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What are magnons?
Quanta of collective spin excitation

Uniformly
oscillating magnetic
Ground state Excited state  field, h,
A Wy = YUoH, >
Resonance at
1, Larmor frequency H,

Ferromagnetic Kittel mode

crystal (YIG), (Uniformly precessing spins)

Spins aligned along Single quanta: Magnon
external magnetic field .



AXION (DARK MATTER) AS EFFECTIVE MAGNETIC

FIELD
Ferromagnetic crystal
(YIG)
Axion
ﬁ Y 11C! MO0C
- -——)
H

Our expected target:
mg: 5~10 GHz - 20~30 peV

Axions excite magnon under
resonance,

Wg = Wy = YUH,

Axions ~ Effective magnetic field (B,)
(DFSZ axion etc.)

By = 22 Va

4 V,

2K,

P =vy*hw,n Bf -

Large signal requires:
1. Large crystal volume, 1,

\2. Small Kittel mode linewidth, k,,

: Axion-electron coupling
ng :Spindensity in YIG

Va : Axion field gradient

w, - Axion frequency

14 : Gyromagnetic ratio



Qubit: Effective two - level system

Superconducting qubits:
Effective two - level system
created using non-linearity in
superconducting circuits.

Excited state

Qubit frequency: w,

Ground state
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Non-linear =

element Computational space

confined to two levels



Qubit: Effective two - level system

Superconducting qubits:
Effective two - level system
created using non-linearity in
superconducting circuits.

Excited state

Qubit frequency: w,

Resonator

O
lz_i
£
¥
§

Ground state | |
iIntermediates

Non-linear — | | _
element Computational space Co_uplmg with
confined to two levels Kittel mode




Background of axion
search using magnons



Haloscope based experiments

Ciaran O'Hare

Axion-photon coupling parameter space Axion-electron coupling parameter space
Frequency [MHz] Axion frequency v, [GHz]
103 10 5 10 1‘5
(= a| .
10-6 - Relatively
= S o8 UAX 2020 unscanned
Pulsars £ g § é
Al : 8 10-10 QUAX 2018
2| | ElE c XENONNT
g % (Solar axions)
': : ﬁ 107+ Red Giants
bt '&% 10714
10°1° . . . ‘ :
—= —— ‘ 10 20 30 40 50 60
10 10°° 107 Axion Mass ma [ueV]
Mg [eV]
Several Cavity based haloscope underway Our Goal
Eg ADMX, HAYSTACK , QUAX, CAPP etc. Search axion with magnons .



Axion search with magnons:

Current state
. Axis notin scale
Larger Slgnal (for illustration)
Cavity () 0.05 5 50 1600 Volume of
=== = = = = YIG (mm?)
Crescini ef al. (2021) I
QUAX [
Amplifier ke | Noise
based " ol temperature
readout : 0 YI(;L/hﬁ_ 52 - 1K,
X sphere 1 mmj
YIG sphere ¢ 2 mmI_ _____ — Quantum
, limited
Qubit
Readout



Axion search with magnons:

Current state
. Axis notin scale
Larger Slgnal (for illustration)
Cavity () 0.05 5 50 1600 Volume ot;
YIG (mm
Flower ez al. (2019) Crescini et al. (2021) ( )
. o
Amplifier o
based N5 d) REGIE
[eRaon! . T 10xYIG - h o 2.1
YIG sphere ¢ 2 mm X sphere ¢ 2.1 mm
1
Qubit [
Readout | . |
Frmanet Qubit ” . I
. Lachance-Quiron etal. (2017)
Avoid SQL I YIG sphere ¢ 0.5 mm I
| @Nakamura lab r
________ 10

Not optimized for axion search (not beyond SQL)




Axion search with magnons:

Current state
. Axis notin scale
Larger Slgnal (for illustration)
Cavity () 0.05 5 50 1600 Volume of

: YIG (mm?)

Flower et al.

2

01 9) Crescini et al. (2021)

Amplifier P~ g
pased s d) SaF
readout 2 )
YIG sphere ¢ 2 rnrn10 X YIG sphere ¢ 2.1 mm
Qub it Microwave cavity
— - Rl e s S S e .
Readoi |

"5 o b * Dispersive interaction I
m 5 , * No magnetic field,
= == 7+ R=1300 times faster than SQL :

I . Storage L. I 11
Hidden photon, Dixit et al. (2020)




Axion search with magnons:

Current state
. Axis notin scale
Larger Slgnal (for illustration)
Cavity () 0.05 5 50 1600 Volume of

YIG (mm?
Flower ez al. (2019) Crescini et al. (2021) ( )
’ QUAX -
Amplifier &
based $F5 BEE P
ST - 8 ., G sph ro 2.1
_______ YIGsphere 2 mm_ ).; sphere @ 2.1 mm
I [ - SMPD: using 4-wave mixing, |
| (S e SC Cavity in magnetic field, [
| T = * R=20times faster than SQL, |
B
 Avoid S I i
I . |m I . S, S . \.—\h_: _ | | |
):_:_.,_.,_._7:-7-——133 R YIG sphere ¢ 0.5 mm
~Sage, 12

Hidden photon, Dixit et al. (2020)




Axion search with magnons:

Current state
. Axis notin scale
Larger Slgnal (for illustration)

Cavity () 0.05 5 50 1600 Volume of
YIG (mm?)

Flower et Cll (2019) Crescini et al. (2021)
B Quax

Amplifier \ ‘
based ,, 18 i)
readout e S
EBEEINE oxvic sphere ¢ 2.1 mm

sphere ¢ 2 mm

Goal:

Perform axion

Qubit 52
Readout

Braggio 6t al. (2025)
QUAX

l 3
4

]

search beyond SQL
using qubit readout
for large YIG

Ferromagnet Qubit

Hidden photon, Dixit et al. (2020)



Our Planned Axion Detector

Input  Qutput

Magnetic Shield

3D Microwave
cavity

o
O
a0
=
=
o
=
O
=
o
&

Superconducting Qubit
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Outline

g Building a cavity-Kittel mode

hybrid Increasing volume of YIG
Quantum sensing using Entanglement based protocol

\/ dispersive interaction with Dissipation based protocol
qubit

15



Building cavity -
Kittel mode
hybrid

Goal: Increase volume of
YIG




Characterization of cavity-Kittel Mode

Hybrid System Simulation of hybrid spectrum
Setup RF simulation S11l (Cavity only)
1.0 0.8 0.6 U.4 0.2
#1 mm 5 64001 L
% 6.3751 -
10 mm = 6.3501 CX g;rm = 80 MHz
YIG inside copper cavity RF magnetic field of cavity ' 6.325 - —
Two coupled harmonic oscillators 6.300. L
, ——
Magnetic _ 6275/  B=240mT  B=226mT
CaV|ty d|p0|e K|tte| MOde @ WeEWm @ We = Wm
|

coupling 6.250 . . .
1.00 0.95 0.90 0.85
|S11] '

@w. =w
C m:
Sll D W, Jc—m W,

_m _ H Two hybrid peaks
Reflectance 2p 2T Yio / .
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KITTEL M(IIIE —GA\IITY HYBRID

YIG SPHERE,
Reflectance of cavity measured with VNA
* TIwo peaks of cavity N G NIN )0 K
— Kittel mode N
hybrid system.
Y : Y : : 29c-m/2m = Double
* (single cavity peak in 75 MHz
absence of Peak as
hybridization) expected
INCREASE VOLUME OF YIG, » =2 MM
* Appearance of . . ST L . @100 mK

undesirable higher
modes due to non-
uniform magnetic field

uTig]
00'T

wiio
56'0

L coupling with
higher modes |8




KITTEL M(IIIE —-CAVITY HYBRID

YIG SPHERE, =1 MM
Reflectance of cavity measured with VNA

* TIwo peaks of cavity w,/2m(GHz) @60 mK

— Kittel mode Kittel
hybrid system. Double Cavity mode

* (single cavity peak in i@ z
absence of peak as v
hybridization) expected

INGREASE VOLUME OF YIG, » =2 MM

* Appearance of . . ST L . @100 mK /2671 Hnliﬁ‘;r
undesirable higher S v ]
modes due to non- 7 \ § G’W'I
' ' g a Kittel
uniform magnetic field _ coupling with Cavity A
higher modes




LR R A A FOR LARGER YIG

Setup with 20 mm yoke
Setup with 10 mm yoke

i e =
\‘\‘"‘"‘ \\ \ \‘M ==

— | S—

Vool

Elimination of undesirable
higher mode

wp/21m(GHz)
wWp/211(GH2z)
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Cavity-Kittel Mode
Hybrid

YIG Cylindrical
Diameter: 5.6 mm
Length: 67 mm

Cavity
resonator
(copper)




LARGE GYLINDRICAL
vlﬁ Experimental

setup at KEK

Result at room

YIG CYLINDRICAL temperature
DIAMETER: 5.6 MM
LENGTH: 67 MM

wp/21(GHz)

€9

o o o
SN w (o]

“L'9

00

o

- & 0.5 mm

uuoultzsl

0

€0

wuw €9

Non-uniformity in
demagnetizing field due to
cylindrical shape cause many
\ higher order modes
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Diagram not in scale
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Increase in volume by ~400
compared to ¢ 2 mm sphere




Summary: Improvement in YIG volume

Tabuchi et al.
. (2016)

Past research using

qubit @ Nakamura lab
YIG sphere : ¢0.5 mm

Qubit and Kittel
mode coupling

‘ww/An) piay 03083

YIG sphere:
¢l mm

YIG ¢ 1 mm

Ge—m: 21 X37.5 MHz

Strong coupling : K 27 X3.87 MHz

9e-m >~ Km

YIG sphere:

2 mm
Je—m: 2w X52.4 MHz

Strong coupling;: Km: 21 X3.75 MHz

Ge-m >~ Km

YIG Cylinder
Higher-order

Cavity-Kittel mode mode excitation

coupling implemented

23

cylinder

Next targets

Towards
axion
search
with
Larger YIG

Coupling with
Qubit

Reduced noise with
quantum sensing

Reduce higher
modes using
elliptical crystal




Input  Qutput
—

Magnetic Shield

3D Microwave
cavity

Superconducting Qubit

Magnon counter with a
superconducting qubit

Prospects and challenges to overcome SQL
With realistic qubit and experimental parameters,
overcoming the SQL is non-trivial. Simulation study in
progress

24



Quantum limited axion search @
(with cavity-Kittel mode hybrid)

Coupled Harmonic Resonator Model for cavity — Kittel mode hybrid

Kittel
JM mode Coupling Quadrature
Readout
Axion Vv with linear
“m Ye-m amplifier

2T

Detection scheme

/ Axion /I::)@agn(DE:}

Quantum Limited
)
Readout
25




Overcoming standard Quantum Limit (SQL)

Readout in quadrature basis ° Zero-point fluctuation present in
| quadrature measurement with linear

A amplifier.
 Readout of two conjugate
Coherent variables (both | and Q
\axion excitation quadrature)
« Magnon occupation no. (noise) at
Q frequency w and temperature T.
o 1
Ground * n(w,T) =—gmpr + 1
state N P
Thermal  Zero-point
Al -AQ = 1 noise  fluctuation

26



Overcoming standard Quantum Limit (SQL)

Readout in quadrature basis  For w/2m =6 GHz, at T <100 mK,
easily attainable with dilution

A refrigerator, contribution of
1
thermal noise, IS
Coherent o eh®@/kBT -1
\axion excitation negligible.
« /ero-point fluctuation equivalent
Q to 1 magnon sets a fundamental

>
Ground lower limit in noise (SQL).

state

Al -AQ = 1
¢ 27



Overcoming standard Quantum Limit (SQL)

Readout in number basis

No. of A (Magnon counter)  No effect from zero-point
counts fluctuation of Kittel mode in
number basis.
 No phase information in
number basis.
e |deally, shot noise from axion

B | Signal > signal is the only noise.
0) 1)

No .
. AXxion
Axion 28




Overcoming Standard Quantum Limit (SQL)

Readout in number basis
(Magnon counter) * Dark count still present in

?&f{: magnon counter
* Error in magnon counter
readout
 Temperature dependent
Signal thermal noise
Dark count * Sensitivity beyond SQL

|0) 1) > possible by reducing dark

. Axion
Axion 59




Superconducting qubit:

Magnon counter

Lachance-Quirion et al. (2019)

Qubit-Kittel mode hybrid

Two level
system

|g) or|e)

Harmonic

oscillator Microwave

Kittel
mode

Superconducting

Qubit-Kittel mode Qubit

coupling

Strong dispersive regime
(|wm - wa >> gq—m)

Xq-m: Qubit - Kittel mode dispersive shift
9gq-m: Qubit - Kittel mode coupling strength

b :Annihilation operator for Kittel mode
‘0, : Pauli Z operator for Qubit

Dispersive Hamiltonian

—

H/h =[(wq + zxq_mBﬂS)]a; + w,b¥h

Magnon no. (n,, = b*b)
dependent Qubit
frequency

* No phase, ¢, information Any, A, > 1
* Magnon counting unconstrained by
Standard Quantum Limit (SQL)

30



Superconducting qubit as magnon counter:
Dispersive Interaction

Qubit-Kittel mode hybrid Experimental setup

Microwave cavity

Kittel mode-Qubit
hybrid
Implemented
with 0.5 mm YIG
P at Nakamura lab

Lachance-Quirion et al. (2017,2020)
S. P. Wolski et al.(2020)

Lachance-Quirion et al. (2019)

Microwave
cavity

Kittel — - - —

mode Qubit-Kittel mode
coupling

Superconducting

Xq-m: Qubit - Kittel mode dispersive shift

Strong dispersive regime Jq-m: Qubit - Kittel mode coupling strength
(|wm _ wq| >> gq—m)
_ Nm __
Magnon number dependent Qubit frequency: (Uq — (wq T ZXq—mnm)

Use SC qubit to build a magnon counter in collaboration with Nakamura lab



Quantum sensing of magnon with SC qubit

71//%\ 0 \g) orle)

Axion Magnon Magnon counting Superconducting
g Qubit

Counting Protocols

1. Entanglement based protocol

(D. Lachance-Quirion et al. (2020))

2. Dissipation based protocol

(S. P. Wolski et al.(2020))

State
Measurement

32



ENTANGLEMENT BASED PROTOCOL

Detuned

‘2/1qub|t drive

Qubit g>q ~n —O n
Wq ~ Nodark W, = (a)q + ZXq_mnm)
matter
Kittel mode @ Change in qubit frequency
upon magnon excitation by
g axion allows entanglement
Q\\ff‘ Qubit drive Dark ot of qubit state with magnon
Dark matter = ark-matter state

detection

L‘tune
Qubit g>q _ n —1

33



SCHEMATIC OF QUBIT-KITTEL MODE HYBRID

K;: Internal decay rate of cavity

k.. External coupling rate of Quibit (2 level system) Amplifier
readout cavity V MmN Readout e Heterodyne
A a-c cavity \ readout
e - - Qubit K¢
K, - Kittel mode linewidth 3
Dark count,

drive
K.
Xq-c- Dispersive shift between l i Pac ~0.1%

Xq-m
qubit and cavity Dark l AN
matter Readout
Xq-m- Dispersive shift between _\/\/\f probe
Ky = 2m X 1 MHz

qubit and Kittel mode

Av,: Axion linewidth

Ideally, Sensitivity limited by
pideal _ TSQL _ 284 _ 4 £ yiac faster than sQL 1. nglt readou.t dar.k count, pg.
Tent  PdcKm 2. Kittel mode linewidth, k,,

34



LOSS OF EFFICIENCY DUE TO DECOHERENGE

Qubit decoherence causes Qubit decoherence

loss of efficiency

Purcell filter suppress decay

At optimal configuration Rf:ﬂ%“t oadout
ﬂ ﬁ. Rideal pae ~0.1%
Readout Dark WA
: : matter Readout
Kittel mode cavity Qubit decoherence probe

induced induced
inefficiency inefficiency

Optimized with
Purcell filter To achieve sensitivity beyond SQL:

1. Narrower Kittel mode linewidth
R=01<1 ‘2. Smaller dark count

Still below SQL  Readout through multiple qubits 22



Entanglement based Protocol EEsaisiskali

rate is compared to quantum

OptImIStIC EStimation limited axion search

Axion frequency vz [GHz]

5 10 15 Assumptions:

7 Dark count, p4. ~0.1%
107° Purcell filter enhancement factor: 100
3 Qubit as pure two-level system
; 1078 A ff Quax2020 Single YIG sphere of diameter 2 mm
£
5 10-10 Realistic Targe S Km/ZTL' ldeal
5 XENONNT (W|th inefficiencies)
o (Solar axions)
£ 1077 N Realistic 1 MHz 0.1 (below SQL)
S D
% 10 . Optimistic | 0.2 MHz 3.5 (beyond SQL)
ol | | | Improvement in Kittel mode linewidth necessary

20 30 40 50 60
Axion Mass m, [ueV]

to overcome SQL

36



Reduced dark count: Multiple qubits

projected efficiency

2 qubits

10°1

102;

1014
o : Beyond SQL

100_; sensitivity

1071
—2: | | _ | | |
0.00 0.05 0.10 0.15 0.20 0.25
Single qubit protocol efficiency

Assumptions:

Single qubit dark count, p;. ~0.1%

Identical

efficiency and dark count for both qubits

Two Qubit-Kittel mode hybrid

Kittel
mode

Microwave
cavity

Superconducting Superconducting

Qubit 1 Qubit2

Multiple qubit allows suppression of qubit dark
count rate:

Effective dark count = p3,
For large enough protocol efficiency, multiple qubit
can allow beyond SQL sensitivity

37



DISSIPATION BASED PROTOGOL

|
gy !
J 1 “‘1
/l | ";‘
Rl i
Wgq

i

—9 _
n, =0

Kittel mode in
ground state

No Qubit
—._ dephasing

Qubit

9) I Uephasing In presence of dark matter
:%1 R induced magnon, decoherence
. rate of qubit is accelerated

&) %'%))) which can be measured with

0q + 2XqmhS, Ramsey protocol

N 7
»27//\} = X 71,
Dark 2
matter Dissipation
gy >0
Excitation of magnon by T,': Qubit coherence time

dark matter ﬁ,gn: Average magnon number induced by dark matter



Limitation to sensitivity of Dissipation protocol

it : Ambitious
0| target
Rideal — TS& — T Av, 107
)
. Tdiss 2 ®
where Ti™ is the qubit coherence time in FR
absence of magnons 1074

Realistic target

Qubit decoherence in absence of magnon

through 10° 10! 102  10°
* Purcell decay of qubit through cavity T3 (us)
and Kittel mode T Tint
* Dephasing from thermal photons pgealistic  ~20 us 0.05
act as primary background noise to (with copper cavity and k,, /2 = 1 MHz)
dissipation protocol Ambitious ~600 us 1.5

(require SC cavity and k,,,/2m < 0.2 MHz)
39



Limitation to sensitivity of Dissipation protocol

/Dissipation protocol requires large qubit\L
coherence time 1, to achieve sensitivity
beyond SQL which poses significant
experimental challenge for Kittel mode -

\ qubit hybrid y

dS PTITTary OdCRgrourta 1orse o Realistic  ~20 us 0.05

Intr{

dissipation protocol (with copper cavity and k,, /2w = 1 MHz)

Ambitious ~600 us 1.5
(require SC cavity and k,,,/2m < 0.2 MHz)
40



SUMMARY

O Axion search is possible through magnons

A Current search constrained by Standard
Quantum Limit

Q Superconducting Qubit offers way to
overcome Standard Quantum Limit

O R & D on-going to optimize the
superconducting qubit — Kittel mode
(magnon) system to achieve beyond SQL
sensitivity

Larger YIG

=
o
&

Axion-Electron Coupling gaee
= =
o o
o o
3] o

=
o
I

[

B~

=
o
I

(=]

=2}

10—8_

Optimized Kittel mode - Qubit hybrid
Axion frequency vz [GHZ]
5 10 15
Ikedal
QUAX 2020
Our Target QUAX 2018
XENONNT
(Solar axions)
Toward further el s
improvement
20 30 40 50 60

Axion Mass m, [ueV]
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Superconducting solenoid
magnet (0.5T) (¢86 mm)
(designed and manufactured by
the CRC, UTokyo group)

GOALS

Initial target:

Qubit-Kittel mode hybrid with
2 mmYIG

| YIG sphere '

Future design:

* Solenoid magnet has better uniformity
allows YIG with larger volume

* Separate SC cavity for qubit allows
better coherence.

* Multiple qubit for increased sensitivity

Cu cavity Superconducting cavity

\ Coaxial cables

Magnetic Shield

I Cu cavity
I
I

conducting Coil

B!
I

Superconducting Qubit

42
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