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Quantum optics with giant artificial atoms
A. F. Kockum1, L. Guo2, M. Pletyukhov3, A. L. Grimsmo4, S. R. 

Sathyamoorthy2, A. Blais4, P. Delsing2, F. Nori1, and G. Johansson2 
1Center for Emergent Matter Science, RIKEN, Wako, Saitama 351-0198, Japan 

2Department of Microtechnology and Nanoscience, Chalmers University of Technology, 41296, Göteborg, Sweden 
3Institute for Theory of Statistical Physics, RWTH Aschen, 52056 Aachen, Germany 

4Département de Physique, Université de Sherbrooke, Québec J1K 2R1, Canada 

In quantum optics experiments with both natural and artificial atoms, the atoms are usually small enough that 
they can be approximated as point-like compared to the wave- length of the electromagnetic radiation they 
interact with. However, a recent experiment coupling a superconducting qubit to surface acoustic waves shows 
that a single artificial atom can be coupled to a bosonic field at several points which are wavelengths apart [1]. 
This situation could also be engineered with an xmon qubit coupled to a microwave transmission line [2].  
Here, we present results of theoretical studies of such “giant artificial atoms” [2,3,4]. In the Markovian regime, 
where the travel time between coupling points is negligible, we find that interference effects due to the positions 
of the coupling points give rise to a frequency dependence for the strength of the coupling between the giant 
artificial atom and its surroundings [2]. The Lamb shift of the atom is also affected by the positions of the coupling 
points. We discuss possible applications for these frequency dependencies (which can be designed). In the non-
Markovian regime, where the distance between coupling points is large, an excited giant atom exhibits revivals 
and non-exponential decay [3]. In this regime, we have also studied novel features that occur in the correlation 
function g2(t). Finally, we also explore setups with several giant atoms coupled to a transmission line in various 
configurations [4]. 

A sketch of a giant artificial 
atom, coupled to right- and 
left-moving modes in a one-
dimensional transmission 
line at two points which are 
wavelengths apart. 

[1] M. V. Gustafsson et al., 
Science 346, 207 (2014) 
[2] A. F. Kockum et al., Phys. 
Rev. A 90, 013837 (2014) 
[3] L. Guo et al., in 
preparation (2016) 
[4] A. F. Kockum et al., in 
preparation (2016)
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Anomalous Thermal Hall Effect in a disordered Weyl ferromagnet

Atsuo Shitade
RIKEN Center for Emergent Matter Science (CEMS), Wako, Saitama 351-0198, Japan

Thermal Hall effect is a heat analog of the Hall effect, namely, the heat current flows perpendicular to a
temperature gradient. According to the Wiedemann-Franz law, the Lorenz ratio ௜௝ܮ ≡ ௜௝ߪܶ/௜௝ߢ goes to the
universal value ଴ܮ ≡ ଶ݇୆ଶ/3݁ଶߨ in electronic systems at low temperature, in which ௜௝ߢ and ௜௝ߪ are the thermal
and electric (Hall) conductivities, and ܶ is temperature. At finite temperature, we can investigate effects of
inelastic scattering by the breakdown of the Wiedemann-Franz law.
In spite of its usefulness, it is theoretically difficult to calculate .௫௬ߢ This is because ௫௬ߢܶ is not expressed by
the Kubo formula ෤௫௬ߢܶ alone but is corrected by the heat magnetization .௭୕ܯ2 Recently, I found a “vector
potential” coupled to the energy current and established the Keldysh formalism for calculating ෤௫௬ߢܶ and ௭୕ܯ2
even in disordered or interacting systems [1].
Here I apply this formalism to a disordered Weyl ferromagnet which exhibits the anomalous (thermal) Hall
effect. I first quantum-mechanically calculate ௜௝ߢ and ௜௝ߪ on an equal footing and reproduce the Wiedeman-
Franz law. This is the first step towards a unified theory of the anomalous Hall effect at finite temperature,
where inelastic scattering by magnons is relevant.
[1] A. Shitade, Prog. Theor. Exp. Phys. 2014, 123I01 (2014).

rt
タイプライターテキスト
Q-5

rt
タイプライターテキスト
Q-6



Antiferromagnetic nuclear spin helix and 
topological superconductivity in 13C nanotubes
Chen-Hsuan Hsu1, Peter Stano1, Jelena Klinovaja2, and Daniel Loss1,2

1RIKEN Center for Emergent Matter Science (CEMS), Saitama, Japan
2Department of Physics, University of Basel, Switzerland

We investigate the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction arising from the hyperfine coupling
between localized nuclear spins and conduction electrons in interacting carbon nanotubes made of 13C. Using
the Luttinger liquid formalism, we show that the RKKY interaction is sublattice dependent, resolving the
inconsistency between the earlier work and the spin susceptibility calculation in noninteracting nanotubes.
The RKKY interaction forms q= 2kF peaks with the Fermi wave number kF, and induces a novel
antiferromagnetic nuclear spin helix with a spatial period π/kF (Fig. 1). The transition temperature reaches up
to several tens of mK, due to the feedback effect through the Overhauser field from the ordered nuclear spins.
The nuclear spin helix, combining spin and charge degrees of freedom, results in a synthetic spin-orbit
interaction, which is crucial for nontrivial topology. In the presence of the proximity-induced superconductivity,
this system has a potential to realize Majorana fermions without the need of fine tuning the external
parameters, such as chemical potential and magnetic field (Fig. 2).

Fig. 1 Illustration of the antiferromagnetic nuclear spin 
helix in 13C nanotubes.

Fig. 2 phase diagram

Equal-spin Andreev Reflection between Spin-resolved 
Quantum Hall Bulk State and Superconductor 

S. Matsuo1, K. Ueda1, S. Baba1, H. Kamata2, M. Tateno1,  

J. Shabani3, C. J. Palmstrom3, and S. Tarucha1, 2 

1Department of Applied Physics, University of Tokyo, Bunkyo-ku, Tokyo 113-8656, Japan 
2Center for Emergent Materials Science, RIKEN, Wako, Saitama, Japan 

3California NanoSystems Institute, University of California, Santa Barbara, CA 93106, USA 

A junction between superconductor and normal conductor is a platform to study the Andreev reflection, in 
which the incident electron is reflected as a hole having the opposite spin direction. Recently the supercurrent 
through the ferromagnet or halfmetal has been reported. This contradicted results were explained by the 
“equal-spin” Andreev reflection intermediated by the spin-flip process. We will report on observation of this 
“equal-spin” Andreev reflection between superconducting NbTi and spin-resolved quantum Hall bulk state of 
InAs quantum well having strong spin-orbit interaction. The obtained differential conductance has sub-gap 
feature on the zero-bias region and additional side peaks out of the sub-gap feature. The peculiar structures 
are explained by the model with assumption that there are two channels, one of which contributes to the 
“equal-spin” Andreev reflection and the other contributes the conventional Andreev reflection. Our results will 
pave the way for superconducting spintronics on semiconductor. 
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Fractional charge in 1D quantum dots array

We show that fractional charges can be realized at the boundaries of a linear array of tunnel-coupled 
quantum dots in the presence of a periodically modulated onsite potential. While the charge fractionalization 
mechanism is similar to the one in polyacetylene, here the values of fractional charges can be tuned to 
arbitrary values by varying the phase of the onsite potential or the total number of dots in the array.  We also 
find that the fractional boundary charges, unlike the in-gap bound states, are stable against static random  
disorder. We discuss the minimum array size where fractional boundary charges can be observed. 
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Development of (110) GaAs quantum wells  
for emission layers of spin-controlled lasers 

S. Iba1, H. Saito1, K. Watanabe2, Y. Ohno2, and S. Yuasa1 
1Spintronics Research Center, National Institute of Advanced Industrial Science and Technology (AIST),  

Tsukuba, Ibaraki 305-8568, Japan 
2Graduate School of Pure and Applied Sciences, University of Tsukuba, Tsukuba, Ibaraki 305-8571, Japan 

Spin-controlled lasers, which enable electron spin imformation to convert light polarization, have become a focus of 
interest as next-generation light sources [1]. Semiconductor quantum wells (QWs) are crucial building blocks of the 
spin lasers. We conducted systematic measurements of the surface morphology, photoluminescence (PL) intensity, 
carrier lifetime τc, and spin relaxation time τs of the GaAs/AlGaAs(110) QWs grown with different growth conditions to 
examine the possibility of using them as the emission layer of spin lasers. Excellent surface flatness and high PL 
intensity (IPL) were obtained from the samples with growth temperature ≥ 450 C and As/Ga flux ratio ≥ 40. We also 
found that the high-quality (110) QWs exhibit high spin-detection sensitivities η = [τs /(τs +2τc)] ≥ 0.3; these values have 
never been reached so far in the (100) QWs. The results suggest that the (110) QWs obtained are certainly superior to 
the existing (100) QWs in the emission layer of the spin lasers [2-4]. 
[1] J. Sinova et al., Nat. Mater. 11, 368 (2012). [2] Y. Ohno et al., Phys. Rev. Lett. 83, 4196 (1999). [3] S. Iba et al., J. Appl. Phys. 118, 083901 
(2015). [4] S. Iba et al., Jpn. J. Appl. Phys. in press.  
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Ground State Electroluminescence
M. Cirio1

1Interdisciplinary Theoretical Science Research Group (iTHES), RIKEN, Wako-shi, Saitama 351-0198, Japan

Electroluminescence, the emission of light in the presence of an electric current, provides information on the
allowed electronic transitions of a given system. It is commonly used to investigate the physics of strongly
coupled light-matter systems, whose eigenfrequencies are split by the strong coupling with the photonic field
of a cavity. In this work, we showed that, together with the usual electroluminescence, systems in the
ultrastrong light-matter coupling regime emit a uniquely quantum radiation when a flow of current is driven
through them. While standard electroluminescence relies on the population of excited states followed by
spontaneous emission, the process we describe herein extracts bound photons from the dressed ground
state and it has peculiar features that unequivocally distinguish it from usual electroluminescence.

Schematics for standard electroluminescence.
Electrons enter the system in an excited state,
which decays emitting a photon at the
polaritonic frequency.

Schematics for ground state electroluminescence.
Electrons enter the system in the ground state which
cannot decay. However, in the ultra-strong coupling
regime, electrons can get out the system leaving one
photon (at the bare cavity) frequency inside the cavity.
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Single photon-electron pairs generation from 
polarization entangled photon pairs  

K. Kuroyama1, M.Larsson1, T.Fujita1, S.Matsuo1, S.R.Valentin2, A.Ludwig2, 
A.D.Wieck2, A.Oiwa3 and S.Tarucha1,4 

1 Department of Applied Physics, University of Tokyo, Bunkyo-ku, Tokyo, Japan  
2 Lehrstuhl fur Angewandte Festkörperphysik Ruhr-Univ. Bochum 
3 The Institute of Scientific and Industrial Research, Osaka University, Ibaraki, Osaka, Japan 
4 Center for Emergent Materials Science, RIKEN, Wako, Saitama, Japan 

Quantum entanglement has been studied in solid physics to realize distributed photonic quantum communication 
based on a quantum repeater. Nevertheless it is still challenging to experimentally demonstrate the entanglement 
between stationary solid qubits and photonic qubits [1, 2]. Here we try to generate the entanglement between an 
electron spin and a photon polarization by combining generation of polarization entangled photon pairs and coherent 
quantum state transfer from single polarized photons to single electron spins in a GaAs laterally defined quantum dots 
[3, 4]. In this work, we generated single entangled photon pairs using spontaneous parametric down conversion in a 
Type-II BBO crystal, and  demonstrated coincidence measurement on the electron transferred from one of the 
entangled paired photons and the remaining photon.  

Photo-electron trapping 
in the quantum dot

1] K.De.Greve, et al., Nature 491, 421 (2012). [2] W.B.Gao, et al., Nature 491, 426 (2012) . [3] R.Vrijen and E.Yablonovitch, Physica E  10, 569 (2001). [4] 
T.Fujita, et al., arXiv 1504.03696(2015).  

Fig.1 SEM image of the quantum dot device (left) and a schematic of 
the experiment setup (right) Fig.2 Time trace of the coincidence signals 

Charge and spin dynamics 
in a quantum dot-lead coupled system
T. Otsuka1,2, T. Nakajima1,2, M. R. Delbecq1, S. Amaha1, 

J. Yoneda1,2, K. Takeda1, G. Allison1, P. Stano1,3, A. Noiri1,2, T. Ito1,2, 
D. Loss1,4, A. Ludwig5, A. D. Wieck5, and S. Tarucha1,2

1RIKEN Center for Emergent Matter Science (CEMS), Wako, Saitama 351-0198, Japan
2Department of Applied Physics, University of Tokyo, Bunkyo, Tokyo 113-8656, Japan

3Institute of Physics, Slovak Academy of Sciences, 845 11 Bratislava, Slovakia
4Department of Physics, University of Basel, Klingelbergstrasse 82, 4056 Basel, Switzerland

5Angewandte Festkörperphysik, Ruhr-Universität Bochum, D-44780 Bochum, Germany
Electron spins in semiconductor quantum dots (QDs) are considered good candidates for quantum bits in
quantum information processing. In this research field, control and readout of the spin states have been
developed and established. We apply these techniques to explore spin dynamics in a hybrid system which
consists of a QD and an open electronic reservoir. We observe spin relaxations in a QD under the effect of
the coupling to a lead. By comparing the spin signals with the charge relaxation signals, we examine the
mechanism of the spin state evolutions [Fig.(a) first- , (b) second-order tunneling process]. These results will
be important in the exploration of further spin dynamics in QD-lead hybrid systems and utilized for spin
manipulation.
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Measuring the time dependence of a Rabi oscillation 
of an electron spin in a semiconductor quantum dot

A. Noiri1, T. Nakajima2, J. Yoneda2, T. Otsuka2, K. Takeda2, M. R. Delbecq2,
G. Allison2, K. Kawasaki1, A. Ludwig3, A. D. Wieck3, S. Tarucha1,2

1Department of Applied Physics, University of Tokyo, Hongo, Bunkyo-ku, Tokyo, 113-8656, Japan
2RIKEN Center for Emergent Matter Science (CEMS), Wako, Saitama 351-0198, Japan

3Angewandte Festkörperphysik, Ruhr-Universität Bochum, D-44780 Bochum, Germany

A Rabi oscillation of an electron spin in a semiconductor quantum dot
(QD) has been demonstrated using electron spin resonance. Especially
in III-V semiconductor QDs, the spin dynamics is influenced by nuclear
spin fluctuation (σ) through the hyperfine interaction. Previous work on a
GaAs QD [1] demonstrates the Rabi oscillations of two different regimes
(fRabi/σ 1 and fRabi/σ 1) by changing the Rabi frequency fRabi. The Rabi
oscillations of these two regimes are approximated by the following
equation: (in fRabi/σ

1) [i], and fRabi/σ 1)
[ii], respectively.
We observe Rabi oscillations of these two regimes by fixing the fRabi, but

changing σ by decreasing the data acquisition time to study the impact of
the measurement time. The figure shows the Rabi oscillations measured
with different integration times fitted by equation [i] (blue) and [ii] (red).
With 3 sec integration time, the data is well fitted by the blue curve (σ
fRabi). On the other hand, the data is well fitted by the red curve (fRabi/σ

1) for larger integration times. This indicates that σ increases by
increasing the integration time in agreement with the recent work [2].

Reference
[1] J. Yoneda et al., PRL (2014).
[2] M. R. Delbecq et a., PRL (2016).

Transport properties of InAs nanowires
on hexagonal boronnitride

H. Kamata1,2, R. S. Deacon1,3, S. Matsuo2, S. Baba2, K. Li4,
H. Q. Xu4,5, A. Oiwa6, and S. Tarucha1,2

1Center for Emergent Materials Science, RIKEN, Wako, Saitama, Japan
2Department of Applied Physics, University of Tokyo, Bunkyo, Tokyo, Japan

3Advanced Device Laboratory, RIKEN, Wako, Saitama, Japan
4Key Lab for the Physics and Chemistry of Nanodevices, Peking University, China

5Division of Solid State Physics, Lund University, Lund, Sweden
6The Institute of Scientific and Industrial Research, Osaka University, Ibaraki, Osaka, Japan

InAs nanowires, which have a surface charge accumulation layer and exhibit a strong spin-orbit interaction,
are predicted to be good candidates for the observation of helical states and furthermore Majorana bound
states in a hybrid superconductor device. Although ballistic transport in nanowires plays an important role in
creating a topological phase transition in proximitized nanowires, conductive electrons in the accumulation
layer experience strong surface roughness scattering and ionized impurity scattering such that the transport is
entirely diffusive. Here, to suppress such scatterings we employ hexagonal boronnitride as a gate dielectric,
and demonstrate conductance quantization in InAs nanowires at zero magnetic field.

500 nm
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Proximity induced triplet supercurrent 
in Nb/(In, Fe)As/Nb junctions

T. Nakamura, Y. Iwasaki, Y. Hashimoto, and S. Katsumoto
The Institute for Solid State Physics, The University of Tokyo, Chiba 277 8581, Japan

L. D. Anh, S. Ohya, and M. Tanaka
Department of Electrical Engineering and Information Systems, The University of Tokyo, Tokyo 113 8656, Japan

Superconductor/ferromagnet/superconductor (SFS) junctions exhibit attractive phenomena such as junction
states or triplet Cooper pairs. In order to explore such spin-related superconducting phenomena, we
fabricated Nb based SFS junctions on an n-type ferromagnetic semiconductor (In,Fe)As.
Figure 1 represents the M-H curve of the (In,Fe)As in the sample and the insets show a optical micrograph
and the temperature dependence of the magnetization. The (In,Fe)As exhibits clear hysteresis and its Curie
temperature is about 120 K. We observed clear zero resistance states, namely finite triplet supercurrent, as
shown in the lower left inset of Fig.2. The critical currents exhibit oscillation as a function of the magnetic
fields, suggesting the existence of superconducting coherence in the (In,Fe)As due to the Josephson effect.
The temperature dependence also indicates the superconducting proximity effect in the (In,Fe)As.

Construction of van der Waals magnetic tunnel junction 
using ferromagnetic layered dichalcogenide

We investigate the micromechanical exfoliation and van der Waals (vdW) assembly of ferromagnetic layered 
dichalcogenide Fe0.25TaS2. The vdW interlayer coupling at the Fe-intercalated plane of Fe0.25TaS2 allows 
exfoliation of flakes. A vdW junction between the cleaved crystal surfaces is constructed by dry transfer 
method. We observe tunnel magnetoresistance in the resulting junction under an external magnetic field 
applied perpendicular to the plane, demonstrating spin-polarized tunneling between the ferromagnetic 
layered material through the vdW junction. 

S
Ta

Fe

vdW gap
Bottom Fe0.25TaS2

Top Fe0.25TaS2

Au/Ti electrodes

vdW junction
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Cluster-multipole-driven Anomalous Hall Effect in 
antiferromagnets

 Modern formalism of intrinsic anomalous Hall conductivity (AHC), which expresses AHC as non-vanishing 
effect of Berry curvatures, has provided profound insight of anomalous Hall effect (AHE). We have 
investigated the electronic structure, Berry curvature (left figure), Weyl node’s chirality (blue (+1) and red (-1) 
squares in left figure), and AHC (right panel) in the antiferromagnetic (AFM) states of Mn3Z (Z =Sn, Ge) by 
first-principles calculations. We show that the AFM states of Mn3Z  produce a number of Weyl nodes and 
generate complex flows of Berry curvature around the Fermi level (Left figure). We provide a comprehensive 
theoretical framework of AHC for general magnetic systems by introducing order parameters using multipole 
formalism for magnetic clusters and show that the AFM states of Mn3Z are characterized by an octupolar 
moment.  We show that the new order parameters, generalized from the ordinary magnetization, make it 
possible to discuss AHE for AFM systems in the same framework of AHE for ordinary ferromagnetic systems.

Spin resonance effects in parallel-coupled 
quantum dots

G. Giavaras1 and F. Nori1,2

1RIKEN Center for Emergent Matter Science (CEMS), Wako, Saitama 351-0198, Japan
2Department of Physics, University of Michigan, Michigan, USA

Electrical detection of spin resonance is examined theoretically for a system of two parallel-coupled quantum 
dots. The energy levels of the two dots are adjusted so that the first dot is occupied by a single spin during the 
dynamics [1]. The second dot is a tunnel-coupled to metallic leads allowing current to flow through the system 
(Figure 1). We shown that in the presence of an oscillating magnetic field and for a specific gate voltage regime 
current flows only when the applied microwave frequency equals the Zeeman splitting of the single spin. This 
results in a current peak indicative of the single-spin resonance. From the general current plot the lowest two-
electron levels can be mapped-out (Figure 2). Thus, for example, in the presence of spin-orbit interaction the size 
of the anticrossing gap can be estimated [2]. The system studied here is relevant to silicon devices where spin 
impurities are often coupled to quantum dots as well as to coupled donor-dot systems. 

Figure 1: Physical system.

Figure 2: Electrical current through the quantum dot 
due to electron-spin-resonance, in the presence of 
spin-orbit-interaction.

[1] Giavaras and Nori, Phys. Rev. B in press

[2] Giavaras and Nori, in preparation.
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[1] J. Smit, Physica 21, 877 (1955); 24, 39 (1958). 
[2] N. Nagaosa, S. Onoda, A. H. MacDonald, N. P. Ong, and J. Sinova, Rev. Mod. Phys. 82, 1539 (2009). 
[3] J. Sinova, S. O. Valenzuela, J. Wunderlich, C. H. Back, and T. Jungwirth, Rev. Mod. Phys. 87, 1213 (2015). 
[4] J. Inoue, G. Bauer, and L. Molenkamp, Phys. Rev. B 70, 041303 (2004), J. Inoue, T. Kato, Y. Ishikawa, H. Itoh, G. Bauer, and L. Molenkamp, Phys. 
Rev. Lett. 97, 046604 (2006), M. Borunda, et al., Phys. Rev. Lett. 99, 1 (2007).  

For non-dissipative transport phenomena, such as the anomalous Hall effect (AHE) and the spin Hall effect 
(SHE), the skew scattering plays an important role [1-3]. Its contributions to AHE and SHE are proportional to      
the inverse of the impurity concentration  and thus dominant in clean systems, but they are known to vanish 
for the two-dimensional Rashba model with the point-like (non-magnetic) impurity potential [4]. It is of interest 
to find any conditions for the skew scattering to contribute, and the way to enhance the effects. 
 In order to reveal these points, we calculate the skew scattering terms (Fig.1) for AHE and SHE for the 
following two systems; (1) a general single-band model, and (2) three-dimensional Dirac electrons as a 
simple multi-band model. In both models, point-like nonmagnetic impurities are assumed as electron 
scatterers. For model (1), we found that the skew-scattering term vanishes if the damping of electrons is 
independent of spin. 

Fig. 1

 In contrast, for model (2), in which the 
damping of electrons is spin-independent, 
the skew scattering does contribute to 
SHE. This is because the damping is 
band-dependent, and this works to 
simulate the spin-dependent scattering (in 
the case of single-band model).

Large Chern number in films of transition metal oxides

Skyrmion crystals could show large anomalous Hall conductivity(AHC) which changes drastically as a 
function of Fermi level[1], and thus we expect large anomalous Nernst effect as well[2].  
Such AHC is attributed to spin chirality[3] generated by non-trivial spin structure, and its realization in realistic 
materials is searched for both theoretically[4] and experimentally[5][6]. 
However, the origin of such energy dependence of AHC is not clear yet, and therefore the purpose of this 
study is to understand it from first principles calculations by varying spin structures. 
We calculated energetics of magnetic structures and Chern numbers of each band[7], which is the 
contribution of the band to AHC, in films of transition metal oxides by first principles code OpenMX[8]. In this 
presentation, we report the results and discuss the origin of large Chern number.  

[1] K. Hamamoto, M. Ezawa and N. Nagaosa, Phys. Rev. B 92, 115417 (2015). 
[2] Y. P. Mizuta and F. Ishii, Scientific Reports 6, 28076 (2016). 
[3] K. Ohgushi, S. Murakami and N. Nagaosa, Phys. Rev. B 62, 10 (2000). 
[4] J. Zhou et al., Phys. Rev. Lett. 116, 256601 (2016). 
[5] Y. Ohuchi, Y. Kozuka, M. Uchida, K. Ueno, A. Tsukazaki and M. Kawasaki, Phys. Rev. B 91, 245115 (2015). 
[6] S. Chakraverty et al., Phys. Rev. B 88, 220405 (2013) 
[7] T. Fukui, Y. Hatsugai and H. Suzuki, J. Phys. Soc. Jpn. 74, 1674 (2005). 
[8]T. Ozaki et al., Open source package for Material eXplorer, http://www.openmx- square.org/  
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Lowering electron temperature for measurement 
of spin relaxation in quantum dots

G. Allison1, J. Yoneda1,2,  K. Takeda1,2, T. Otsuka1,2, T. Nakajima1,2,  
M. R. Delbecq1,2, S. Amaha1, A. Noiri1,2, T. Ito1,2, A. Ludwig3, A. D. Wieck3,  

and S. Tarucha1,2 

1RIKEN Center for Emergent Matter Science (CEMS), Wako, Saitama 351-0198, Japan 
2Department of Applied Physics, University of Tokyo, Bunkyo-ku, Tokyo 113-8656, Japan 

3Lehrstuhl für Angewandte Festkörperphysik, Ruhr-Universität Bochum, D-44780 Bochum, Germany 

Quantum dots (QDs) coupled to electron reservoirs (i.e. electric leads) are good platforms to study open
and/or non-equilibrium systems. Furthermore a new coupling regime showing non-trivial dynamics may be
reachable if measurements are performed over very short time scales and at low temperatures. In this work
we present our efforts to reduce the electron temperature (Te) of a double QD system. Te is determined from
analysis of the charge transition as a function of gate voltages as an electron moves from the left to the right
QD (indicated by the arrow in the stability diagram shown in Fig. a) and compared with the temperature of the
dilution refrigerator (Fig. b).
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High-Fidelity Readout of Two-Spin Correlations Using 
a Metastable Charge State in Triple Quantum Dots

Probing electron spin correlations is an essential ingredient for spin-based quantum information processing
and for studying mesoscopic quantum spin dynamics. In semiconductor quantum dots, the Pauli spin
blockade is an established spin-to-charge conversion technique used to distinguish a spin singlet and triplets.
In this work, we demonstrate a new spin-to-charge conversion technique using a metastable charge state in
triple quantum dots, which significantly improves the signal-to-noise ratio and the reliability. As shown in the
left figure, spin-blocked states are transferred to a stable charge state by loading an extra electron from a
reservoir. This allows for high-fidelity single-shot readout of spin correlations in a quantum dot array as
demonstrated in the histogram plot in the right figure.

Centre resonance frequency shift of a strongly 
driven silicon quantum dot spin qubit

K. Takeda1, J. Kamioka2, J. Yoneda1, T. Otsuka1, M.R. Delbecq1, G. Allison1, 
T. Nakajima1, T. Kodera2, S. Oda2, and S. Tarucha1

1RIKEN Center for Emergent Matter Science (CEMS), Wako, Saitama 351-0198, Japan
2Dept. of Physical Electronics, Tokyo Institute of Technology, Meguro-ku, Tokyo 152-8552, Japan

Electron spins in silicon quantum dots are one of the most promising candidates for implementing high-fidelity
qubits in solid-state quantum computing. Here we report the effect of strong microwave excitation of a Si/SiGe
spin qubit with a micro-magnet field gradient. To increase the qubit fidelity, it is straightforward to apply large
microwave power to increase the Rabi oscillation frequency ( ) and therefore increase the number of
possible operations within the coherence time. However, as the microwave power is increased, in addition to
the increasing , we observe a shift of the centre resonance frequency of several MHz. To implement a
high-fidelity qubit, the frequency shift has to be taken into account since it causes an unwanted phase
accumulation for the qubit. We finally show that the qubit phase accumulation can be reduced by the
quadrature microwave control.
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High-fidelity spin control in an enriched Si/SiGe
quantum dot with a micromagnet

J. Yoneda1, K. Takeda1, T. Otsuka1, T. Nakajima1, M.R. Delbecq1, G. Allison1, 
T. Honda2, T. Kodera2, S. Oda2, Y. Hoshi3, N. Usami4, K.M. Itoh5, and S. Tarucha1

1RIKEN Center for Emergent Matter Science (CEMS), Wako, Saitama 351-0198, Japan
2Dept. of Physical Electronics, Tokyo Institute of Technology, Meguro-ku, Tokyo 152-8552, Japan

3IIS, University of Tokyo, Meguro-ku, Tokyo 153-8505, Japan
4Graduate School of Engineering, Nagoya University, Nagoya 464-8603, Japan

5Dept. of Applied Physics and Physico-Informatics, Keio University, Hiyoshi, Yokohama 223-8522, Japan

Improving control fidelities well beyond the fault-tolerant threshold is imperative to alleviate stringent
requirements on quantum processing architectures. In a scalable quantum-dot-qubit platform, fidelities just
above the surface-code threshold have been achieved either by use of isotopically purified materials or local
magnetic fields of a proximal micromagnet. Here we demonstrate that by unifying these approaches, one can
obtain high compatibility of long phase coherence (T2*~20 μs) and fast controllability (Tπ ~ 40 ns), to realize
<_0.1_% error rate per qubit gate. These results provide a promising route to large-scale, fault-tolerant
quantum computing systems based on quantum-dot spins.sed oonn qqquant
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Magnetic Analogue of Superconductivity 
in Quantum Spin Ice

S. Nakosai  and S. Onoda
RIKEN, Wako, Saitama 351-0198, Japan

We discuss unconventional magnetic interference phenomena of spinons coupled with emergent U(1) gauge
field which is considered to be a relevant description of quantum spin ice systems.

Quantum spin ice monopoles are deconfined bosonic quasiparticles which carry a fractionalized spin-1/2 
charge. When they show a Bose-Einstein condensation, a magnetic order appears as in the Higgs 
ferromagnetic phase of Yb2Ti2O7 [1]. In an analogue of superconducting systems, the condensation behaves 
like that of Cooper pairs. Naively, magnetic analogue of Josephson effects are expected to occur at a junction 
systems of quantum spin liquid, which corresponds to insulating barrier in usual Josephson junctions, 
terminated by two domains having different ferromagnetic moment directions. This might show a remarkable 
contrast to the conventional ferromagnets where spin waves have dissipation and damping.

For the calculation of a proximity effect of ferromagnetic phases to a quantum spin liquid phase, we 
perform the gauge mean field theory proposed in Ref.[2] dealing with spatially dependent gauge fields in the 
junction system. The transport of monopole charges is investigated by imposing a boundary condition specific 
to ferromagnetic domains and/or introducing domains in basic parameters to produce such a junction 
systems. A possible relevance of the results to ultraslow spin relaxation observed in some Yb2Ti2O7 samples 
is discussed. 

[1] L.J. Chang et al., Nat Commun., 3, 992 (2012).
[2] L. Savary, L. Balents, Phys. Rev. Lett., 108, 037202 (2012).
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Hybrid cQED architecture as a model system for 
non-equilibrium physics in condensed matter

M. Marx1,2, G. Allison1, M. R. Delbecq1,2, K. Takeda1,2, T. Nakajima1,2, J. Yoneda1,2, 
T. Otsuka1,2 and S. Tarucha1,2

1RIKEN Center for Emergent Matter Science (CEMS), Wako, Saitama 351-0198, Japan
2Department of Applied Physics, University of Tokyo, Bunkyo-ku, Tokyo 113-8656, Japan

As the number of Quantum Dots used in arrays for semiconductor based quantum computing increases one
needs to think of a way to transfer information coherently from one block of quantum dots to another. We
show a scheme (figure a) to implement this using SiGe quantum dots and a superconducting cavity (figure b).
When the superconducting cavity is tuned to be occupied by no more than one photon this photon may be
used to coherently transfer information between the two quantum dots. This is an important step towards an
enlarged quantum dot architecture. It has been shown by other groups that a charge state in one dot can be
transferred to and read out using the resonator. Due to the weak magnetic coupling we need to engineer an
electric coupling to couple to the spin.
This system is further interesting as it is an ideal platform to simulate various condensed matter systems
which cannot be solved classically.

photon

a
b

DDetection and control of the charge states of a quintuple quantum dot 
iin a scalable multiple quantum dot architecture 

Takumi Ito1, 2, Tomohiro Otsuka1, 2, Shinichi Amaha1, Matthieu R. Delbecq1, 2, 
Takashi Nakajima1, 2, Jun Yoneda1, 2, Kenta Takeda1, 2, Giles Allison1, Akito Noiri1, 2,

Kento Kawasaki1, 2 and Seigo Tarucha1, 2, 3
1Center for Emergent Matter Science, RIKEN, Wako, Saitama 351-0198, Japan

2Department of Applied Physics, University of Tokyo, Bunkyo, Tokyo 113-8656, Japan
3Quantum-Phase Electronics Center, University of Tokyo, Bunkyo, Tokyo 113-8656, Japan

Multiple Quantum dots (QDs) can offer intriguing fermionic Hubbard models and are also proposed to 
implement spin-based quantum computing. However, further scale up of the QD system beyond quadruple QDs 
requires technical advances. In this work, we realize a semiconductor quintuple quantum dot (5QD) or series 
coupled five quantum dots with a new sample architecture relevant for further scaling up the QD system. 
Figures show the stability diagram measured for the left three dots QD1 to QD3 (a), and the right three dots QD3
to QD5 (b) using the left, and right charge sensors, respectively. Multiple QDs have complicated charge 
configurations, which need to be defined in multiple voltage planes. Therefore, we divide the 5QD into two triple 
QDs each having two reservoirs and one charge sensor to predominantly address the nearest three dots. This 
technique will be applicable to multiple QDs in a scalable manner. 
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