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SINGLE SMOOTH LOCALIZED MAGNETIZATION TEXTURES

Isolated Skyrmion “ Micromagnetic energy functional 2D:

(topological solitons)
E(m) = / &A |Vm|2]{g 2 (Vm x m)}[m K- m]»[Bm : ézﬂ ar?
R2

exchange Dzyaloshinskii magnetic ~Zeeman
interaction -Moriya  anisotropy(magn. field)
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LOCALIZED 3D MAGNETIZATION TEXTURES

Skyrmion

&) JULICH
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LOCALIZED 3D MAGNETIZATION TEXTURES

Globule Hopfion
Quanco ball Knotted solitons

Skyrmion Chiral bobber

F.N. Rybakov, et al.,
PRB 87, 094424 (2013);
PRL 115, 117301 (2015);
NJP 18, 045002 (2016)

G.P. Mlller et al., F.N. Rybakov et al. arXiv:1904.00250
PRB 101, 18440 (2020) S. Grytsiuk, et al. Nat. Comm. 11, 511 (2020)
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LOCALIZED 3D MAGNETIZATION TEXTURES

Globule Hopfion
Quanco ball Knotted solitons

Skyrmion Chiral bobber

F.N. Rybakov et al. arXiv:1904.00250
PRB 101, 18440 (2020) S. Grytsiuk, et al. Nat. Comm. 11, 511 (2020)

Interesting electron transport properties

(L]
Redies, Lux, Hanke, Buhl, Miller, Kiselev, Bligel, Mokrousov, PRB 99, 140407(R) (2019) ‘ ’ J U L I C H
17. September 2020 Page 5
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MULTISCALE MODELING

“* Micromagnetic-model:

E(m)=/ [A\Vm\2+g:(Vm><m)+m-5-m—Bm-éZ] ar
R2

% Atomistic Spin-Lattice Model:

1 —— 1
H = é ZU:JU m,-mj+§ij: D,j m; X mj+zi:miﬁmi+z r_3 [mimj -

i i
= Spin Stiffness: = Spiralization (micromagnetic D)
2
Aoy JojR5; QOCZDOj®ROj
j>0 i~0

Conclusion: Limits to the micromagnetic model
1) When skyrmions become small

Continuum approximation

m(r=R;) *m(R)) + (R, — R)Vm(r) <= m; = m(R))

/
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MULTISCALE MODELING

“* Micromagnetic-model:
E(m) =/ [A\Vm\2+g:(Vm xm)+m-K-m—Bm-é&,| dr
R2

X Atomistic Spin-Lattice Model:

H=2 Z J;jm; mj+z D;jm; x m; +Z m; Km,+z [m;m; — (m;&;)(m;é)]
i U

= Spin Stiffness: = Spiralization (micromagnetic D)
2
Ao ) iR D x » Dg; ® Ry
/>0 j>0
Conclusion: Limits to the micromagnetic model /\
1) When skyrmions become small 2
2) When competing exchange interaction -
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FERMI SURFACE OF TRANSITION METALS

: : 14 .
Oscillatory behavior of J; I 2Fe/W(110)
12 I 7
10 . 7]
00/0000 000

B cvscecces ‘
2Fe/W(11 = 6 ]

e/ ( O) ~ . . . . . . . . . www.flapw.de
4 4

T leur
> 4

0
bcc W (Z=74) 2705 1 15 2 25 3 85 4 45 5
distance [inplane lattice constants]

Metals: M. Hoffmann et al, Nat. Commun. 8, 308 (2017)

1) Long-ranged and competing interaction determined
by Fermi Surface

2) Fermi Surface depends on magnetization direction

and spin-state [ 4 ’ JULICH
www.fz-juelich.de/pgi/pgi-1 17. September 2020 Page 9
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MULTISCALE MODELING @) JULICH

“* Micromagnetic-model:
E(m) =/ [A\Vm\2+g:(Vm xm)+m-K-m—Bm-é&,| dr
R2

o Atomistic Spin-Lattice Model:
H = Z J;jm; m,+z D; m o xm m; + Z m; Km,+z [m;m; — (m;&;)(m;&))]
i U

o DFT—modeI. ab ln/tlo total energy: m(r) = (V(r)|o|¥(r))

Basic idea: Compare the total energy landscape Epet ([n], {M}) to models
Note: Expansion of the energy has an initial state dependence J;({M})

Many tricks have been developed to determlne purpose dependent parameter
o Search of magnetic ground states @)
o Thermodynamical properties T ? ? T T <7 <7 7 T
o Magnetic excitations |
o QLT TITTRE) Osta-(s-1)
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MULTISCALE MODELING ‘J JULICH

Forschungszentrum

“* Micromagnetic-model:

E(m)=/IR2 [A\Vm\2+g:(Vm><m)+m-5-m—Bm-éZ] ar

Gideon P. Miiller et al.

ik PRB 99, 224414 (2019)
% Atomistic Spin-Lattice Model: @ Ser,'t

github.com/spirit-code

1 —N— 1 n n
H = E EU:J,I m,-mj+zij: D,j m; X mj+zi: m,-ﬁm,-+Z r—lj,’ [m,-mj — (m,-e,-)(mje,-)}

< DFT-model: From ab initio total energy: m(r) = (¥(r )]a}\l!

Etsz(q, &rot) = %FSI)C(Q) + AE SDOFCT(q' &rot) ’ U’ 'J K m

»> Spin-spirals c ortapae > Infinitesimal rotation

E(q) = Aq® + Dq \ t / leur {JijaDi/}=—%lmdeTr[AV,-O‘GijAVja/Gji}

d?E(q)

H. Ebert at el.,, PRB 79, 045209 (2009). 5E,-J
= dqdq A.l. Liechtenstein et al. J. Phys. F14, L125;
q—0 > Solid State Com. 54, 327 (1985)
dE(q,e) N~—"¢q
D = ’ M. Heide, G. Bihlmayer, and S. Bliigel, Physica B 404, 2678 (2009)
dq B. Zimmermann, M. Heide, G. Bihimayer, and S. Bligel, PRB 90, 115427 (2014)
q—0 B. Schweflinghaus, B. Zimmermann, G. Bihimayer and S. Blugel, PRB 94, 024403 (2016)
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LARGE MAGNETIC MOMENTS OF METALS

«Typical metals have large local moment m € {1, ..., 4}ug < Se€{1/2,..,2}

eReminder Spin Algebra

1
Spin—§: (0'1°0'2)2:3—20'1~0'2

4*h-order ¢xchange interactions

Spin—S:  (01(S) - 02(S))* ™ = ag + a1 (61(S) - 02(S)) + - - - 4325 (1(S) - 2(S))*

Message: _ IS5k (s..s\(s..
1) For S>1/2 9 Higher-Order Spin Interaction =3 ZK”k"(S' S’) (Sk S")

ijkn
M. Hoffmann et al., PRB 101, 024418 (2020)

== Beyond Heisenberg Solids if this interaction becomes important

Invoke Skyrme Mechanism: T. Skyrme: Proc. Roy. Soc. A 260, 127 (1961)

E(m)=/ [AIVmM[? + S|Vm[#*" +m-K-m — Bm - &,] dr?
R2

Forschungszentrum
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MULTISCALE MODELING

“* Micromagnetic-model:
E(m) =/ [A\Vm\2+g:(Vm xm)+m-K-m—Bm-é&,| dr
R2

% Atomistic Spin-Lattice Model:

1 N, 1 ,\ ,\
H = é Z Jlj mimj+Z D,j m; X m; +Zj: miKm,‘+Z r—3 [m,-mj — (m,-e,-)(mje,-)]

if if iU v
= Spin Stiffness: = Spiralization (micromagnetic D)
2
Acc ) i D« ) Dy; @ Ry,
/>0 j>0
th_ . .
Conclusion: Limits to the micromagnetic model 4"-order exchange interactions
1) When skyrmions become small 1
2) When competing exchange interaction Ha = ) ;KU""@" ' SJ’) (Sk ‘ s">
3) When dealing with beyond Heisenberg solids W1 Hoffmann of o PRB 101, 024418 (2020) ILICH
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FROM MULTIBAND HUBBARD MODEL TO SPIN MODEL

By downfolding to
Low-energy subspace
« S=1/2: singly occupied states
» generally: Spin S at each side

Lowdin’s partitioning up to fourth order perturbatlon
- canonical transformation H = e=° H e° suitable for t, t << U, Ju, U, I’y

Member of the Helmholtz Association On-line SPICE-SPIN+X Seminar | 2020-09-16 www.fz-juelich.de/pgi/pgi-1 17. September 2020 Page 14 W  Forschungszentrum



Hubbard model

Multi-band Hubbard model

electron-Hamiltonian

Coulomb hopping

Hund’s rule

Member of the Helmholtz Association

H=— Z t/,j,a (C/]L,a,aCfaOéaU + h.C.)

I<j,a,0

— > tojer (€ Caro +he)
ij,o
aza’

+ > Upa Mt
i,

E /
+ Ui,Oé,Oé/ (ni,a,ani,a’,a + ni,Oé,O'ni,O[/,a')
i,o
a<a’

- E JMLa’nMLUnMﬂp
i,o
a<a’

_ Z Ji,oz,oﬂ (CI:I;OA,TCI!O‘!\LCI:';Oz/,iciaOé/sT + hC)

ia<a!

_ Z Ji oo (c;[a’Tc,-,a/,TcZa,¢c,-,a/,¢+h.c.>

ia<a'

& ) JULICH
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Higher-order exchange interactions: Hubbard model

"""""""""""""""""""""""" S
Multi-band Hubbard model Effective spin Hamiltonian
electron-Hamiltonian H = b H = _ Z Ji (Si-S))
S = RS
o .
§_ lDownfoIdlng _ Z Dij _ (Si N Sj)
;
Q 4 B o
S AY | ~
% -+ ! ! Hmo=( 0 ( . Z B’/ (S’ . 81)2 \
o U U U4 Bigifadratic = 4-spin—2-site
Mapping to spin
% + Hamiltonian — Z Yijk (S,- . Sj) (S; - Sk)
o ! H=J (S;-Sj) +... 75 4-spin-3-site
5 . AL indirect coupling direct coupling ’ -
5 1) L) LD ) L) = 2_ K (Si-S;) (Sk-S)
N e U LN T

\Tz/ \_ UK 4-spin—4-site Y,

~ —

M. Hoffmann et al., PRB 101, 024418 (2020) ' L I C H
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EXAMPLE: FOUR-SPIN-TREE-SITE INTERACTION

M. Hoffmann et al., PRB 101, 024418 (2020)

¢ Four-spins-three-sites

— Z Yik (Si-Sj) (Si - Sk)
iik

“* Spin operators ng,t LHI,Q,TC;Z ¢C£,2,TC£1,TC1T 1,,C1,1,1C2,1,1C22, 1 C3 2 ¢

*» Parameter Four-spins-three-sites for 3 orbitals

1 16 8 16
Yaxs =+ (t—1)°- (£ + 211"+ 31%) . [_ (U+2Jdn)? (9(2U+3JH Uy T o@U Ay — U+ ) T 81JH)
) 16 B 16 }
243(U+2Jp) 2, 243(5Jn + U)JZ
N 1 | {  8t* +641°1"% + 321" + 401" N 16t2(t + 2t)2
U+ 2Jn) 92U +4dy— U —J) ToU+2dy— U —J)

+

641 + 3841212 + 128tt"3 + 28814
27(U + 2Jy)
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HUBBARD MODEL + SPIN-ORBIT INTERACTION

'
_§ZJffm"mf+ZD’f(m’xm/ ZCU -mj)(m; x mj) +

| I
2nd — order perturbation 4™ —order perturbation

Laszloffy, Rozsa, Palotas, Udvardi and Szunyogh, PRB 99 184430 (2019)
Brinker, dos Santos Dias, Lounis, NJP 21 083015 (2019)
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EXCHANGE INTERACTIONS FROM DFT MODEL

S. Grytsiuk, et al. Nat. Comm. 11, 511 (2020)

Eper ([1], {M}) — Eprr ([n], {M + dM}) = Eoer ([n], {M})+6Es, ({M + dM}) + O((6M)*(dn)?)

Single particle energy SEyp = T / de Trin[1 — G(e)dt(e)]

U

gij EZ Gj = Ajoo+Bj-o
\ (51’,‘(6) = t?(é) S, - o
o, .
¢, G, In(1-x) = X -5

1 F
27— order term:  9Ep.gpin = —5—Im Tr/ de Y Gj(€)dti(€) Gi(€)dti(e)
T . 69 -
. IJ .
Collecting o 0t;0t; — S;xS; : =Y [JE°0S; - 6S; + Dy - (6S; x 6S; +3S; - I3 6S;)]
terms ij

J}f‘):—%lm Tr / Tde {A;(QE(QAHOE () + [By ()£ ()] - [Bi(e)E (e}

— OO

with €F
¢) JoLicH D; =~ Re Tr [ de {A;(0)5}(IB;(21(e) ~ By (Au(e)ei (9]
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Examples of 4 spin-interactions

H = — Z Jj (Si-S)) exchange interaction
if

— Z D - (Si xS)) DM interaction
;

— > Kl (Si-Sj)(Sk-S)
ki +(Si-S)) (S; - Sk)
—(Si-Sk) (S;-8))]

4-spin interaction

Yoshida et al.,PRL 108, 087205 (2012)

Fe/lr(111)

'~,c\a‘$“"’o‘ul""1

2
o g > a-e- > . . .
e > B (S-S
AT p 4 J biquadratic interaction

fro o = =9 = -

YT NN
V,‘\!‘/\V?‘lil

- - o 9 -

- “\‘r'\/&‘\‘r'\,/‘, — E K,,SI2 sin2¢i anisotropy
i

' (X
Heinze et al., Nature Physics 7, 713 (2011) J J U L I C H
17. September 2020 Page 20
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FE MONOLAYER ON IR(111): MAGNETIC UNIT CELL

exp. magnetic unit cell
Al ~ [B] ~ 1 nm
+ 45° to close packed row [ B BN

15 atoms per unit cell

— JULICH

Forschungszentrum

S K. von Bergmann &
T University of Hamburg <5
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SPIN SPIRAL CALCULATIONS FOR FE/IR(111)

Heisenberg model : 4 = _— ZJI.] (Si-S;)
Spin spiral: !

q

=

N

o
|

Fe/Ag(111)

M K

100

(&)
o

Energy relative to FM state (meV / Fe atom)

r K M
Spin spiral vector q

(L]
'J JULICH
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ENERGY CONTRIBUTIONS TO THE SKYRMION LATTICE

skyrmion lattice
defined by Q & 6

exchange energy

JULICH
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ROLE OF DZYALOSHINSKII-MORIYA INT.

Energy (meV/Fe-atom)

Member of the Helmholtz Association

15

counterclockwise
skyrmion

clockwise
skyrmion

4-Spin

exchange-

04 02 O

0.2

0.4

Spin spiral vector Q (211/a)

On-line SPICE-SPIN+X Seminar | 2020-09-16

vj

HDM = — ZD(SZ X S])

clockwise
skyrmion

antiskyrmion

www.fz-juelich.de/pgi/pgi-1

counterclockwise
skyrmion

17. September 2020 Page 25
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Example — Fe monolayer on Rh(111): Fe/Rh(111)

40

EQ—EFM [meV/Fe]

r
FM:

}e
$
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Example — Fe monolayer on Rh(111): Fe/Rh(111)

3Q-state:

$1 81
11N

L 2Q-state:

uudd

o’ "0_

2Q-state:
uudd

2’ i'?
&1 é

40
2
20
>
Q
g
= 0
o
g
LTJO 0L
r
FM:

}e
$

Member of the Helmholtz Association

On-line SPICE-SPIN+X Seminar | 2020-09-16

*ﬁ

(L]
Al-Zubi et al., Phys. Status Solidi B 248, 2242 (2011) J U LI C H
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Example — Fe monolayer on Rh(111): Fe/Rh(111)

3Q-state:

40 i 2 :
§ i 5 0P 2 %e
< % $ 1 2Q-state:
: uudd
R ST
Q - 2Q-state: : i
é uudd Ii:::g
E 0 ‘ A ‘ 1
- AE(3/4TK) = 4 (2K — B) '
- 20 AE(1/2TM) = 4 (2K — B) -
AE(M) =16/3 (2K + B) Y |

Member of the Helmholtz Association On-line SPICE-SPIN+X Seminar | 2020-09-16 www.fz-juelich.de/pgi/pgi-1 17. September 2020 Page 29
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Example — Fe monolayer on Rh(111): Fe/Rh(111)

40 . | 3Q-state:
< J * 1 2Q-state:
& 20 ‘ —~ uuddv
> 1 1 _ ® 1 ¢
QO . 2Q-state: :
g uudd
s O & 1 &
m y
5
- 20 }
A 4 i
3
T K M r
Ji = 3.80 meV
AE(3/4TK) = 4 (2K — B) + 4 Yaspin B = 3.39 meV

AE(1/2W) 4 (2K — B) — 4 Yaspin K =0.07 meV
(M) =16/3 (2K + B) — 16/3 Yaspis Ysspin = 4.00 meV 9 JULICH

Forschungszentrum
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CONVINCING EXPERIMENTALIST

MAGNETIC ADATOMS AS
BUILDING BLOCKS FOR
QUANTUM MAGNETISM

Workshop August 17" - 20" 2015

Schloss Waldthausen, Mainz, Germany |
SP/cE

ORGANIZERS E

Cris a (LANL)

h’a ndez :.@S-SAC:I' (INL) ’

SPICE CO-ORGANIZER: » - -

J. Sinova (JGU)
| g ) JULICH
www.fz-juelich.de/pgilpgi-1  17. September 2020 Page 31 Forschungszentrum
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Higher-order exchange interactions

Fe/Rh(111)
uudd state stabilized by
4-spin—3-site interaction

AE(3/4TK) = 4 (2K — B) AE(1/2TM) = 4 (2K — B)
+4 Y33pin —4 YSspin

higher-order exchange interactions can be calculated by
performing DFT calculations for single-Q (spin-spirals) and

multi-Q (uudd, 3Q, ...) states from their energy differences

A. Kronlein, M. Schmitt, M. Hoffmann, J. Kemmer, N. Seubert, M. Vogt, J. Kispert, M. Bohme, B. Alonazi, J. x[nm)

Kagel, H. A. Albrithen, M. Bode, G. Bihimayer, and S. Blugel PRL 120, 207202 (2018)
Member of the Helmholtz Association On-line SPICE-SPIN+X Seminar | 2020-09-16 www.fz-juelich.de/pgi/pgi-1 17. September 2020 Page 32
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FeGe Example 3D

Quialitatively understood
Quantitatively something missing

Yu et al. Nat. Mater. 10, 106 (2011) \

...............

......

4

2D skyrmions

Chiral exchange interaction

D;; - (Si x S;)
\ + external magnetic field /

Member of the Helmholtz Association On-line SPICE-SPIN+X Seminar | 2020-09-16 www.fz-juelich.de/pgi/pgi-1 17. September 2020 Page 33

MnGe

not understood

Tanigaki et al. Nano Lett. 15, 5438 (2015) \

Unknown interactions
We cannot explain this so far
Beyond Heisenber Interacticy
\ y g

Forschungszentrum




MAGNETIC INTERACTIONS IN B20 COMPOUNDS

Crystal and magnetic structure
zZ__s,

Unit Cell:
4 magnetic (Fe/Mn) &
4 Ge atoms.

n; — 3-fold rot. axis on
" magn. atom.

9 JULICH

Forschungszentrum
Member of the Helmholtz Association

Si(ev Cb) —

S,

Particular AFM order:
the angles of each spin
are referred to the
symmetry direction n; is
the same:

n;, cos(6)

Energy (meV)

nix sin(9) co’
nj, sin(6) sin(¢

On-line SPICE-SPIN+X Seminar | 2020-09-16

The energy of Heisenberg interaction

1
E® = —5 ZJ’J S;- SJ' — const
7
First-principles (DFT) results

FeGe MnGe
=% T O
15F oSO 60F
OO OOO OQO O(;. S\
o Oocpf' Oe D
10F o o.. ..°Oo.o. % E 40r .O Q
L o°® o ~— .O @
51 N 5 o>620— . y
w © Without SOI & | =7 o withoutsor *
‘» ¢ WithsOl 8| = 8 «wihsor  ©
0 L o o
1 1 1 1 1 1 1 1 1 1 1 1 1 1
0°  45° 90° 135° 180° 0° 45° 90° 135° 180°
0

|senberg large

rgy cha Egrg‘ in s the higher-
order magnetic mteractlons

» What are those magnetic interactions?
17. September 2020 Page 3/
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SYMMETRIC HIGHER-ORDER EXCHANGE

DFT results without Spin-Orbit Interaction

FeGe

Coplanar
P S

—

p—
<

Energy (meV)

¢ =0

0 T AT
0° 45° 90° 135° 180°
0
FeGe
Non-coplanar15
S
(b}
€ 10F
>
® Sf
(e

N

60

40

0

OO

20

MnGe 4-order exchange interactions
1
By = ) Zkijkn<sz‘ ’ Sj) (Sk : Sn)
i7kn

M. Hoffmann et al., PRB 101, 024418 (2020)

« 4th-order Ex. describe the

energy variation with 6 well

45 90 5 135° 180 in FeGe.

MnGe

60

0

80

40

20

» Energy scale for MnGe
larger than for FeGe.

* Model-fit deviates strongly
from the calculated curve in
MnGe if the spins are non-
coplanar.

¢ = 45° Novel interaction is needed.

|

L | L | L L L
S, 0° 45° 90°Q[135° 180° 0°  45°

Member of the Helmholtz Association On-line SPICE-SPIN+X Seminar | 2020-09-16
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CONCEPT OF NEW INTERACTION

+» Introduction of new chiral interaction :
topological-chiral interaction

o Chiral-Chiral Interaction (CCI)
o Spin-chiral Interaction (SCI)

“* Phenomenological introduction
% Investigation of B20-FeGe, MnGe

% Sketch of more rigorous derivation

_ Orbital effect: hopping in noncollinear back-
S. Grytsiuk, et al. Nat. Comm. 11, 511 (2020)

TOM: skyrmions... ground generates emergent “magnetic field”
Topological Orbital Moment S\y’
o o n ““slow"” scalar spin
[LZO = mZOB"f] —— { B oc A - (Oxf x ayn)] < [ Xa =S; - (Sj x Sk) ] o
chirality
TO - topoloaical
Kk~ . lopologica Hanke et al., PRB 94, 121114(R) (2016); Taguchi et al., Science 291, 2573 (2001) ‘ oo
orbital susceptibility Sci. Rep. 7, 41078 (2017) Shindou, Nagaosa, PRL 87, 116801 2001 ' JULICH
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EMERGENT FIELD AND TOPOLOGICAL ORBITAL MOMENT

Spin-Chirality
Xijk = Si - [Sj x S|

Emergent B-field
Beff ~ Xiik Tijk = Si' [SJ X Sk]

Topological Orbital moment
L [S X Sk] T jjk

ik — l_/k

The total TOM per atom site

j.k

_ TO

— § ’iijk Xijk T ijk
.k

oo _ Y. Taguchi et al., Science 291, 2573 (2001)
‘ J U L | C H J.-P. Hanke et al., Sci. Rep. 7, 41078 (2017) M. Hoffmann et al., Phys. Rev. B 92, 020401(R) (2015)
e F. R. Lux et al., Commun. Phys. 1, 60 (2018) M. d. S. Dias et al., Nat. Commun. 7, 13613 (2016)
orschungszentrum
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NEW: SPIN-CHIRAL INTERACTION (SCI)

Spin-Orbit Effects

\\\ ‘t\
=\

New: Spin-chiral interaction (SCI)

ESC = 5C S L0 5, =
i
= 20 (Ti-Si) [Si+ (S xSk)]
i(jk)

SCl is the 4-order 3-site interaction, arises as a result
of a direct coupling between the TOM and local spins
SCI depends on spin-orbit coupling (SOC)
SCl is rotationally anisotropic interaction

SCI favours non-coplanar structures
of scalar spin chirality of specific sign

9 JULICH

Forschungszentrum
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J.-P. Hanke et al., Sci. Rep. 7, 41078 (2017)
F. R. Lux et al., Commun. Phys. 1, 60 (2018)

Spin-Chirality
Xijk = Si - [Sj x S|

/ Emergent B-field
P Beff -~

/4

Topological Orbital moment

TO TO
LUk = ’%ijk S,' . [SJ X Sk] T ijk

Xijk Tijk = S,"[SjXSk]

The total TOM per atom site
S -
ik

TO
= E K Xijk T ijk
jik

TO
I'i

Y. Taguchi et al., Science 291, 2573 (2001)
M. Hoffmann et al., Phys. Rev. B 92, 020401(R) (2015)
M. d. S. Dias et al., Nat. Commun. 7, 13613 (2016)
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NEW: CHIRAL-CHIRAL INTERACTION (CCl)

André-Marie Ampere
Current-current interaction
1
Epp =~ —§M12 I - I

1
—5 [Si - (8; % S)] Tl 20 Tarjors [Sir - (S X Sir)]

Wk 4

. L _ Chiral-chiral interaction (CCI)
« CCl is the 6-order 6-site interaction

It is governed by a TOM and requires no
SOl and no external B-field.

It is rotationally invariant chiral interaction
« Favours states with 3D magnetic

texture ‘J JULICH
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NEW: CHIRAL-CHIRAL INTERACTION (CCl) ‘J JULICH

xr}, %

André-Marie Ampere

Current-current interaction

3

il Interaction of TOM with emergent field:
Ep~—-Mplh -1y [ECC<1/2,0LT0. BeA—fF]

/,‘

2

Chiral-chiral interaction (CCI)

restriction to on-site triangular plaquette

» CCl is the 6-order 3-site interaction

» |tis governed by a TOM and requires no 7 |
SOl and no external B-field. cC cc.2 CCre. _ 2

- It is rotationally invariant chiral interaction £ = 2 Z%"J'k Xijk = 2 Z%Uk [Si - (S % Sk)]

- Favours states with 3D magnetic iGk) i(jk)
texture
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CONTINUUM DESCRIPTION OF MAGNETIZATION TWIST

continuum representation: S; — m(r) = (my, mo, m3) : R® - S? jie. |m(r)| =1

m(R;) = m(R; + Rjie;;) ¥ m(R;) + R; Z Cal
a€{x,y, z}
Scalar chirality Xa =Si-(S; x Sk) — x(r) < F(r) - 7(r)

solenoidal gyro-vector field F = (F,, F,, F;) with F, = ZEamfm

[induced Faddeev magnetic field]

[Berry curvarture] — [g:@l " g::] with @, B, v, € {x.y.2}
Topo. orbital moment LTC = Z Kik Xijk Tijk — (T9(r) = k"° F(r)

(k)

Reminder skyrmions (2D): f3,(r) — q(x,y) =

(topological charge)
Member of the Helmholtz Association On-line SPICE-SPIN+X Seminar | 2020-09-16 www.fz-juelich.de/pgi/pgi-1
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MICROMAGNETIC: TOPOLOGICAL-CHIRAL INTERACTION

. e : 1
Chiral-chiral interaction (CCl) £¢¢ = _ = Z%gkcxik — E€C — -5 /dr F(r)-3“C-F(r)
Hopfion: Knotted magnetlz;a’tﬁlf)n soliton _ 7 generalized Faddeev term

TN 7 y ‘.‘:_ -
e s - / = ) Y 4 | For cubic system: »¢ = »¢¢1
= // 4 // i = 4 1
e \ ccC_ _1_cc 2
o 2 Rybakov et al. arXiv:1904.00250 Emm 2 % / dr |F(r)|
Faddeev Model: Heisenberg + Faddeev term original Faddeev term

: 1
E(m) = Efel + £S5 =~ [ dr (AIVm(e)+ = [F(n)P)
R3
Faddeev, Lett. Math. Phys. 1, 289 (1976) 1 5
Solution: Hopfions with Hopf number H(m) = (—) / drA-F with F=VxA
47 R3 vector potential to
divergence-free F

Z%SCLTO S, — EX¢ = /drm(r) . 50¢ - F(r) LICH

17. September 2020 Page 43 ~dWV  Forschungszentrum
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NEW: CHIRAL-CHIRAL INTERACTION (CCl)

DFT results without SOI Bsff. ¢
80
; 60
L I
& 40
&5 20
L -
()
5 ./
20' Chiral-chiral interaction (CCI)
l_ . ! . ! - L - restriction to on-site triangular plaquette
0° 45° 90° 135° 180° 1 1 )
CC CC.2 CC
0 £ = 5 Z%ijk Xik = 5 Z%ijk [Si - (S x Si)]
i(jk) i(jk)

&) JULICH
Member of the Helmholtz Association On-line SPICE-SPIN+X Seminar | 2020-09-16 www.fz-juelich.de/pgi/pgi-1 17. September 2020 Page 46 J Forschungszentrum



NEW: SPIN-CHIRAL INTERACTION (SCI)

Spin-Orbit Effects

Recall: DFT results

FeGe
5?2 =4 ane
o~ OO OOO OQQ o;. —
> OOOO? Oe %
QE) 10 o, .....Oooo. o E
— o o N—
> | o° S -
20 T ' o Without SOl 3 | &
S [» o Withsol 8| &
M o [
1 | 1 | 1 | 1
New: Spin-chiral interaction (SCI) - 980 135° 180

ESC — %SC ZL;I‘O . Sz —

i(jk)
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Take energy difference between results
with and without SOI
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MnGe
qof? =
B%W
L @) b 0 @
40_ .O ®
O @
. s ®
60 o Without SOI
o e With SOI ;
op @
1 | 1 | 1 | 1
0°  45°  90° 135° 180
0
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NEW: SPIN-CHIRAL INTERACTION (SCI)

Spin-Orbit Effects DFT results due to Spin-Orbit Interaction (SOI)
\ki ¥ FeGe MnGe

b = 45°

i scI |
—5 CEKQ
y \ 1 | 1 | 1 ITQt ¢ : 450 ! | ! | !
| 0° 45° 90° 135°  180° 0O° 45° 90° 135°  180°
New: Spin-chiral interaction (SCI) 0 0
SC SC TO o I i
ESC _ ZLi .S, = SCI doml.nates DMI !n MnGe
i « DMI dominates SCI in FeGe
_ SC
= Z’%’k (Tijr-Si) [Si-(S; xSk)] « SCI + DMI describe total
i(5k) contributions to SOl well. V' A o
JULICH
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CONCLUSIONS

We have discovered two novel chiral 3-site magnetic interactions driven by
topological orbital magnetism in B20 compounds:

1. Chiral-chiral interaction (CCI) 2. Spin-chiral interaction (SCI)

« SClis the 4-order 3-site
o interaction, arises as a
A result of a direct
\ coupling between the
/ TOM and local spins.

 Itis rotationally
w anisotropic interaction,
— favours non-coplanar
structures of scalar spin
chirality of specific sign.

: : i : L : * |t dominates DMI in
It is rotationally invariant chiral interaction MnGe

« CCl is the 6-order 3-site interaction rooting in
the Zeeman interaction of the TOM with the
emergent magnetic field due to the chirality

» Found interactions could be a key in resolving the pending puzzle of spin structure in MnGe.

* New Interactions may serve as a fruitful platform for promoting new classes of chiral magnetic materials and
discovery of novel chiral phases with the prospect of Hopfions.

« B20-materials are beyond-Heisenberg solids with important 4-spin contributions. ‘ . JU |_|CH
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SUMMARY

¢ Brief introduction of spin-models

“ Motivation higher-order interaction through Hubbard Model
% Sketch of more rigorous derivation from DFT

% Examples Multi-q states (e.g. Fe/lr(111))

¢ Introduction of new chiral interaction :
topological-chiral interaction

o Chiral-Chiral Interaction (CClI)
o Spin-chiral Interaction (SCI)

“* Phenomenological introduction
% Investigation of B20-MnGe

@) JULICH
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