ i \/; (C,'¥'el.(—,‘(llL —C e—qut) . [
q — q —q Uy ([ cos ¢, —sing, Uy
Ve () (ot o) ()

Fortdd > ra,r > a

0.002

G(1. 1) = Satp x+x' (1,0 . 0,1 | — Gyt r)
(t,r) = A —cos(p) > 0.1 + sin(p) 10 o001 - G

7 x—x~1 [cos2¢,sin 2
tHp) 2 ( sin 2¢), —cos 245)

F(z) = cosz—sinz/z,




3aK/II04YeHUs U NIepCeKTUBbI

CKUPMHOHHOE OCHOBHOE COCTOSIHUE MAarHEeTUKOB 0€3 IICHTpa HHBEPCUH 00J1a4aCT «TOMOJIOTMYECKUM
3apsSAoM». YI00HO IIPEACTABIISITh TAKOS COCTOSHUE CYMMOM 00pa3oB™ OTACIbHBIX CKUPMHUOHOB C
€IUHUYHBIM 3apsaa0M (* B METOAE CTepeorpauueCKOM MPOCKIIUH ).

Metop cTep.Ipo. HAJAECKHO onpeacisieT 1) SHepru0 OCHOBHOIO COCTOSIHUS U 2) CIIEKTP BO30YKIACHUM
ckupMHOHHOro Kkpucrajuia (CkK)

ITocTpoeHa a3(p(peKkTUBHAS TECOPHS A1l HEKOTOPBIX HU3KOJICKAIMX BO30ykaeHu CkK

IToka3aH TONOJIOTHYECCKUM NEePEXO B CIICKTpe MarHoOHOB CKK

I I1aBjIeHUE CKUPMHUOHHOM PEIICTKH 7
AHOMAaJINY B XOJLIOBCKOM TEIIonpoBogHOCTH CKK ?
KpaeBbie MarHOHHbIE COCTOAHUA BHYTpU CKK ?

Marseroynpyrum pe30HaHC ?



