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Abstract—Recent advances in quantum technology allow the precise manipula�on of quantum 
states. This capability can be applied to many fields of applica�on. In par�cular, quantum 
computa�on, quantum sensing, and quantum cryptography are the fields under intense 
research. Among the various types of qubits for these applica�ons, superconduc�ng qubits are 
one of the most promising candidates as a building block for realizing large-scale quantum 
computers [1]. Such a superconduc�ng quantum technology is also applied in the field of 
sensing. For example, microwave parametric amplifiers based on Josephson junc�ons achieve 
the noise performance bounded by quantum theory. This amplifier can be applied to any field 
requiring ultra-low noise microwave amplifiers, such as radio astronomy [2] or electron spin 
resonance (ESR) spectroscopy [3]. 
Superconduc�ng qubits themselves can also be applied to sensing. Among many types of 
superconduc�ng qubits, we especially focus on a superconduc�ng flux qubit as a sensi�ve 
detector of magne�c field [4, 5] because of the strong interac�on between a circula�ng current 
in the qubit and the magne�c field. The magnetometer based on a superconduc�ng flux qubit 
is shown in Fig. 1(a). The flux qubit is connected to a readout circuit, namely a superconduc�ng 
quantum interference device. The transi�on frequency of a superconduc�ng flux qubit can be 
controlled by an out-of-plane magne�c field B⊥ [Fig. 1(b)]. This is because the balance of the 
two eigenbases of the flux qubit, the clockwise and counterclockwise currents through the 
loop, is changed by the interac�on with the out-of-plane magne�c field. A flux qubit is designed 
to have a transi�on frequency in the microwave range and an opera�ng flux range of 0.1% of 
the magne�c flux quanta. This means that a small magne�c perturba�on will change the 
transi�on frequency of the flux qubit. Thus, the flux qubit works as a transducer from the 
magne�c flux to the resonance frequency [Fig. 1(b)]. 
To use the flux qubit for the magnetometry of materials, the target sample should be placed in 
the vicinity of the flux qubit. To polarize electron spins in the sample, an in-plane magne�c field 
B|| is applied in addi�on to B⊥. In the absence of sample magne�za�on, the transi�on 
frequency of the flux qubit remains the same as in the stand-alone case. In contrast, in the 
presence of sample magne�za�on, the transi�on frequency of the flux qubit is shi�ed, 
depending on the intensity of the magne�za�on [(Fig. 2(b)]. 
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This magnetometer can also be used as an ESR spectrometer, because the magne�za�on of the 
target sample can be controlled by microwave irradia�on, namely the spin resonance 
phenomenon. For this purpose, microwave excita�on lines are designed on the flux qubit chip 
[Fig. 1(a)] to flip the electron spins in the sample. 
As a demonstra�on of the ESR spectroscopy, impuri�es in semiconductors are analyzed using a 
flux qubit magnetometer. The target sample here is a type-IB diamond crystal with high 
concentra�on of compound defects formed by a nitrogen impurity and a vacancy (NV center). 
Corresponding to the zero-field spli�ng of the NV center (2.88 GHz), we successfully observed 
dips in the ESR spectrum [Fig. 1(c)] [4]. From the qubit design and parameters, we can es�mate 
the sensi�vity and sensing volume of the spectrometer to be 12 spins/√Hz and of 5 fL [6]. 
The target sample is not limited to solid state materials as in the previous case. As an example 
of biological applica�ons, rat hippocampal neurons are characterized [7]. In this case, we 
qualita�vely extract the concentra�on of ferric ion in the neurons to be 8 μg/g from the 
magnetometry results. 
In this talk, we will discuss in detail the experimental setup, the design of the qubit and the 
measurement system, the limita�on of the sensi�vity, and the applica�ons. Future research 
direc�ons will also be discussed. 
 
Keywords (Index Terms)—Superconduc�ng qubit, Quantum sensing, Biosensing, Electron spin 
resonance spectroscopy, Magnetometry, Thermometry 
 
 
 
References 
[1] F. Arute et al., Nature, 574, 505-510 (2019) 
[2] Z. Wang et al., Nature, 619, 276-281 (2023) 
[3] H. Toida et al., Commun. Phys., 2, 33 (2109) 
[4] R. P. Budoyo et al., Appl. Phys. Let., 116, 194001 (2020) 
[5] H. Toida et al., arXiv: 2406.14948 
[6] H. Toida et al., Commun. Phys., 6, 19 (2023) 
[7] K. Kakuyanagi et al., New J. Phys., 25, 013036 (2023) 
 
Acknowledgment 
This work was supported by CREST (JPMJCR1774), JST. 
 
 



 
Figure 1. (a) Experimental setup. (b) Principle of the magnetometer. (c) Example of an ESR spectrum 
using a superconduc�ng flux qubit. These figures are adapta�on (some labels are modified) of the 
published work [3] under a Crea�ve Commons Atribu�on 4.0 Interna�onal License. 
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