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1.   Superconducting quantum circuits

Superconducting quantum circuits*1 are being stud-
ied extensively from basic to application research by 
taking advantage of the degrees of freedom in their 
circuit design. We first introduce an example of basic 
research. The origin of research into superconducting 
quantum circuits lies in the fundamental question: To 
what extent can quantum mechanics that holds in the 
microscopic world be applied to macroscopic sys-
tems? To answer this question, we conducted an 
experiment using a superconducting flux qubit*3 and 
demonstrated that a qubit loop can achieve quantum 
superposition in which a trillion electrons per second 
are flowing in a clockwise current state and counter-
clockwise current state [1]. This result indicated that 
quantum mechanics holds in macroscopic artificial 
structures on a micrometer order as well as in micro-
systems consisting of electrons and atoms. Next, 
through collaborative research with the National 
Institute of Information and Communications Tech-
nology (NICT), we devised a circuit design that can 

achieve strong coupling between an artificial atom 
and light, which cannot be achieved in ordinary atom/
light coupling. This achievement has opened the door 
to the new field of cavity quantum electrodynamics*4. 
We used a superconducting artificial atom (supercon-
ducting flux qubit) and microwave photons to 
achieve a deep-strong coupling regime, in which the 
coupling energy of both is greater than the energy of 
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*1 Superconducting quantum circuits: Superconducting circuits that 
include circuit elements described by quantum mechanics. Cir-
cuit elements making up superconducting quantum circuits in-
clude Josephson junctions*2, inductors, and capacitors.

*2 Josephson junctions: A structure in which an extremely thin insu-
lator is sandwiched between two superconductors. Since a non-
linear superconducting current flows in relation to the supercon-
ductor phase, Josephson junctions can be used as nonlinear de-
vices in superconducting quantum circuits. In a superconducting 
qubit, aluminum and aluminum oxide are widely used as the Jo-
sephson junction’s superconductor and insulator, respectively. 

*3 Superconducting flux qubit: A superconducting circuit consisting 
of a superconducting loop including multiple Josephson junc-
tions. Applying an optimal magnetic-field bias to this circuit gen-
erates two states—a clockwise current state and counterclockwise 
current state—that can be treated as a quantum two-level system. 
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each, and measured a previously unknown physical 
phenomenon [2].

From the above studies, superconducting quantum 
circuits are breaking new ground in basic physics 
research, but there is also much activity in application 
research. The most well-known example of such 
applications is the superconducting quantum com-
puter being developed by Google, IBM, University of 
Science and Technology of China, RIKEN, and other 
research institutions. The superconducting quantum 
circuits used for this application are qubits called 
transmons, which can be used as the basic elements 
of a quantum computer since their transition fre-
quency remains nearly unchanged under an external 
magnetic field and their coherence time*5 is long. 
However, the transition frequency of a superconduct-
ing flux qubit changes significantly under an external 
magnetic field, so its application to magnetic field 
sensors is expected. Progress is also being made at 
D-Wave Systems, National Institute of Advanced 
Industrial Science and Technology (AIST), and else-
where in applying superconducting flux qubits to a 
quantum annealer*6 by using the tunability of the 
transition frequency. 

In this article, we introduce local electron spin 
detection and a hybrid thermometer based on flux 
qubits as examples of quantum sensors. We also 
describe the prospects for a new type of quantum bit 
(bosonic qubit) that uses a transmon as an ancilla 
qubit.

2.   Magnetic field sensors

A superconducting flux qubit can detect changes in 
the magnetic field penetrating a loop with high sensi-
tivity by measuring the transition frequency between 
quantum levels. As described below, such a magnetic 
field sensor is sensitive enough to detect a magnetic 
field created by a small number of electron spins. 
Since the loop size of a flux qubit is about several 
micrometers, it also enables magnetic-field measure-
ments with high spatial resolution. Taking the above 
features into account, NTT began research on high-
sensitivity, high-spatial-resolution electron spin reso-
nance (ESR) spectrometers.

Since ESR can be used to obtain information on 
electrons that are not paired with each other (unpaired 
electrons) in a substance, it has become an indispens-
able analytical technique in such fields as material 
science, solid state physics, drug discovery, and 
medical care. A typical ESR spectrometer operates by 
placing a several-milliliter spin sample in a cavity 

and measuring the microwave response at the cavi-
ty’s resonance frequency. Since the interaction 
between the cavity and one electron spin is weak, it is 
necessary with this technique to include about 1013 

electron spins in the sample to measure an ESR sig-
nal. The ESR signal is averaged over the entire spin 
sample, so local information cannot be obtained.

In contrast, a local ESR spectrometer using super-
conducting quantum circuits consists of a sensor, 
such as a flux qubit or superconducting quantum 
interference device (SQUID), and a readout circuit to 
extract the information from the sensor (Fig. 1). On 
irradiating the electron spin sample with microwaves, 
the magnetic field created by the spins changes and 
the sensor detects that change. We apply magnetic 
field B⊥ on the microtesla (µT) order for sensor con-
trol and magnetic field B|| on the millitesla (mT) order 
for electron spin polarization. In this spectrometer, 
the irradiation of microwaves is executed from a 
wideband microwave line for electron spin detection 
without a resonator, so there is no limitation to the 
frequency range in which ESR spectra can be mea-
sured. In other words, this spectrometer makes it pos-
sible to measure ESR spectra in a broad parameter 
region while sweeping the device with frequencies 
and magnetic field B|| to therefore obtain even more 
information from the measurement target [3].

Fig. 1.   Local ESR spectrometer.

*4 Cavity quantum electrodynamics: Quantum theory that describes 
the interaction between an atom and light confined within a cavi-
ty. It is also called circuit quantum electrodynamics when de-
scribing an interacting system between an artificial atom config-
ured from a superconducting quantum circuit and microwaves in 
a superconducting resonator.

*5 Coherence time: The length of time that a qubit can retain its 
quantum information.

*6 Quantum annealer: Equipment that uses the properties of quan-
tum mechanics to solve optimization problems that are difficult 
to solve with current computers as the scale of the problem in-
creases.
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Next, we introduce our efforts to date in improving 
the figure of merit of local ESR spectrometers. At the 
beginning of this research, we used SQUID as a mag-
netic field sensor and a SQUID switching readout 
circuit to extract the sensor information. With this 
configuration, we succeeded in detecting electron 
spins originating in erbium atoms within an optical 
crystal (Y2SiO5) at a sensitivity of 106 spins/√Hz [4]. 
We then replaced SQUID as the magnetic field sensor 
with a flux qubit and changed the readout circuit from 
a SQUID switching readout circuit to a switching 
readout circuit using a Josephson bifurcation ampli-
fier*7. We achieved a sensitivity of 20 spins/√Hz, 
resulting in an improvement of approximately five 
orders of magnitude [5]. By making the loop size of 
the magnetic field sensor smaller, we also succeeded 
in decreasing the detection volume from 150 to 6 fL. 
These results along with the figure of merit of a sen-
sor using a two-dimensional superconducting resona-
tor from other research groups are shown in Fig. 2.

3.   Thermometers

We have succeeded in developing an extremely 
small thermometer (Fig. 3) and making precise mea-
surements of temperature at very low temperatures 
by using an electron spin ensemble within a nanodia-
mond as a thermometer and a flux qubit as an electron 

spin detector [6].
A compact temperature sensor has a small heat 

capacity, and the quantity of heat flowing into the 
thermometer from the measured system is small. This 
enables fast response speeds and measurements that 
suppress the back action to the measured system. 
Such a temperature sensor can also improve the spa-
tial resolution of temperature measurements, which 
suggests new applications as in measuring the spatial 
distribution of temperature in a very small region. 
However, developing a compact temperature sensor 
and achieving high sensitivity at the same time is dif-
ficult. The reason for this is as follows. Temperature 
sensing involves measuring the change in tempera-
ture of the amount of physical material making up the 
thermometer, but the amount of material decreases 
when making the thermometer smaller, which lowers 
measurement sensitivity. To solve this problem, we 
achieved quantum sensing on the basis of a hybrid 
system that couples a flux qubit and paramagnetic 
electron spins within a nanodiamond (Fig. 3).

Various types of defects exist within a nanodia-
mond including nitrogen-vacancy (NV) centers*8 and 
P1 centers*9 that confine an electron. This electron 
has spin, and applying a magnetic field from the out-
side creates a Zeeman split in which energy changes 
in accordance with the spin state. The energy level of 
an electron spin system is determined by the mag-
netic field as well as by hyperfine interaction with 
nuclear spin and the energy of magnetic anisotropy 
that appears when there is spin greater than or equal 
to one. Under thermal equilibrium, the occupancy of 
each spin state is determined by temperature and 
energy, so a nanodiamond gives rise to magnetization 
dependent on temperature. This change in magnetiza-
tion can be measured as a change in the magnetic flux 

Fig. 2.   Figure of merit of local ESR spectrometers.
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*7 Josephson bifurcation amplifier: A resonator that includes a Jo-
sephson junction exhibits a bistable state due to the nonlinearity 
of the junction. A device that uses this state to amplify an ex-
tremely small signal is called a Josephson bifurcation amplifier. 
When reading a flux qubit, it makes use of the fact that the final 
state of the resonator differs depending on the state of the qubit. 
In contrast to a readout circuit using SQUID switching, a readout 
circuit using a Josephson bifurcation amplifier features no gener-
ation of voltage by the resonator’s final state, negating the need 
for cooling time to suppress heat buildup. This makes it possible 
to make repeated measurements in a short period, thereby im-
proving signal accuracy by averaging.

*8 NV centers: A compound defect in which a nitrogen atom replac-
es a carbon atom in diamond and lies adjacent to a carbon vacan-
cy is called an NV center. It is a color center that produces a 
color close to pink in diamond.

*9 P1 centers: A defect in which a nitrogen atom replaces a carbon 
atom in diamond is called a P1 center. It is a color center that 
gives diamonds their yellowish tint.
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penetrating the flux qubit (Fig. 3). On converting the 
magnetic-field sensitivity of the flux qubit to tem-
perature sensitivity, we confirmed a high-sensitivity 
figure of merit at 1.3 μK/√Hz at the base temperature 
of 9.1 mK in a dilution refrigerator. 

On comparing the figure of merit for various ther-
mometers (Fig. 4), the above results enable the devel-
opment of a compact and high-sensitivity thermom-
eter. Commonly used resistance thermometers must 
be calibrated for all temperature regions, but the 
temperature change associated with the measured 
magnetization can be theoretically predicted, which 
means that measurements across all temperature 
regions can be conducted by calibrating at only one 
temperature point. There is also a type of sensor using 
a single quantum dot that can serve as a compact 
thermometer, but our thermometer has the advantage 
of enabling the measurement of lattice temperature, 

not the electron temperature, as with the quantum dot 
thermometer. While the temperatures that can be 
measured with our thermometer are extremely low, it 
is expected to contribute to measuring extremely low 
temperatures at the region where accurate measure-
ments have been difficult due to slow response 
caused by thermometer self-heating and large heat 
capacity.

4.   Bosonic qubits

Research and development of superconducting 
quantum computers is progressing steadily, as 
reflected by the 2019 announcement from Google 
that it had proven “quantum supremacy” with a 
53-qubit processor that outperformed a conventional 
supercomputer [7] and the 2022 announcement from 
IBM of a 433-qubit processor. However, a massive 

Fig. 3.   Hybrid thermometer.
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number of qubits will be necessary to achieve a prac-
tical and fault-tolerant universal quantum computer. 
This is because redundant qubits are needed for quan-
tum error correction since qubits are vulnerable to 
external noise and errors occur frequently. For exam-
ple, a trial calculation indicated that 20,000,000 
qubits would be needed to factor a 2048-bit number 
[8]. In current designs, about 1000 qubits can be 
arranged on a chip, and any greater number would 
require new technologies such as for inter-chip wir-
ing. There would also be a need for breakthroughs in 
high-frequency wiring to control such a massive 
number of qubits, refrigeration technology, etc.

The bosonic qubit is a technology that is attracting 
attention as a means of satisfying the need for a mas-
sive number of qubits. This technology encodes 

quantum information into an infinite number of 
energy levels within a superconducting cavity and 
uses that redundancy to execute quantum error cor-
rection. It uses a transmon as an ancilla qubit to pre-
pare complex quantum states in the cavity. A resona-
tor is needed to read out the transmon state. The 
components of this bosonic qubit are shown in Fig. 5. 
We carefully designed the frequencies of each com-
ponent (storage cavity, ancilla qubit, readout resona-
tor) and the coupling strength between components 
(Table 1) and successfully identified photon number 
states*10 in the storage cavity (Fig. 6). This is the first 
step toward accessing each photon number state and 
preparing complex quantum states.

Fig. 5.   Components of a bosonic qubit.

Table 1.    Designed and measured parameters of a bosonic 
qubit.

(MHz) Designed Measured

Storage cavity (S) 4419 4425

Ancilla qubit (A) 5368 5531

Readout resonator (R) 7534 7400

Anharmonicity of A 129 152.3

Coupling between S and A 2.06 4.2

Coupling between A and R 0.34 0.32

Fig. 6.    (a) Photon number state in the storage cavity and (b) spectrum of the ancilla qubit while the storage cavity is excited.
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5.   Outlook

This article introduced local ESR spectrometers, an 
ultrasmall thermometer, and bosonic qubit as exam-
ples of applying advanced superconducting quantum 
circuits to quantum information technology.

Our objective in developing local ESR spectrome-
ters is to enhance sensitivity to the level of detecting 
a single electron spin using a long-lived flux qubit [9] 
and a readout circuit applying quantum electrody-
namics. We also plan to expand our measurement 
targets with this spectrometer beyond solid-state 
electron spin samples to biological electron spin 
samples such as neurons and cell lines. 

Our objective in researching bosonic qubits is to 
encode quantum information in a superconducting 
cavity using the lowest order binomial code*11, a 
bosonic quantum-error-correcting code. We will then 
seek to achieve a long-lived bosonic qubit beyond its 
cavity lifetime by quantum error correction, in other 
words, to reach the break-even point.
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