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WHAT ARE MAGNETIC HOPFIONS?
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Magnetic hopfions are

(i) 3D topological solitons,

(i) countable particles in magnetization field,
(iil) topological vortex rings

(iv) vortex-like closed strings (knots)

In case of magnetic hopfions, the relevant order parameter
of the system is a unit vector field n(r) = (ny,n,,n;), [n(r)| =1,
defined at any point r € R’. Field configurations n attaining a uni-
form background state at infinity n(r) - ng as |[r| > oo can be
classified according to the linkage of their fibers {n = p}, which, for
regular values p € S°, are collections of closed loops in R>.

U g g G SN U i G

Db AN =t

Q0000 OGO OOS

<

Guuuvv

IJ JULICH

Forschungszentrum

Page 5




IJ JULICH

FFFFFFFF gszentru



| 'J JULICH

Mitglied der Helmholtz-Gemeinschaft Forschungszentrum



Discontinuity!

74

IJ JULICH

FFFFFFFF gszentru



Vector field and isosurface for the hopfion with hopf index, H=1
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The classitying group is the third homotopy group of the 2-sphere:
7T3(Sz, mo) =7

It is isomorphic to the group of integers with respect to addition.

Hopfion topological charge:

1
H:—(Sn)Z/]R3(F-V)dr.

where

F = €m. lan 8n]

dr; " I

are components of the solenoidal gyro-vector field F,
and V is an appropriate vector potential of F:

VxV=F

J. H. C. Whitehead, Proc. Nat. Acad. Sci. U.S.A. 33, 117 (1947).
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The classitying group is the third homotopy group of the 2-sphere:
7T3(S2, mo) =7

It is isomorphic to the group of integers with respect to addition.

Hopfion topological charge:

1

H=—
1672

/ dridredrs F - [(VX)_IF].
Q

where

m - [0,,m X 0,,m)]
F=| m-[0,,m X 0, m]
m - [0, m X 0,,m]

is the vector of curvature and ry, 7, 13 are local right-handed
Cartesian coordinates

J. H. C. Whitehead, Proc. Nat. Acad. Sci. U.S.A. 33, 117 (1947).
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HOPFIONS IN GEOMETRICAL CONFINEMENT

K-T

0.5

Co 1.5 nm

Ir1 nm

0.0

N. Kent, et al., P. Sutcliffe Y. Liu, et al.,
Nature Commun. 12, 1562 (2021). J. Phys. A: Math. Theor. 51, 375401 (2018). ~ Phys. Rev. B 98, 174437 (2018).
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HOPFIONS IN FRUSTRATED MAGNETS
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Video regime code [77300] || [128,128,128] || IMG = 0
Q=const

TOROIDAL ANSATZ WITH H=7 Tab> NCG |ov=0|rm=0|gp=0|

/ pause

STP3=0, speed=0.0 stepsfsec

dims = 256 : 256 : 256

Modes = 16777216 = 16.78.108
Boundary: [1]1]1]

0 E = 804 622945

atoms = 16777216.000000

<n,> = -0.000005

<hy> = 0.000005

<ny> = 0.969617

angleryayx = 26.9 © (all time: 26.9 9)
Oenaye = 1.72E-07 (all time: 1.72E-07)

dens = 4.795926E-05

B ext] dt ‘alpha MC_T 4 Dy ASET state “width *DELTA *Zoorm *Scale BH 4y
0.00000 0.20000 0.10000 1.00000 1.00000 0.00000 random 0.14000 0.10000 0.02000 0.05000 0.00000 0.00000



HOPFION FUSION, H=3+4=7




ENERGY AND TOPOLOGICAL CHARGE

F.N. Rybakov et al, APL Mater. 10, 111113 (2022).
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Hopf index, H

L.D. Faddeeyv, Lett. Math. Phys. 1, 289 (1976).

L.D. Faddeev, A.J. Niemi, Nature 387, 58 (1997). ' JU |_|CH
Mitglied der Helmholtz-Gemeinschaft ~ A.F. Vakulenko & L.V. Kapitanski, Sov. Phys. Dokl. 24, 432 (1979).
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ENERGY AND TOPOLOGICAL CHARGE
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Hopfion energy, E/n*

F.N. Rybakov et al, APL Mater. 10, 111113 (2022).
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HOPFIONS IN CHIRAL MAGNETS
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CHIRAL MAGNETS

?, B=Bext+V x Ay,

/ drA|Vm*+Dm -(Vx m)—M, m - B +L/ dr|V x Ay
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B20-TYPE CRYSTALS

& = / drA|lVm>+Dm -(Vx m)—M, m - B +2L dr|V x A4l>, B=Bext+V x Ay,
1% Ho JR®

FeGe single crystal FeGe 180-nm-thick lamella

4 B20-type FeGe )
material parameters:

A =475 pJm1,
D = 0.853 mjm—2,

M, =384 kAm—1.
\s 38 m /
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B20-TYPE CRYSTALS

& = drA|Vm*+Dm -(Vx m)—M, m - B +ﬁ dr|V x A4l>, B=Bext+V x Ag,
0 JR?

FeGe single crystal Selected publications on FeGe:
C. Jin, et al, Nat. Commun. 8, 15569 (2017).

H. Du, et al., Phys. Rev. Lett. 120, 197203 (2018).
F. Zheng, et al, Nat. Nanotech. 13, 451 (2018).

F. Zheng, et al, Nat. Commun. 12, 5316 (2021).
F. Zheng, et al, Nat. Phys. 18, 863 (2022).
F. Zheng, et al, Nature 623,718 (2023).

& B20-type FeGe )
material parameters:

A =475 pJm1,
D = 0.853 mjm—2,

=384 kAm—1L.
\Ms 38 m /
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HOPFION RINGS

F. Zheng, et al, Nature 623,718 (2023).
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HOPFION RING NUCLEATION

Over-focus Lorentz TEM images

f 170 mT 190 mT ' 200 mT

Edge

Hopfion
modulations

ring <

Sample size: Tum x 1um x 180 nm
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HOPFION RINGS DIVERSITY

243 mT 147 mT 257 mT d 252 mT.

'\‘&~- e ok e e B «-A’.!_~

Mitglied der Helmholtz-Gemeinschaft F. Zheng, et aI Nature 623,718 (2023).
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HOPFION RING IN FIELD Over focus LorentzTEimages

Q=-3, T=95K

Q=-4, T=180 K
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THEORY VS EXPERIMENT

a 403 mT,-11 b 224 mT, -3

Experiment

Simulations
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€ 256 mT, -2

F. Zheng, et al, Nature 623,718 (2023).

d243 mT,Q0=-1 € 201 mT,-1

f

204 mT, O

g 214mT,+1 h 192 mT, +3

IJ JULICH

Forschungszentrum

Page 38



, State 1la State 1b State 2

¥y ¥ 3
¥ 9




, State 1la State 1b State 2

¥y ¥ 3
¥ 9




ELECTTRON HOLOGRAPHY EXPERIMENT

Over-focus Under-focus - ' Phase shift ‘Pl“‘?d)
-
wo N .

hopfion
rings
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HOMOTOPY GROUP ANALYSIS Second Third

homotopy homotopy
group of 2 group of 2

G = Wz(Sz,mo) X 7r3(82,m0) =7 X Z,

1
= E/ d’f‘ld’l"z F‘ér3,
_ —1
(Q,H)=(-11,21) H = 167!'2 /Qd’l“ld’r’zd'l"3 F - [(VX) F]
where
m - [0,,m X 0,,m]
F=| m-[0,,m X 0, m]
m - [0, m X 0,,m]
is the vector of curvature and ry, 5, 13 are
local right-handed Cartesian coordinates
('111)
@) JULICH
Mitglied der Helmholtz-Gemeinschaft F. Zheng, et al, Nature 623,718 (2023). Forschungszentrum

Page 43






P
Excalibur software
quantumandclassical.com




HOMOTOPY GROUP ANALYSIS

Q=-2, H=3
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HOMOTOPY GROUP ANALYSIS

Nanomagnetism in 3D

Workshop, April 30th - May 2nd 2024

Combination of hopfion with skyrmion
SPICE Workshop on Nanomagnetism in 3D, April 30th - May 2nd 2024
Phillip Rybakov

Magnetic skyrmions and hopfions are essentially particles made of spins. The topological nature of these states is two- and three-dimensional, respectively. Recent
experiments have confirmed the existence of hopfions in magnetic crystals [1]. As it turned out, hopfions naturally combine with skyrmions and form stable bound
states. We will discuss in detail the combinations of such topologically different particles. We will also consider the homotopy group, which simultaneously classifies
skyrmions, hopfions, and their combinations.

[1] F. Zheng, et al. Hopfion rings in a cubic chiral magnet. Nature 623, 718 (2023)
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HOPFION RINGS IN BULK
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HOPFION
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HOPFION CHARGE OF HYBRID SKYRMIONS TUBE

(Q’H)=(1 ’_1)

V.M. Kuchkin & NSK, APL Mater. 10, 071102 (2022).
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HOPFION CHARGE OF HYBRID SKYRMIONS TUBE

(Q’H)=(1 "1)

V.M. Kuchkin & NSK, APL Mater. 10, 071102 (2022).
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HELIKNOTON
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HELIKNOTON IN A CHIRAL MAGNET
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R. Voinescu, J-S. B. Tali, I. |. Smalyukh, Phys. Rev. Lett. 125, 057201 (2020

J-S. B. Tai, |.I. Smalyukh, Science 365:1449-53 (2019).
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HELIKNOTON IN A CHIRAL MAGNET

Hopfion After spiralization Heliknoton after relaxation After despiralization
e -
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V.M. Kuchkin, et al., Front. Phys. 11:1201018 (2023).
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HELIKNOTON IN A CHIRAL MAGNET
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HELIKNOTON IN A FILM OF FEGE

>

under-focus

over-focus

1.2 Ujis

Lorentz TEM

1.5 L/Lp

~100 nm

2 L/Lp 2.5 L/Lp

~180 nm
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3 L/Lg

External field, B/B.

o
N

35

FeGe plate thickness, L (hm)
70 105 140 175 210 245

0.5

o
>

L4
w

0.1

without demagnetizing field

~200 mT

with demagnetizing field

1 1.5 2 2.5 3 3.5
Plate thickness,L/Lp

V.M. Kuchkin, et al., Front. Phys. 11:1201018 (2023).
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CONCLUSIONS

- There are only a few realistic models for magnetic hopfions:
- frustrated magnets,

- chiral magnets.

- Isotropic chiral magnets can host an ecxotic typy of hopfions
coupled to skyrmion strings.

- The topological charge of hopfion rings is definned by a pair
of integers: Q and H.

- Hopfion rings are expected to be very mobile, which might be
useful in applications.

- Heliknoton is another promising type of 3D topological soliton
in a cubic chiral magnet.

Hopfions
Hopf index
Contact us

Hopfions in:
Skyrme-Faddeev model
Hydrodynamics
Electromagnetic fields
Magnetohydrodynamics
Superconductors
Bose-Einstein condensate

Next neighbour, frustrated

Thank you for your attention!
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Hopf solitons in modern mathematical physics

Introduction

What does hopfion mean ?

A hopfion (or Hopf soliton) is a topological soliton which is classified by the Hopf invariant and has non-zer

Hopf index value. A hopfion is a knot in a three-dimensional continuous uni
unknotted without cutting. Since hopfions are 3D soliton:

-Zero
ontinuous unit vector field and cannot be
s, their behavior should be similar to particles.

However, in addition to this, the total topological charge of the system (total Hopf index) is a constant.
Typically, hopfions are described by nonlinear partial differential equations in physical systems and even
numerical studi

udies are very difficult.

In theory, the physical nature of hopfions may be different. First of all, the vector field
(1.1)  n =(sin(@)cos(P) sin(@)sin(P) cos(O))

itself may be normalized physical quantity:

(1.2)

www.hopfion.com
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