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Spin waves for a quantum optician

e Complex & tunable dispersion

® GHz frequencies vs micron wavelengths

e Nonlinearity ‘
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How useful can spin waves be?
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Classical coherent Mediate coupling Propagating
| control between qubits quantum states

- @ _ Sensitive detection Suppression of loss

/ decoherence

CLASSICAL QUANTUM

Paramagnetic spin o
ensembles
point emitters

Spin waves

)

2/12



Outline

=

e System & theory in a nutshell



System

® YIG thin film I M pipr:;)ciilg
> Spin wave mode indices {n = 0, k}
A \.ﬁ/\/ NV
e Ensemble of NV centres b s = # | centres
iti d} A /

> Independent & randomly positioned YIG /
— e

> Include optical pumping
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\ Bertelli et al, Sci Adv 2020
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Theory in a nutshell

=

e Solve analytically & quantize magnon dynamical equations (Landau-Lifshitz) ﬁm = Zwk&;r{&k

A

e Compute analytically coupling to NV centres V= —ft - B(ryy) 7| Bo

~ Jaynes-Cummings |—) ‘Y_‘
22 |0)

p=—i [Hxv + Hu +V,p| + > wDalp] + Dr o] + Dralp] + Loumping ]

4 4 4 4

Magnon damping NV Decay NV Dephasing Optical pumping

® Write master equation

7 arXiv:2305.19704 (quant-ph)

. Compute effective dynamics Of magnons / NVS [Submitted on 31 May 2023 (v1), last revised 1 Jun 2023 (this version, v2)]
Tutorial: projector approach to open quantum systems

C. Gonzalez-Ballestero
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e System & theory in a nutshell

® Spin wave control: “slow magnons”



Spin wave control: “'slow magnons”

%

® Collective back-action of the NV ensemble:

] 6 Damping can be fully
suppressed by uw driving

> Frequency shift Wk — Wk + 0k K. Kustura, O. Romero-Isart, CGB, PRA 103, 053709 (2021)

P. Heidler, C. MF Schneider, K. Kustura, CGB, O. Romero-lsart, ‘,
G. Kirchmair, PRA 103, 053709 (2021) :

> Modified damping Yk — Yk + L'k

» Shifts calculated analytically:

Decoherence rate

/ ~1/T,*

K"I’IV

A
Fk X _<0z/)pnv 2 T —
/s Ry Wk — Wny
NV density
NV-magnon detuning
» Tunable through optical pumping, , and external field
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Spin wave control: “'slow magnons”
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® Propagation properties along Y
(density pnv = 10°um™?)

NVs at room T, no pumping

0785 0795 __ 0.805
k,d
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Spin wave control: “'slow magnons”

%

NVs at room T, optimal pumping

® Propagation properties along Y
. L 5 -3 N 2.7k
(density pny = 10°pm ™) an .
2 2.6t
» 1000x velocity enhancement @ resonance 5 ' \
2.5} |
> Backward waves 3 106F : : : g/ : : :
—~ 5 - ,
> Full suppression of velocity (" "slow magnons”) % 184' | | 7 \\ | /
> 3x increase in propagation length = 102' —_— | e
210 :\/ . — A _ \‘
101 1 \
® Spin wave propagation can be modified = 0.6
in multiple ways E 04t
=~ 0.2E
e Tunable! 005785 0795 0805

kyd
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e System & theory in a nutshell

® Spin wave control: “slow magnons”

e NV-assisted sensing of magnon fluctuations



Spin wave sensing
%

® Spin-wave back-action on a single NV centre:

> Modifications of T, and T,* NV~ film distance

2 _
> Frequency shift 6(l) = lgx (1) 5 5 (1+ 2nk)
Zk: (wnv - Wk) T (’Yk/Q)
e Optical measurement of frequency shift
e Mechanical measurement of force
MW 107 |
| Micromechanical Z. 1019 . | —E>0
spectrun & T | |
spe(%mm 4 _resonator > -T = 300K, pumped
[ Z 10—21-
GF—J‘ 10—23-
i Q 2* T = 300K
il SMagnon S 1075 7= 0.1K
fluctuations o = 104 1'0—3 1'0—2
Y 1/d
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e System & theory in a nutshell

® Spin wave control: “slow magnons”

e NV-assisted sensing of magnon fluctuations

e Other results: spectral hole burning & chiral spin interaction



Other results: spectral hole burning & chiral spin interaction

e NVs can suppress magnon fluctuations e Magnon-mediated coupling between NVs

z A
O -
=O> O -
d 0>
0 “'VVVVV\"" z
S R '—V Se_e_(l,w)
= 00— 40
Z 6} §
' =
Q S
2.
—40 =20 0 20 40 -3-2-10 1 2 3-3-2-10 1 2 3
(w—w_)/kr (yk —y5)/d (yk —y5)/d
» Enhanced SNR @ few-magnon level? » Tunable cascaded systems?
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e System & theory in a nutshell

® Spin wave control: “slow magnons”

e NV-assisted sensing of magnon fluctuations

e Other results: spectral hole burning & chiral spin interaction

® Conclusions & Outlook



How useful can spin waves be?

Classical coherent Mediate coupling Propagating
| control between qubits quantum states

- @ - Sensitive detection Suppression of loss

/ decoherence
=
CLASSICAL QUANTUM
ol ol ‘ '
v v v ? ?
4 4
Plenty of room @ the bottom:
> Design & optimization
» Other platforms & degrees of freedom d€é°SSes s
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Understanding magnon decoherence
‘IIr!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!5

e \What we're doing now:

| Classical dynamical equation |

(phenomenological)

pm = =i | Hims p| + > wDunl)
k

Quantization

e What we want to do: Classical limit

 (More) microscopic picture of
decay channels |

- i = i [Hm,p} + kaDth[p] + others!! (e.g.

dephasing)

Phonons $

Spin impurities

VY VoY

Magnon-magnon coupling Expression for Decoherence |
suppression

I decoherence rate
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Understanding magnon decoherence

e Magnon-phonon linewidth (magnetoelastic theory) WDRK

I',;/27 (GHz)

vicsohere | R=100nm
ol YIG sphere o anm | : ROESS “
R=10um _
100.- e Purcell suppression /
enhancement
0.1
bl

-_—
<
H
T T T T
D ————

0.4 0.6 0.8 1.0 Marco Brithimann

11/12



Thank you
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In a nutshell

e We propose an analog to light-matter interfaces
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Coupling light to ensembles of electric dipole emitters
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Coupling spin waves to ensembles of magnetic dipole emitters
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Hybrid electromagnetic +
magnetization waves propagating
in magnetized ferromagnetic
materials
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Why spin waves?

’ > Complexity requires

X

i

» Simple dispersion relations

> Very linear (easy to treat)

> Easy to route & coherently
control

> Low loss (coherent
propagation)

nanostructuring

> Dispersion tunability is
very limited

> Nonlinear gates difficult

» Complex and tunable
dispersion relations

» Nonlinear

» CMOS-compatible

e “Beyond-CMOS” computing

» Cascaded devices/repeaters (2015)

» Holographic memories (2016)

» Transistors, MAJ gates, full
adder chips (2014-2021)

> Prime factorization (2016)
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Why spin waves?
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‘ » Complexity requires

X

i

» Simple dispersion relations

> Very linear (easy to treat)

> Easy to route & coherently
control

> Low loss (coherent
propagation)

-

nanostructuring

> Dispersion tunability is
very limited

> Nonlinear gates difficult

dispersion relations

» Nonlinear

—

» Complex and tunab

> CMOS-compatibl {Spcf;z?"'btés

e “Beyond-CMOS” computing
» Cascaded devices/repeaters (2015)

» Holographic memories (2016)

» Transistors, MAJ gates, full
adder chips (2014-2021)

> Prime factorization (2016)

C::‘:‘Qie ks Auantum magnonics
Ltey
g » Great components for hybrid
. 0 -
*ale spgy platforms

s

coherently control

» Higher losses

> Difficult to route & ™

m——

~—
> First observation of “quantumness”

Lachance-Quirion et al, Hybrid Quantum Systems
based on Magnonics, Appl Phys Exp 12, 070101 (2019)

Lachance-Quirion et al, Science 367, aaz9236 (2020)
e Others (sensing, BEC physics...)
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® |n a nutshell

® Physics and description of spin waves



Spin waves
‘IIFiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii

e Magnetization in a ferromagnet is described by Landau-Lifshitz equation (+ Maxwell)

T

—
/ M(r,t) = —yuoM(r,t) x [H(r,t) + Heg (M; 1, t)]
naI ﬁ\ Effective L‘k

field B, field

> Linearization (~ Holstein-Primakoff):

M(r,t) = Mge, + m(r,t)

E'_‘.'.:‘:> p = —ﬁ[hzww%%;ﬂ} + 8Dt ]
B

> Diagonalization (eigenmode index3 )

> Quantization ~ m(r,t) — m(r)
CGB, J. Gieseler, 0. Romero-Isart, PRL 124, 093602 (2019)
CGB, D. Himmer, J. Gieseler, O. romero-Isart, PRB 101, 125404 (2019)

. . . . CGB, T. van der Sar, O. Romero-Isart, PRB 105, 075410 (2022
» Adding losses consistent with classical decay (2022)
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Spin waves
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e Thin-film configuration, thickness d

N

=)
I

A=)

.. — Along Y
T (Mode indices N 3t
/ clsl " e
L_Feromagner S e el et
L field B, |
0 1 2 3 4 5

> Dispersion is highly anisotropic

» Different bands have different shapes
(minima, maxima, degeneracies...)
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Spin waves
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e Thin-film configuration, thickness d 4
(Mode indices N3
n and k“ ) <
k 2
d
3
1F
External
field B, .
0 1 2 3 4 5
kyd

> Dispersion is highly anisotropic

» Different bands have different shapes
(minima, maxima, degeneracies...)
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Spin waves
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e Thin-film configuration, thickness d 4 (n=0)
Along Y ~
(Mode indices Sl
n and k“ ) < /
& 2' -
S S N L
AN I U
1t AlongZ
External
field B, .
0 1 2 3 4 5
kd

> Dispersion is highly anisotropic

» Different bands have different shapes
(minima, maxima, degeneracies...)

» Bands tuneable via external field and
geometry
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Spin waves
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e Thin-film configuration, thickness d 4
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Spin waves
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e Thin-film configuration, thickness d

N

x (Mode indices § 3t
n and K ) S /
- 5 2 R Ly
Ferromagnet 3 B IR ielenteled teletuietl
i field B, _
0 1 2 3 4 5
kd

> Dispersion is highly anisotropic

» Different bands have different shapes
(minima, maxima, degeneracies...)

» Bands tuneable via external field and
geometry
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Spin waves

%

e Thin-film configuration, thickness d

> Dispersion is highly anisotropic

» Different bands have different shapes
(minima, maxima, degeneracies...)

» Bands tuneable via external field and

geometry

> Polarization + modal field nonreciprocity

(Mode indices
n and k“ )

N

w/2n (GHz)

(%)

\®)

i
L)

— 4/12
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® |n a nutshell

® Physics and description of spin waves

e Description of spin wave-paramagnetic spin interfaces



Coupling spin waves to spin ensembles

%

e Solid-state paramagnetic spins (e.g. NV centres) | diamond

NV Fluorescence

MW NV

Ant ‘ centres

» Can be initialized via optical pumping

» Ground-state has magnetic dipole
transitions

1

r t.,"'*'l“i
M*Ili(.ﬂllllfixl”"“'l""h"

Bertelli et al, Sci Adv 2020

» Already used for spin-wave detection

e Description as 3 level system + higher levels:

[4) A e|nci

: i [Do g9 Q |3>A
p=—7 {FSZ + |fy|BOSz,p] + Dr, [p] + D1y [p] + LoumpingP
v L L L AL
e A M o IS
oy LY
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Coupling spin waves to spin ensembles

V=Vi+Va=hY_ (gs8s|-)(0| + He.) + 5. Y Gppshss

B : / BB’ : /
Jaynes- Effective
Cummings dephasing

e Extend to N spins by summing over each spin in the ensemble

> Spins assumed independent, randomly positioned, and parallel to B,

CGB, T. van der Sar, O. Romero-Isart, PRB 105, 075410 (2022) 6/12
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® |n a nutshell

® Physics and description of spin waves

e Description of spin wave-paramagnetic spin interfaces

e Potential: slow magnons, magnon sensing, and more



Molding spin wave flow: slow magnons”

%

e Collective back-action of the NV ensemble obtained by tracing out (Born-Markov)

2 At
pr~—7 [hZ(Wﬁ‘F%)SESﬁaP} + (78 + I'3) D[]
B
» Shifts calculated analytically: Decoherene
] rate ~ T,*
KNV n
Fn,k” X an 2 @

RNv + wn,k” ,_ WNV
Spin wave NV

frequency frequency

> Tunable through , external field, and optical pumping

CGB, T. van der Sar, O. Romero-Isart, PRB 105, 075410 (2022) 7/12



Molding spin wave flow: slow magnons”

%

4}
® Propagation properties ‘_/ “WNV —_—

(density pnv = 10°um™?)

[E—

w/2n (GHz)
—
.\k

CGB, T. van der Sar, O. Romero-Isart, PRB 105, 075410 (2022) 8/12



Molding spin wave flow: slow magnons”

%

® Propagation properties
(density pnv = 10°um™?)

NVs at room T, no pumping

0785 0795 __ 0.805
k,d

CGB, T. van der Sar, O. Romero-Isart, PRB 105, 075410 (2022) 8/12



Molding spin wave flow: slow magnons”

NVs at room T, optimal pumping

® Propagation properties
. 5 -3 N 2.7}
(density pnv = 10°pum™") o |
2 2.6t
S
N
\ e

1000x velocity enhancement @ resonance

v
/
B
DO
o

v

Backward waves

10°F
. . “ —~~ 51 , . | o '
> Full suppression of velocity (" "slow magnons”) 3 104 7 \\
L ! e ~
\?/ 103 “4” ~~~~
> 3x increase in propagation length — 10 — | ' <

® Spin wave propagation can be modified

in multiple ways g 0.6
E 04
e Tunable: =~ 0.2
> Frequency selective via B, 0 0' : . . : '
0.785 0.795 0.805
> Turned on/off by optical pumping kyd

CGB, T. van der Sar, O. Romero-Isart, PRB 105, 075410 (2022) 8/12



Spin wave sensing

‘IIFiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii

e Trace out spin waves to determine back-action on single NV centre:

> Modifications of T, and T,*

> Frequency shift

711(”

e Optical measurement of frequency shift

® Mechanical measurement of force

5(x) =) lgni, (@)

103 =

= 10%
10}

RN

105 102 107 1
(distance from film)/d

(CLIDJ\/ T Cb%@l(” )

—_
= 9
— =
© ~

—_ —_
=9
N \V]
w =

S
e
|Force per NV| (N)

(WNV — Wnk )2 + (’YnkH /2)

5 (1 —+ 2ﬁnk” )

MW

spectrum

L

Micromechanical

W/ resonator

fluctuations

CGB, T. van der Sar, O. Romero-Isart, PRB 105, 075410 (2022)
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Other results: spin-spin couplings and magnetic noise suppression
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® Spin wave bath generates complex coupling
landscapes across the NV ensemble

> Engineering Hamiltonians?

» Cascaded systems?

Lq jx/2m (Hz)

3 -2-1 0 1 2 3-3-2-1 0 1 2 3
(yx —y;)/d (y —y;)/d

40 —20 0 20 40
(w—w_)/kT

1.0
> Noise suppression in magnonic circuits?

» Toward single-magnon sensing?

CGB, T. van der Sar, O. Romero-Isart, PRB 105, 075410 (2022)

40

® NV ensemble can be used to tune spin wave fluctuations
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® |n a nutshell

® Physics and description of spin waves

e Description of spin wave-paramagnetic spin interfaces

e Potential: slow magnons, magnon sensing, and more

® Conclusions & Outlook



Conclusions

%

® Spin wave — spin ensemble platforms are analog light-matter interfaces with great flexibility

» Tunable by magnetic field, microwave drive, optical drive...

e Mutual back-action can be used to mold the flow of spin waves, modify/detect their fluctuations at
the quantum level, and tailor spin-spin couplings

» Classical magnonic information processing

» Quantum magnonics (single-magnon detector, Hamiltonian engineering...)

CGB, T. van der Sar, O. Romero-Isart, PRB 105, 075410 (2022) 11/12



Outlook
‘II'iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii

e Classical information processing

» Reconfigurable spin-wave devices

> Pulse engineering Q
Spin-steered magnonics

® Quantum magnonics

Silvia Casulleras O. Romero-Isart > Sensing (IocaI magnetometry)

» Magnonic squeezing

M universitat
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C. Gonzalez-Ballestero, T. van der Sar, O. Romero-Isart, Towards a
quantum interface between spin waves and paramagnetic spin baths,

PRB 105, 075410 (2022) %g“
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