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1. 研究目的	  
銅酸化物高温超伝導体でその存在が予言されているスピン渦誘起ループ電流ををもとに、

観測されている実験事実の説明を行う。また、このループ電流の電流方向の右回りと左回

りの２状態を利用した量子ビットを用いた量子コンピューター`スピン渦誘起ループ電流量
子コンピューター’の実現を目指し、スピン渦誘起ループ電流量子ビットの制御・動作に関
するシミュレーションを行う。 

 
2. 研究成果の内容 
a) 銅酸化物超伝導体におけるラシュバ相互作用の影響 

 
 スピン渦誘起ループ電流のラシュ
バ相互作用を取り入れたハミルトニ

アンを数値的にとくことにより、調

べた。その結果、スピン渦の方向とル

ープ電流の組み合わせにより、種々

の安定な配置が生じることがわかっ

た。特に巨視的な電流が流れる場合

は、図の(b)の方が、(a)より安定にな
ることがわかった。これは、銅酸化物

超伝導でみられている、磁場誘起密

度波状態を説明する可能性がある。 
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Fig. 4. (Color online) (a) Eso v.s. λ with no current SVQs. The parameters used are U = 8t and Jh = 2t2/U.

4 × 4, 4 × 6, 4 × 8 correspond to the SVQ in (A) and (a), SVQ in (B) and (b), and SVQ in (C) and (c) in Fig. 3.

(b) Eso v.s. λ with current flowing SVQs. 4 × 4, 4 × 6, 4 × 8 correspond to the SVQ in (D) and (d), SVQ in (E)

and (e), and SVQ in (F) and (f) in Fig. 3.
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Fig. 5. (Color online) (a) Left: the spin-texture for the 4 × 6 SVQ. It contains two ‘M’ vortices with the same

type ‘M1’ corresponding to ξ1 = π vortex in Fig. 2. Right: a schematic picture for the relation between the

SVILC distribution and an overall current flow for the 4× 6 SVQ . ‘m’ and ‘a’ denotes the SVILC with winding

number +1 and −1, respectively. (b) Left: the spin-texture for the 4 × 4 SVQ. It contains two ‘M’ vortices with

the type ‘M1’ corresponding to ξ1 = π vortex in Fig. 2 and ‘M2’ corresponding to ξ1 = 0 vortex in Fig. 2. Right:

a schematic picture for the relation between the SVILC distribution and an overall current flow for the 4 × 4

SVQ.
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b）スピン渦誘起ループ電流を量子ビットとした量子コンピューター 

 
スピン渦誘起ループ電流を量子ビット

とした量子コンピューターの実現に向

けたシミュレーションを行った。１量子

ビットおよび２量子ビット演算が外部

電流と電磁場を使うことにより、現実的

なパラメーターで実現できることを確

かめた。これにより、左図のようなアー

キテクチャーをもつ、エラー訂正を備え

た量子コンピューターを提案した。 
 

3. 学際共同利用として実施した意義 
シミュレーションの一部にモンテカルロ法を使うので、超並列計算により、大幅な時

間短縮が行えた。 
 

4. 今後の展望 
ハミルトニアンに含める自由度を増し、現実的な計算を行う。 
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composed of SVQs are located there. The separation of the nearby qubits is long enough to decouple each qubit;
this will require the distance longer than 14 nm. Leads are connected to a strip of theCuO2 plane; they are used
to control the energy levels of each qubit, and also used as couplers of the qubits. By controlling the qubit energy
levels, each qubit becomes differentiated and can bemanipulated, separately. The qubit coupling is achieved by
feeding currents in the region between two qubits. The leads considered in the present work is in the order of the
lattice distance, however,much thicker lead (say 10 nm)may be used. It has been theoretically demonstrated
that such a thick lead also brings about a similar effect [14]. Then, a reasonable parameter for the qubit distance
will be about 30 nm if the current feeding leadswith thickness 10 nm is used.

The third layer contains electrodes that fix the locations of the SVQ’s in themiddle layer. Experimental data
suggest that holes in theCuO2 plane aremore stable in the place close to the doping ion (for example, Sr2+ for
La -x2 SrxCuO4) in the reservoir layers of the cuprate. If this is the case, the location of the SVQ’smay befixed
using the negatively biased electrodes. Also the number of holes in theCuO2 planewill be controlled by them.

There are threemajor sources of the relaxation of the qubit state. Thefirst one is theflipping of the loop
current directions. Second one is the destruction of spin-vortices by flipping of spin directions. Third one is the
hopping of the hole. At present, we do not know exactmagnitude of each contribution; however, theoretical
estimates for the energy scales are, t U3 2 (the values used in this work are t = 130meV and =U t8 ) for the
loop currentfluctuation [23], t U2 for the spin-vortex fluctuation, and 0.2 eV for the hole hopping [24]. Thus,
theywill be negligible in the liquid nitrogen temperature. The charge fluctuation for the SVQqubit will be
negligible since the on-site Coulomb repulsion parameterU for the SVQqubit system is very large (in the order
of eV). The loop currents and spin-vortices are protected by topology, and the hole hopping requires the
destruction of loop currents and spin-vortices, thus, allmajor qubit relaxation processes are topologically
protected collective one. Therefore, the SVQqubit should be a robust one.We also speculate that the coherence
time of the SVQqubits is rather long by the same reason.

The applicability of the present couplingmethod is only between nearby qubits. However, it is possible to
construct a fault tolerant quantum computer using the surface code [25–28]. Infigure 16, a schematic layout for
an implementation of two-dimensional surface code using the SVILC qubits is depicted. This is a two-
dimensional extension of the one shown infigure 15. There are sections that are not theCuO2 plane. From these
regions, two types of external currents are fed, one for the coupling between nearby SVQqubits, and the other
for the controlling the single qubit states of SVQs. The qubit controlling external currentmay be used to
initialize the qubit since the energy of states with different current patterns depend on the external current
pattern [14]. Itmay be possible to change the energy levels of (e) and (f) infigure 2 so that they become single and
first excited states by controlling the environment. The above each qubit, amolecule thatmeasures themagnetic
field from the qubit is placed. This two-dimensional version is ideal one since it is compact and equippedwith
the error correction.However, the construction of itmay be highly demanding at present.

Figure 16. Implementation of two-dimensional surface code using the SVILC qubits. Each qubit is an SVQqubit composed of four
SVILCs.White square regions are non-CuO2 plane regions used for feeding external currents. There are two types of external currents:
onewith filled arrow is for the coupling between nearby SVQqubits, and onewith open arrow is for the controlling the single qubit
states of SVQs.
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