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Quantum Sensing O)nTT

1. Use of two-level nature
Energy levels are sensitive to external fields

« Sensitivity oc (# of qubits)'’? |0)
. + e—u?wt e
2. Use of quantum coherence ﬁ(|g> le))
Phase accumulation during free evolution of superposition states 10) 35 7
« Filter functions can be applied. (Frequency selectivity, DC or AC) . 7] q)§
g
- Sensitivity o< (# of qubits)/2 0) A 7
3. Use of quantum entanglement e
o =
Phase accumulation during free evolution of entangled states o . §
0) 4.2

« Sensitivity oc (# of qubits)! (Heisenberg limit)
C. L. Degan et al., Reviews of Modern Physics 89, 035002 (2017)



IEEE CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 58, Feb. 2025. Presentation given at ISS 2024, Kanazawa, Japan, Dec. 3-5, 2024.

Superconducting flux qubit O nrT

Circulating current in superconducting flux qubit SEM picture of superconducting flux qubit

counterclockwise clockwise

Superconductor ring
+3 Josephson junctions

Superposition state

Microwave line
Microwave line

—
|0> N

iy

Readout circuit of flux qubit
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Mooij et al., Science 285, 1036 (1999)

Interaction between the circulating current and magnetic field is large.
— Sensitive magnetic field detection is possible.
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Superconductlng qux qubit
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Magnetic field dependence
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I, :Persistent current (const.)

A : Tunnel energy (const.)

0., 0, . Pauli matrix

The energy eigenstate is liner combination of |L) and |R).
Transition frequency has dependence on the magnetic flux
— Sensitive to magnetic field.

Large persistent current /, is desired. (/, ~ 300 nA in design)
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Spin detection using a flux qubit O)NTT

Example:
SQUID measurement system |L): finite voltage output
(Readout of qubit state) |R): zero voltage output
20 ~ 200 mK
[ ————————————————— - - 1
. . . I I
Qubit excitation : Magnetic field :
2~18 GHZ@— : Spin eflsemble (Qubit control) 1
Pulse I !
re— I
0 ~6 GHz @ CW/pulse : :
I
Spin excitation ! ! Flux qubit
I
| - I Sample
I Magnetic field |
Ml i Substrate (Spin polarization}
I I

o e Cross section

In-plane field and temperature dependence — Magnetometry
In-plane field and frequency dependence — Electron spin resonance
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Spin detection using a flux qubit O)NTT

High temp. and/or low field

\“ - N i} >
fq \Qubit response R ~ N
o R o Depolarized
8 ¢
)
>
3 |
= : Low temp. and/or high field
= I 1 4 4
G : VARV
: Polarized
I
I
I
I

Operation point

Applied magnetic flux

Spin polarization is converted to qubit frequency
Toida et al., 2019 Commun. Phys.
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Electron spin detection using SC magnetometers (¥) NTT

SQUID

:': Microstrip

/B

x|
| m

106 spins/VHz
Toida et al, 2016 APL

Josephson bifurcation amplifier (JBA)
(a)

B b

Er:¥YSO
!
J
D,v 9
microwave in Dy By microwave
(JBA, EPR) out
HHC O H>
JBA

Fast readout — 15,000 spins/\VHz
Budoyo et al, 2018 PRMaterials

Flux qubit (SQUID readout)

Sensitive magnetometer — 400 spins/\VHz
Toida et al., 2019 Commun. Phys.

Flux qubit (JBA readout)

20 spins/VHz
Budoyo et al., 2020 APL

Sensitive spin detection is realized using SC spin detectors. (Now 12 spins/VHz)
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Spin detection of Er3*:Y,SiO; O)NTT

Paramagnetic
~ In-plane magnetic field: 4mT
Er3*:Y,SiOs Qubit readout circuit 5 14 —T

(room temperature) Ll o 200 mK|

o 100 mK
Qubit ol s s0mk |

control
B,

©o
|

%]

—_—
Resonance frequency of flux qubit (
fey [8)]
| |

-0.17 -0.16 40.15 -0.14 —O.lw -0.11
Applied pagnetic field to flux qubit
A 41 4 L T >
/7 R

Magnetization from electron spins is detected by a flux qubit
H. Toida et al., Commun. Phys., 2, 33 (2019)




High temp.
Low field
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Spin detection of Er3*:Y,SiO,
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Magnetic flux detected by flux qubit (m®d,)
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Curie’s raw in the high temperature limit is confirmed.
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H. Toida et al., Commun. Phys., 2, 33 (2019)

O)nTT

Low temp.
High field
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Application to material parameter estimation
Er3+:Y282305, nuclear spin 7/2 (hyperfine + quadrupole)

ZW/
WN\%

Frequency
(GHz)
o

0 10 20 30 40 50 60 70
Magnetic field (mT)

O)nTT

Parameters from X band ESR spectrum

25 3
o/2n (GHz)
Parameters from our ESR spectrum

» 2.5 3
ol2n (GHz)

Standard ESR spectrometer
— 0-0.3T, Xband ~9 GHz

Effect of hyperfine and quadruple interaction is small in
the high field region
— parameter estimation is not trivial

ESR spectrometer using magnetometer
—0-6.5mT,0-5.2GHz

Effect of hyperfine and quadruple interaction is large in
the small field region

— suitable for parameter estimation

Guillot-Noél et al., Phys. Rev. B 74, 214409 (2006), Budoyo et al., Appl. Phys. Express 11, 043002 (2018)
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Measurement of spin relaxation time O)NTT

‘ Spin |<T>| Phonon |1—r>| Bath ‘

Usual relaxation Sometimes limit the relaxation
— Phonon bottleneck effect

Depolarized 107

> ,
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— non-exponential decay curve — spin relaxation rate o< T2

Phonon bottleneck effect is suggested.
(Our ESR is suitable to observe the effect because no energy is transferred to measurement system)

Budoyo et al., Appl. Phys. Express 11, 043002 (2018)
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Magnetometry of neurons @ NTT
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Magnetization is measured as a function of temperature.
H. Toida et al., Comminucation Physics 6, 19 (2023) 12
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Magnetometry of neurons

O)nTT

’%‘ | parylene \ parylene

Sample 1 Sample 2 Control

» Control experiment shows
smaller magnetization.

« Sample with thinner
insulator shows larger
signal.

* Spins in neurons are
observed.
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H. Toida et al., Comminucation Physics 6, 19 (2023)

« Spins are identified as
Fe3* ions. (Details are not
discussed here.)

13
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Thermometry using Ramsey oscillations O)nTT
Nano diamond ~140 nm

Heater line /? - YX

Fluxqubit

1. The temperature of nano diamond is controlled by heater power.

2. The magnetization of nano diamond changes as a function of the temperature.

3. The magnetic field (magnetization) changes Ramsey frequency of the qubit.

le) le)
Magnetic field dependence
Free evolution l
1 _ 1
—(lg) + le) Duration: © il —ibwt
ﬁ(g ) ﬁ(IgHe le)) |
19) 19) Time

K. Kakuyanagi et al., New Journal of Physics (2023)
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Thermometry using Ramsey oscillations O)nTT

40 Ramsey Qscnlatlons

Base temperature
T = 50 mK

Microwave freq. 20— —

30 Ramsey frequency: - o
1.5- ..-.o....o'.
Sw = /A2 + £(B)? — w, _ o~
@20 Calibration % 1.0+ .."."
= constants = ol
= < e
3 0.5 Py
: -
Temperature difference P
10 000 05 10 15 20 23
Heater power [nW]
%o 10 20 30 "
Heater power [nW] Sensitivity: 1.3 uK/vHz @ 9.1 mK

K. Kakuyanagi et al., New Journal of Physics 2023
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Estimation of the sensitivity of FQ ESR O)nTT

Noise in qubit measurement (Slope of qubit spectrum)”

(e.g., Variation in switching probability) a f aq) 8 N
Pqw X X — X —
W 0Psw ~ 0fq 00

Linewidth of FQ (magnetic flux generated by single spin)’

Py

Narrow linewidth / small slope

Transition frequency of FQ, fq

Joapel]
Switching probability, Pgyy

Wide linewidth / large slope

Excitation frequency of FQ, f, Applied flux, ®

Our best sensitivity ~ 12 spins/YHz

H. Toida et al., Commun. Phys., 2, 33 (2019), H. Toida et al., arXiv:2406.14948 16
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1/f noise of qubit readout devices (SQUID) ©) ntT

Power spectrum density Readout noise vs. averaging
o (Flux noise)
F10°
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» Averaging is less effective for long integration time due to 1/f flux noise
* 1/f flux noise also limits the coherence time (linewidth) of the flux qubit

— limitation factor of the sensitivity

Budoyo et al., 2020 APL
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Summary O)nTT

Sensitive spin detection using flux qubits is realized
« Sensitivity: 12 spins/vHz, Spatial resolution: ~ pm
* Magnetometry, electron spin resonance, thermometry

» Application: solid state material, biomaterial, etc.

Future works
 Single spin detection

* Spin imaging
> Qubit array

» Scanning qubit
» Microwave interference

« Entanglement sensor using multiple flux qubits

19
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