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Optomagnonics

orm Tabuchi et al, PRL 113, 0836C
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Introduction: cavity optomagnonics




magnon

elementary magnetic

excitation
(quantum of spin wave)
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Cavity Optomagnonics

“‘Box” for the electromagnetic field \
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Cavity Optomagnonics

“‘Box” for the electromagnetic field \

ﬁ magnon
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cavity-enhanced spin-photon interaction



Cavity Optomagnonics

ﬁ magnon

N 4

cavity-enhanced spin-photon interaction

cavity QED + magnetism
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Strong coupling demonstrated in 2014

Microwave cavity

Huebl et. al, PRL 111, 127003 (2013)

\ Zhang et. al PRL 113, 156401 (2014)
Tabuchi et. al PRL 113, 083603 (2014)



YIG

Yttrium Iron Garnet
Y3 Fe5 012

* ferrimagnetic
* Insulator
* transparent in the infrared

Picture form Tabuchi et al, PRL 113, 083603 (2014)



Strong coupling demonstrated in 2014

—

Homogeneous
magnon mode

Qe Kittel mode

/

Huebl et. al, PRL 111, 127003 (2013)

\ Zhang et. al PRL 113, 156401 (2014)
Tabuchi et. al PRL 113, 083603 (2014)



Microwave Regime

QUANTUM INFORMATION (Science 2015)

Coherent coupling between a
ferromagnetic magnon and a
superconducting qubit

Yutaka Tabuchi,'* Seiichiro Ishino,' Atsushi Noguchi,' Toyofumi Ishikawa,"
Rekishu Yamazaki,' Koji Usami,' Yasunobu Nakamura®?* '

Magnon SC Qubit

R

MW Cavity



Coupling to Optics?

GHz Hz

\4

Motivation:
magnon as a transducer



Coupling to Optics?

—
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+

Quantummemory for photons

Afzelius, Gisin, de Riedmatten; Physics Today (2015)

Motivation:
magnon state as a quantum memory



Faraday Effect (1846)




Faraday Effect (1846)

Faraday
rotation



Faraday Effect (1846)

Faraday
rotation

'RELATION OF LIGHT TO THE MAGNETIC FORCE. 15

9 iii. General considerations.
2221. Thus is established, I think for the first time*, a true, direct relation and

dependence between light and the magnetic and electric forces; and thus a great
e

Phil. Trans. R. Soc. Lond. 1846 136, 1-20 Before Maxwell equations (1860)!



Coupling to Optics?: Faraday Effect

Faraday _optlcal _ W
rotation spin density \@’_
| &

Unio = HF\E / dr 1\%‘?) - 2‘2—2& E*(r) x E(r)

o



Coupling to Optics?: Faraday Effect

Faraday _optlcal_ W
rotation spin density \9’_

| S

Unio = QF\E / dr hﬁr) - 2‘2—2 E*(r) x E(r)

o

€ij (M):E:‘() (857;]' — ZfEZJkMk)

T

broken time-reversal symmetry




Coupling to Optics?: Faraday Effect

Faraday _Opt'cal_ W
rotation spin density \9’_

3

l € r €
UMQ — HF\/g/dr h‘/]I\;S) . i [E*(I') X E(I‘)]

o

magnetization
density

gij (M)=¢€q (gdi; — ?feijkMk) —

broken time-reversal symmetry




Optomagnonic Hamiltonian

Unio = HF’/eo /dr A % E*(r) x E(r)]
Quantize: S @ @

two-photon process



Cavity Optomagnonics

Coherent coupling demonstrated in 2016

H @ out

-~ magnetic
- field . .
Nanofiber © Whispering
Gallery
Modes

Osada et. al PRL 116, 223601 A cavity enhances the effect
(Nakamura’s group, Tokyo)

Haigh et. al PRL 117, 133602 - Zhang et. al PRL 117, 123605
(Cambridge Univ / Hitachi) (Hong Tang’s group, Yale)



5 Problem
é the state of the art optomagnonic coupling is very small

Some solutions

better overlap of modes

|



Optomagnonics beyond the Kittel mode

™ L~ Optomagnonic coupling demonstrated
 Non-homogeneous magnon mode

» Homogeneous ground state

Fig: Osada et. al.

PRL 116, 223601
{-}@ Photon

(3,1,1)

(4,0,1)

A. Osada et al, PRL 120, 123602 (2018) J.A. Haigh et al, Arxiv:1804.00965v1 (2018)



5 Problem
the state of the art optomagnonic coupling is very small

Some solutions

better overlap of modes smaller systems

200um

.

Nanofiber

Fig: Osada et. al.
? PRL 116, 223601 YIG
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Introduction: cavity optomagnonics

Magnetic textures



Magnetic Textures

smaller systems * Magnetic textures

Example: Vortex in a micro disk



Magnetic Textures: Vortex in Microdisks

-5

'~ Permalloy disks *©
N - ‘;:: > 9

L

2 w

T.Shinjo et al, Science 289, 930 (2000)
YIG disks

Losby et al, Science 350, 798 (2015)

Cobalt Gadolinium
pillars

C. Donally et al,
Nature 547
328 (2017)



Magnetic Vortex and Optical Cavity

Whispering Gallery Modes



Magnetic Vortex and Optical Cavity

Shifted
vortex core
Gyrotropic® H,
mode
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2,
S >
-— =
- Q

. A\
0050

Whispering Gallery Modes
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ﬂ Magnetic textures
b \‘ Why do they form?




Magnetic Textures: why do they form?

Competition of interactions:

 Exchange energy:
short range, strong

* Dipolar interactions:
long range, weak

e (rystalline anisotropies

short range, defines easy and hard axis

(e.g. Dzyaloshinskii-Moriya)



Magnetic Textures: why do they form?

exchange

external field

Z VM + Uan(M) — poM - H,, — %M Ha

1=x,Y,2

anisotropy

dipolar




Magnetic Textures: why do they form?

E:/dgfr i
1% My

/

exchange

external field

Z VM + Uan(M) — poM - H,, — %M Ha

1=x,Y,2

saturation magnetization

M(r)| = M,

anisotropy

dipolar




Magnetic Textures: why do they form?

exchange

external field

A
E:/d% — ) VM2 + Uny (M) — oM - H, — 2OM - H,
. 2

1=x,Y,2

obtained from
Heisenberg

J .
—§Zsi-sj

<1,)>

anisotropy

dipolar




Magnetic Textures: why do they form?

exchange external field

Z VM;|* +Usn (M) — oM - H,, — %M Ha

1=x,Y,2

anisotropy dipolar

l

Uin(M) = —K.M? + Ky, M?




Magnetic Textures: why do they form?

exchange

external field

Z VM + Uan (M) — oM - H,, — %M Ha

1=x,Y,2

anisotropy

dipolar




Magnetic Textures: why do they form?

exchange external field

A
E:/d% — > VM |2+ Uno (M) — oM - H, — Z9M - H,
. 2

1=x,Y,2

anisotropy dipolar

H4 magnetostatic: demagnetizing (stray) fields

V x Hy = 0 * Hy=-Vé V26=V-M
V-H;=V-M




Magnetic Textures: why do they form?

exchange external field

A
E:/d% — > VM |2+ Uno (M) — oM - H, — Z9M - H,
. 2

1=x,Y,2

anisotropy dipolar

H4 magnetostatic: demagnetizing (stray) fields

V x Hy = 0 * Hy=-Vé V26=V-M
V-H;=V-M

Poisson equation, nonlocal

1 d3 /VM I 1/ dQTIﬁ/M

An r—1/|  Arm r — 1/




Magnetic Textures: why do they form?

exchange external field

A
E:/d% — > VM |2+ Uno (M) — oM - H, — Z9M - H,
. 2

1=x,Y,2

anisotropy dipolar

H4 magnetostatic: demagnetizing (stray) fields

VxHg=0 Hy=-Vo Vi =V -M
-V-H;=V-M Poisson equation, nonlocal
1 V - M 1 n - M
_ d3 ’ | d’r’
*= T r—1r| 47T/ Y

The magnetic energy is a non trivial functional of the magnetization



Magnetic Textures: why do they form?

exchange

A
E:/d% — ) VM2 + Uy (M) — oM - H, — Z9M - H,
. 2

1=x,Y,2

dipolar

v l

penalizes non uniformity penalizes stray fields




Magnetic Textures: why do they form?

penalizes non uniformity

Equilibrium: Flux-closure configurations

\f

exchange

Z VM |® + Uan (M) — oM - H,, — %M Ha

S .
1=x,Y,z

\4

‘ Domain wall (180°)

N
4

M

N
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90° domain wall
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penalizes stray fields

Closure domains

\\\\\\\
,,,,,,,,,,,,
S,
\\\\\
.....
.....
A | &
. :

"l|||
l|||

Image: Springer Handbook of Electronic and Photonic Materials



Magnetic Textures: why do they form?

Vortex!

fF ottt ottt

\\‘-.“

R N\ W w = S
W WM - = S

Microscale: Exchange energy ~ dipolar energy
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Magnetic textures

Why do they form?

Equilibrium condition




Magnetic Textures: Equilibrium

The magnetic energy is a non trivial functional of the magnetization

A [
E= [ d°r | = VM]? +U,,(M) — uoM-H, — —M - H
| |ar X VM V(M) — M- H,

1=x,Y,2

Equilibrium condition: minimize the energy functional
oM

2A
d?r—=.6M = 0
poMs Jav On

OF = —,u()/ drHog - M
1%



Magnetic Textures: Equilibrium

The magnetic energy is a non trivial functional of the magnetization

A Lo
E= | dr | — M?+U,.,(M) — uoM-H, — —M - H
| |ar X VM V(M) — oM H,

1=x,Y,2

Equilibrium condition: minimize the energy functional

2A M
0F = —,u()/ d°rHeg - 6M : 7{ dzra— oM =0
1% l po Mg Jov On

Effective magnetic field

Heff — Ha Hd Han Hex

H., = H. = V-M
Lo oM Lo M2




Magnetic Textures: Equilibrium

The magnetic energy is a non trivial functional of the magnetization

A [
E= [ d°r | = VM]? +U,,(M) — uoM-H, — —M - H
| |ar X VM V(M) — M- H,

1=x,Y,2

Equilibrium condition: minimize the energy functional

2A M
0F = —,u()/ d°rHeg - 6M : 7{ dzra— oM =0
1% l po Mg Jov On

Effective magnetic field

Heff — Ha Hd Han HeX

. . . arbitrary vector
Imposing the constraint: y

M(r)| = M. SM = M x v



Magnetic Textures: Equilibrium

24 M
OF = —MO/ d°rHeg - 6M 7{ d%«a— .M =0
1% )% On

imposing the constraint: | M(r)| = M,

2A M
5E:M0/d3’rMXHeﬁF°5V 7{ d?r (a—xl\/[>-5v
1% s Jov on




Magnetic Textures: Equilibrium

24 M
OF = —MO/ d°rHeg - 6M 7{ d%«a— .M =0
V oV

ILL()MSQ on
imposing the constraint: | IM(r)| = M
2A M
5E:M0/d3rMXHeﬂ"5VI 27{ d2r<a—x1\/[>-5v
V MOMS oV on

equilibrium condition

Heff — Ha + Hd + Han + Hex

Very difficult to solve in general

micromagnetic simulations

computationally costly



Example: Vortex in thin microdisk

1 [2A

: : b L. — 2A .
Height of disk < W\ e 2D description

N N W w = =SS



AAAA AR AR

> PR e

disk
2D description

IN MICro

HO

2A

th

=

Vortex

h < Loy

ISk

Example
1
M
Position tunable by a magnetic field

Height of d




Vortex in a thick microdisk

Vortex
7 DN

Vortex core

J. Graf, H. Pfeifer, F. Marquardt, S. Viola Kusminskiy, Phys. Rev. B 98, 241406(R), (2018)



Vortex in a thick microdisk

Vortex SN R

N “ \
R
S ‘
LR = S e e e \
W AN \\w\' ‘ \.
- 2 ‘r/ ‘J o\ ‘\\ '«“" VA ‘
e N RN S K.

AL AL

Z //////_/ 4 v ~ =

J. Graf, H. Pfeifer, F. Marquardt, S. Viola Kusminskiy, Phys. Rev. B 98, 241406(R), (2018)
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Topology of smooth textures



Topology of smooth magnetic textures

Two relevant topological numbers

Easy-plane spins:
f:Sl — S e€.g.. fzm: (COS¢($)7SH1¢($)70)

1
Ws1 = o %dx 0 ‘winding number” g



Topology of smooth magnetic textures

Two relevant topological numbers

Easy-plane spins:
f:Sl — S e€.g.. fzm: (COS¢($),Sin¢($),O)

1
Ws1 = o %dx 0 ‘winding number” g

E.g. 2D vortex
q=1




Topology of smooth magnetic textures

Two relevant topological numbers

. see e.g. H.B Braun, Adv. in Phys. 61, 1 (2011)
Easy-plane spins:

f.8t 5 g1 e.g.. [f=m= (cos¢(x),sino(x),0)

1
Wst = o %dx 0 ‘winding number” g

Bloch-sphere spins:

f - S? — 52 e.g.. /J=m= (m1(x1,x2), ma(x1,22), m3(x1, T2)

1

Wg2 = . 6’1m X 6‘2m) dCCleIZQ

_ m(
47TM

“skyrmion number”



Topology of smooth magnetic textures

Skyrmion in a magnetic thin film 1

% “ t 3 Wg2 = yp . m - (Oym X Oom)dzidxs

h b

‘*f \“\ 1“" - 2 : _; «)/f‘f t Skyrmion number

“\\; 3 o2 & S /‘:' s — pe — b
- /f S2 — ST —

q = Image: Karin Everschor-Sitte (Wikipedia) pOIarity: or l

+1 -1



Topology of smooth magnetic textures

Skyrmion in a magnetic thin film

Image: Karin Everschor-Sitte (Wikipedia)

Vortex in a magnetic thin microdisk

Image:
Jasmin Graf

1
Wg2 = — m - (Oym X Oom)dzidxs
47'(' M

Skyrmion number

Ws2 = pwst = pq

=

polarity: or l
+1 -1

Skyrmion number

pPq
Wg2 — ——

“half a skyrmion”
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. Magnetic textures
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Equilibrium condition

Topology of smooth textures

=== Dynamics of the magnetization
Landau Lifschitz Gilbert equation



Dynamics of M: Landau Lifschitz equation

Precession of the magnetization () T H. ¢

oM
ot

= —’}/M X Heff




Dynamics of M: Landau Lifschitz equation

Precession of the magnetization () T H. ¢

oM
ot

= —’}/M X Heﬂ-‘

Can be derived from
the Lagrangian

MS y
/ d°r(1 — cos )¢ — E
DAY

geometrical phase

L =

M
My

— m = (sin 6 cos ¢, sin 6 sin ¢, cos )



Dynamics of M: Landau Lifschitz equation

Precession of the magnetization T H. ¢

oM
ot

= —’yM X Heg

Can be derived from
the Lagrangian

My

L =

/ d3r(1 — cos)é — E
.

fy
geometrical phase
S =m= (sin 6 cos ¢, sin 0 sin ¢, cos 0)
S

or from the quantum Hamiltonian via Heisenberg EOM



Dynamics of M: Landau Lifschitz Gilbert equation

Damped precession

Gilbert damping
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. Magnetic textures
Why do they form?

Equilibrium condition

Topology of smooth textures

=

Dynamics of the magnetization
Landau Lifschitz Gilbert equation

Thiele equation for topological defects



Dynamics of the vortex: Thiele equation

Rigid translation: vortex parametrized just by the core’s position
— m(r —rg ,t) =0(r —rg

= (sin @ cos ¢, sin @ sin ¢, cos 6 r.t) = o(r —rg




Dynamics of the vortex: Thiele equation

Rigid translation: vortex parametrized just by the core’s position

m(r,t) = m(r — rg(t)) O(r,t) = 0(r —ro(t))
m = (sin 6 cos ¢, sin 8 sin ¢, cos ) ¢(r,t) = d(r —ro(t))

need only the EOM for r(t)

Thiele derived it from the LLG equation:

with vV =Ty
A.A. Thiele, PRL 230 (1972)




Dynamics of the vortex: Thiele equation

om

(97“@'

Fi — — MoMs dSTHeﬂ-‘ T = —/L()MS/ dBTHeﬁ‘ y
i i %4



Dynamics of the vortex: Thiele equation

- poMs 3 Om OJm)\ ,uOM/ 3 Om OJm
= /d Z”f' (am or ) o Z”f’ or;  or;

Gyrotropic force Dissipative force



Dynamics of the vortex: Thiele equation

- polMs 3 Om OJm}) ,uOM/ 3 Om Jm
he /d ZUJ (87“7, ar ) ar Z”ﬂ Or; Or;

Gyrotropic force Fg A.A. Thiele, PRL 230 (1972)



Dynamics of the vortex: Thiele equation

m(r,t) = m(r —ro(t)) vV =1

Gyrotropic force on the topological defect

Fo=GXxv
. /L()MS Ef,;jk/ 3 8111 ﬁm
.= d 2 T
with ¢ 2 )y T <07“j : 5’7°k>

for the vortex:

h




Dynamics of the vortex: Gyrotropic mode

vortex core
M. Gyrotropic™® Hx
G, = h'uo > Dq mode '

like a Lorentz force!

The vortex acts like
a charge in a magnetic
field:
circular motion of the core
around its equilibrium position
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. Magnetic textures
Why do they form?

Equilibrium condition

Topology of smooth textures

=2"=2P Dynamics of the magnetization
Landau Lifschitz Gilbert equation

M

Thiele equation for topological defects

Cavity optomagnonics with magnetic textures
Hamiltonian: Holstein-Primakoff



Optomagnonic Hamiltonian

Unio = HF’/eo /dr A % E*(r) x E(r)]
Quantize: S @ @

two-photon process



Optomagnonics beyond the Kittel mode

Hyio = ieg)\n 5;5 /dr m(r,t) - [E* (r,t) x E(r,1)]
7




Optomagnonics beyond the Kittel mode




Optomagnonics beyond the Kittel mode

Hyio = iHF)\n -o° /dr m(r,t) - [E* (r,t) x E(r,1)]

2T 2

m(r,t) = mg(r) + dm(r,t)
Quantize: Holstein Primakoff to first order
5 1 5 ZA? —iwa~t Sm’ Z;T iw~t
m(r,t) — 5 Z( m- (r)b~e + om_ (r)ble )
Y

W

magnon mode index bosonic operator

\4

mode functions



Optomagnonics beyond the Kittel mode

Hyio = ieg)\n 6;5 /dr m(r,t) - [E* (r,t) x E(r,1)]
7

m(r,t) = mg(r) + dm(r,t)

1 7 —iw K 1T iws
5m(r,t)%§Z(5m7(r)b76 v 4 m? (r)ble t)

v

E( ) % ZE( ) CL(T) —(+)iwgat



Optomagnonics beyond the Kittel mode

Optomagnonic Hamiltonian in the spin-wave limit

J. Graf, H. Pfeifer, F. Marquardt, S. Viola Kusminskiy, Phys. Rev. B 98, 241406(R), (2018)
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rﬁ \{\ Equilibrium condition

=2"=2P Dynamics of the magnetization

Landau Lifschitz Gilbert equation

Topology of smooth textures

Thiele equation for topological defects

B Cavity optomagnonics with magnetic textures
Hamiltonian: Holstein-Primakoff

Optomagnonic coupling: gyrotropic mode




Optomagnonic Coupling

Analytical results for very thin micromagnetic disk (2D)

J. Graf, H. Pfeifer, F. Marquardt, S. Viola Kusminskiy, Phys. Rev. B 98, 241406(R), (2018)



Optomagnonic Coupling

Analytical results for very thin micromagnetic disk (2D)

Coupling proportional to the gradient of the optical spin density

G(s)] o |05 [(E,," x E;7). ]

(s vortex position)



Optomagnonic Coupling

MuMax3

Vansteenkiste et. aI
AIP Advances 4,
107133 (2014)

Simulation software




Optomagnonic coupling: gyrotropic mode

spatial dependence

Magnon and optical Optomagnonic
modes coupling

integrate over the
whole volume



Optomagnonic coupling: gyrotropic mode
Vortex position [nm]

Gyrotropic mode
profile t’ F:' ’-.ﬂ' L

69IO nm 869 nm 920 nm

_—

e IS

Optical spin density profile
Z11]|06| Bundnoo suoubewoydo

0 1.8 3.3 4.3
Applied magnetic field Hx [mT]

J. Graf, H. Pfeifer, F. Marquardt, S. Viola Kusminskiy, Phys. Rev. B 98, 241406(R), (2018)



Optomagnonic coupling: beyond 2D

“Thick” micromagnetic disk

R =2 (m wg Gyrotropic
d
h = 500nm mode
YIG disk: magnons Optical

WGM .

+ optical cavity

Simple picture of the vortex breaks down:
Non-trivial z dependence



Optomagnonic coupling: beyond 2D

=
=
D~
™
|
S >
ot B.
24 MHz ® 39 MHz™ 62 MHz' 88 MHz® 112 MHz
I
flexural magnon modes “vibrating string”

J. Graf, H. Pfeifer, F. Marquardt, S. Viola Kusminskiy, Phys. Rev. B 98, 241406(R), (2018)



Optomagnonic coupling: beyond 2D

NEEEENENEN
ii1i1ii1ilil

Mode Frequency

1. i II

24 39 62 88 112 149 183 201
Mode Frequency [MHZz]

= 17/m'l

[kHZ]

(=

90| [KHz]

Optomagnonic coupling



Optomagnonic coupling: beyond 2D

Vortex position [um]

o) al® —m 1.4 148 159 1.68 1.70 1.74

= | ' ' ——

[e! N w1111 N

2 : _HHEEEE -

o — 31 mEENNNEEN i
O N HNEEEREN | S
(&) i 0 Mode Frequency -
g =, - |, =
o < |
= . _

o e . | | 0

Q. 13 14 15 16 17

O 24 39 62 88 112 149 183 201 B-Field [mT]

Mode Frequency [MHZ]



Optomagnonic coupling: beyond 2D

Optomagnonic coupling

4- ]

B, = 17mT II “g |
.
. T II
W m || || |

24 39 62 88 112 149 183 201 —
Mode Frequency [MHZ]

Gyrotropic
mode

90| [KHz]

Optical
WGM -
4

First time optomagnonics with textures
Promising values for coupling, tunable - design!
Coupled Dynamics?

J. Graf, H. Pfeifer, F. Marquardt, S. Viola Kusminskiy, Phys. Rev. B 98, 241406(R), (2018)



Coupled dynamics?



Cavity Optomagnonics: simple model

optical mode

(NN .
T*/,M-T*—M%\f‘/T Simplest Coupling  hGS,a'a

~
-~ -
--------

. AAATTTAAA 1 CQF
(NNRN G =
Xl_)y K?tt\e‘lénode S 4\/g

H = —hAata — hQS. + hGS,a'a

driving laser detuning
A = Wias — Weawv



Effective Equation of Motion for a Macrospin

For the homogeneous (Kittel) mode

Fast cavity limit: integrate out the light field

S:Beﬂ:XS

nopt

S

(Sx e, X S)

Effective Landau-Lifshitz-Gilbert equation of motion

Optically induced

non-linear functions of S

__~ magnetic field
T~ dissipation___, . A2

A

> Beff

S. Viola Kusminskiy, H. X. Tang, and F. Marquardt, PRA 94, 033821 (2016)



Fast Cavity Limit

S:Beﬂch | ch)t (SxexxS>

effective field

2
Bt = —Qe, + Bopy  Popt = (£)2 4+ (A — GS,)?] (§O‘ma><> Ca

(A — GS,)
[(%)2 T (A o GS:B)Q]Q

damping
can change sign

Tlopt — —2G'KkS |Bopt|

tunable by the external laser drive

S. Viola Kusminskiy, H. X. Tang, and F. Marquardt, PRA 94, 033821 (2016)



Fast Cavity Limit

S:Beﬂch | ch)t (SxexxS>

effective field

2
Bt = —Qe, + Bopy  Popt = (£)2 4+ (A — GS,)?] (§O‘ma><> Ca

(A o GSa:)
[(g)Q T (A o GS:B)Q]Q

with textures
and defects? tunable by the external laser drive

S. Viola Kusminskiy, H. X. Tang, and F. Marquardt, PRA 94, 033821 (2016)

damping
can change sign

Tlopt — —2G'KkS |Bopt|



