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研究成果の概要（和文）：　銅酸化物超伝導に残された課題として，(i) T'型構造を持つ超伝導体におけるノン
ドープ超伝導転移の可能性と，(ii)T型構造を持つ系の低キャリア密度領域で見られる擬ギャップ状態の起源解
明の二つが挙げられる．(i)については，CuO2面における酸素の自由度を取り入れた2バンド有効模型を用いて，
揺らぎ交換近似の範囲で超伝導転移の可能性を調べたところ，実験で報告されているような超伝導転移が可能で
あることを見出した．(ii)については，現実的なバンド構造において交替フラックス状態と呼ばれる状態を考慮
すると，実験で見られるフェルミアークや電荷密度波状態が満足すべき水準で記述できることが明らかになっ
た．

研究成果の概要（英文）：　There are two remaining issues in cuprate superconductivity: (i) the 
possibility of non-doped superconducting transition in T'-type cuprates, and (ii) the origin of the 
pseudogap state observed in the low carrier density region of T-type ones. For (i), we have 
investigated the possibility of a superconducting transition within the fluctuation exchange 
approximation using a two-band effective model that explicitly incorporates the oxygen 2p orbital 
degrees of freedom in the CuO2 plane, and found that the superconducting transition is possible as 
reported in experiments. As for (ii), it was found that the experimental findings such as the Fermi 
arc and charge density wave states can be described satisfactorily by considering the staggered flux
 state in the realistic band structure.

研究分野：物性理論

キーワード： 銅酸化物超伝導　T'型構造　擬ギャップ状態　電荷密度波
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研究成果の学術的意義や社会的意義
銅酸化物超伝導体は，通常の金属超伝導体と比較して高い転移温度を持つため，幅広い分野における実用化が強
く期待される材料である．しかし，銅酸化物超伝導体のうち試料の制御が比較的容易な物質群は転移温度が約
100K以下と比較的低く，実用化のためには，あと5-10K程度の転移温度向上が必要と言われている．本研究にお
いて技ギャップ状態の起源を理論的に解析したところ，擬ギャップ状態は超伝導を抑制する働きを持ちうること
が判明した．これにより，擬ギャップ状態を選択的に抑制する手段を探索することで転移温度向上を目指すとい
う，性能向上指針を提出することができた．

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
 銅酸化物超伝導体の発見以来 30 年以上が経過し，様々な知見が蓄積されてきた．しかしなが
ら，T 型構造を持つ物質群の低キャリア密度領域において見られる，擬ギャップ状態と呼ばれる
特異な状態に関しては，フェルミアークや電荷密度波といった新たな観測結果の発見が相次ぐ
一方で，その物理的起源に関する理論的な理解は不十分なままであった． 
また，T 型とは少し異なる T’型構造を持つ物質群に関しては，擬ギャップ状態がほぼ観測され
ないこともあり，その物性に関する十分な理解が得られたと考えられてきた．しかしながら，こ
れらの物質群において，試料作成時に過剰に混入した酸素を十分な還元処理により除去するこ
とで，従来は反強磁性相と考えられていた低電子キャリア密度領域においても超伝導転移が見
られるという実験結果が相次いで報告された．これは，少なくとも一部の T’型銅酸化物超伝導
体においては，電荷移動ギャップがほぼ消失していることを示唆しており，銅酸化物超伝導体の
電子状態に対する統一的描像に矛盾する結果であった． 
 
２．研究の目的 
 上記の背景のもと，本研究においては，(1) T 型構造を持つ物質群における擬ギャップ状態で
見られる実験事実を統一的に説明できる理論の確立と，(2) T’型構造を持つ物質群の低キャリア
密度領域および非キャリアドープ状態における超伝導転移の可能性に関する理論的解析を行い，
銅酸化物超伝導体という物質群に関する包括的な理解を確立することを目的とした． 
 
３．研究の方法 
(1) T 型構造の物質群における擬ギャップ状態： 
 擬ギャップ状態の起源に関しては，これまでに様々な理論的解釈が提案されてきたが，それら
は擬ギャップ状態で見られる実験事実を断片的に記述するにとどまっている．最近では，擬ギャ
ップ状態における電荷密度波の発見により，ペア密度波状態と呼ばれる状態が一定の注目を集
めている．この状態はフェルミアークや電荷密度波を定性的に記述することは可能であるが，熱
力学的に安定な状態ではないという問題を内包している．そこで本研究課題においては，交替フ
ラックス状態と呼ばれる状態に注目した．これは銅酸化物超伝導の発見後すぐに理論的に提案
された状態であり，当時精力的に研究されたものの，準粒子スペクトルが非現実的な形状を示す
等の問題点が明らかになったため，最近では省みられることは少なくなっていた．しかし，銅酸
化物超伝導体における現実的なバンド構造を記述するために長距離のキャリア遷移を理論模型
に導入し，かつ最隣接サイト間におけるクーロン斥力相互作用を取り入れると，準粒子スペクト
ルに関する問題は解消されることが判明したため，この拡張した理論模型を Gutzwiller 近似や変
分モンテカルロ法を用いて解析した． 
(2) T’型構造の低キャリア密度領域における超伝導転移の可能性： 
T’構造の物質群を理論的に解析する上で，電荷移動ギャップの大きさが決定的な要因となるこ
とが予想される．そのため，CuO2面における酸素の 2p軌道の自由度を明示的に取り入れた理論
模型を新たに提案し，電荷移動ギャップをモデルパラメータの一つとした．その上で，揺らぎ交
換近似を用いて超伝導転移の解析を行った． 
 
４．研究成果 
(1) T 型構造の物質群における擬ギャップ状態： 
 本研究で用いた理論模型は，CuO2面の標準的な理論模
型である t-J模型に長距離のキャリア遷移と最隣接サイト
間クーロン斥力相互作用を加えたものである．この模型
を renormalized mean-field theory を用いて解析して得られ
た相図を図 1 に示す．キャリア密度（hole-doping rate）dが
0.2 以下の領域では，幅広い温度範囲にわたって交替フラ
ックス状態（SF）が現れることが見て取れる．また，より
低温の領域では，交替フラックス相と d 波超伝導相（dSC）
の共存相（SF+dSC）が実現する．この共存状態はd = 0.2
付近まで存在し，それ以上のキャリア密度においては純
粋な d 波超伝導状態となる．図１の相図は，交替フラック
ス状態を擬ギャップ状態と同定するならば，実験的に確
立された銅酸化物超伝導体の相図の特徴を非常によく捉
えていることが分かる． 
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respectively [11]. Since we need further mean-field ap-
proximation to treat the renormalized Hamiltonian, we
assume the particle-particle pairing amplitude

〈c†k↑c
†
−k↓〉 = ∆d(cos kx − cos ky) , (3)

and also the particle-hole pairing amplitude

〈c†kσckσ〉 = ξ1(cos kx+cos ky)+ iξ2(cos kx−cos ky) . (4)

It should be noted here that ξ2 in (4) is the order param-
eter of SF. Then we obtain the set of the self-consistent
equations, with s = ±1, as follows:
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where
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effξ1
)
γk , Bk = J+

effξ2ηk , Dk = J−
eff∆dηk ,

(9)
with
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A2

kB
2
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√
(sεk + 4gtt′φk + µ̃)2 +D2

k ,

(10)
and

γk = cos kx+cos ky , ηk = cos kx−cos ky , φk = cos kx cos ky .
(11)

The additional renormalized parameter J±
eff in the above

equations is given as

J±
eff = Jeff ± V . (12)

We note here that ∆d and ξ2 are the order parameters
of dSC and SF, respectively. Thus, the effective coupling
constant for dSC is J−

eff = Jeff − V , while that for SF is
J+
eff = Jeff + V . This implies that the nearest-neighbor

Coulomb repulsion V enhances SF, but suppresses dSC.

RESULTS

The phase diagram within the renormalized mean-field
theory is given

SF

FIG. 1. The static spin susceptibility χs(q, 0) for (a) ∆ =
2.6eV and (b) ∆ = 1.4eV.
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FIG. 2. The doping dependences of the energy-gains in the
SF, dSC, and SF+dSC states.

Let us look at the stability of the original sense of the
Gutzwiller variational treatment.
It is interesting to see the density of states Figure 4

shows the density of states (DOS)
The authors would like to thank professors H.SF
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FIG. 3. The doping dependences of the energy-gains in the
SF, dSC, and SF+dSC states.

図 1 拡張された t-J模型を用いて
得られた相図．SF は交替フラック
ス状態，dSC は d 波超伝導，
SF+dSC はこれらの共存状態，そ
して normal は通常の金属状態で
あることを示す． 



 

 

次に，交替フラックス状態および超伝導との共存状態にお
ける準粒子スペクトルを図 2 に示す．本研究で用いた理論
模型においては，長距離のキャリア遷移を導入したことに
より電子正孔対称性が破れている．さらに，最隣接サイト
間クーロン斥力により，電子-正孔間引力と電子間引力の対
称性も破れている．前者は交替フラックス状態の，そして
後者は d 波超伝導の起源となる相互作用である．したがっ
て，低キャリア密度領域においては交替フラックス状態を
実現することによるエネルギー利得が大きくなり，図 3 に
示すようなフェルミアークが形成される．このフェルミア
ーク，すなわち残留フェルミ面を用いて，d 波超伝導状態
が生じたのが図 1 で SF+dSC と記された共存状態であり，
その準粒子スペクトルは図 2 の赤線のようになる． 
 このように，拡張された t-J 模型を用いて交替フラック
ス状態を考察すると，STM/S で測定される準粒子スペクト
ル，角度分解光電子分光で観測されるフェルミアークをはじ
め，2 ギャップ構造や電荷密度波などが極めて満足すべき水
準で記述できることが本研究により明らかになった．また，
交替フラックス状態は d 波超伝導と共存可能ではあるもの
の，d 波超伝導を抑制する働きを持つことも明らかになった． 
(2) T’型構造の低キャリア密度領域における超伝導転移の可
能性： 
 CuO2面に存在する酸素の 2p軌道の自由度を明示的に取り
入れた 2 バンド模型を構築し，電子間相互作用については揺
らぎ交換近似を用いて，超伝導転移温度の解析を行った．そ
の結果を図 4 に示す．ここで，赤線（D = 1.30eV）は T’型構
造を持つ銅酸化物超伝導体を想定した計算結果，青線（D = 
2.60eV）は T 型構造を想定した際の結果である．T 型構造
に対する結果は，従来よく知られた，低キャリア密度領域
で反強磁性状態が安定化し超伝導転移が消失する様子を
示している．それに対して，ここで新たに計算された T’構
造に対する結果は，d < 0.1 の低電子キャリア密度領域のみ
ならず，T’構造が保たれていることを仮定してホールキャ
リアを導入したd < 0 の領域においても，超伝導転移が見
られることを示している．また，この結果と同様の実験結
果が後に報告されている [1]． 
 図 4 と同様の解析をさらに広いDの範囲について行い，
超伝導転移及び反強磁性転移の有無を調べた結果を図5に
示す．これによると，電荷移動ギャップDが 0.9 < D < 1.3 の
範囲では，キャリアドープなしでも超伝導転移が生じうる
ことが見て取れる． 
(3) まとめ： 
 本研究で得られた成果により，(1)で調べた T 型物質群

における擬ギャップ状態は，交替フラックス状態である可

能性が極めて高いことが判明した．この理論的結果を確認

するための実験的研究の提案が次の課題となる．また，交

替フラックス状態を選択的に抑制するような摂動を探索

することにより，超伝導転移温度を向上させることも可能

になると期待される．一方，(2)の T’型物質群の低キャリア

密度領域における超伝導転移に関しては，我々の結果とよ

く一致する実験結果[1]が報告されたこともあり，少なくと

も一部の物質においては実現しているものと考えられる．

したがって，銅酸化物超伝導体の電子状態に関して従来信

じられてきた「ドープされたモット絶縁体」という描像は，

T’型構造を持つ物質群には必ずしも当てはまらないと結

論できる．これにより，銅酸化物超伝導体に関する包括的

な理解を再確立する必要性が認識され，新たな研究の潮流

が創出されるものと期待される． 
 
[1] T. Sunohara et al., J. Phys. Soc. Jpn. 89, 014701 (2020). 

3

the Fermi energy (E/t = 0), as seen in Fig. 2. Compar-
ing this DOS with that for pure SF state, we easily notice
that the larger asymmetric gap is due to SF state, and
the smaller symmetric gap is a consequence of the coex-
isting dSC. In this situation, we find that the dSC gap
is formed using the residual quasiparticle states around
the Fermi energy in the SF state. Next, let us discuss

FIG. 2. LDOS in the coexisting state.δ = 0.15, T = 0

the discontinuity of the Fermi energy spectrum in the SF
state. Figure 3 shows the single-particle spectral inten-
sity A(k,0) at Fermi energy. From this figure, we can
see that the intensity decreases significantly outside the
AntiFerromagnetic-Brillouin Zone. This is due to the fact
that the the coherence factor y varies like step-function
at the AFBZ boundary. while Fermi surface δ(Ek) forms
a closed curves.

incommensurate case

Next, we analyze the possibility of spatial modulation
of SF , that is , incommensurate staggered flux (ICSF).we
solved the self-consistent equation and determined the
values of variational parameter.

The calculation results at absolute zero are shown in
Fig.??. In this figure, we can see that the conexisting
state of ICSF and dSC appears as the ground state. Due
to the current density modulates along with the spatial
modulation of the SF flux, resulting in a fluctuation of
the hole density with a period of approximately five times
the lattice constant, and the period of the CDW is consis-
tant with the STS result. The pairing amplitude is also
modulated in the same way due to the non-uniformity of
the charge density, i.e. pair-density wave (PDW) ocuurs
as a subsidinary result of ICSF.

Finally, we discuss the quasi-particle DOS of the cox-
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FIG. 3. spectral weight of Fermi energy in SF order
A(k,0).δ = 0.15, T = 0

isting state of ICSF and dSC in Fig.6. we find that V-
shaped spectra at Fermi energy regardless of the location
of the site.The reason for the appearance of ICSF as a
ground state can be explained in terms of Fermi sur-
faces and nesting vectors. In the underdoped region, by
shifting the nesting vector slightly from Q = (π,π), the
overlap of the Fermi surfaces becomes larger and more
energy gain can be earned.A similar discussion in the con-
text of AntiFerromagnetic ordering has been suggestd by
Schulz[].

SUMMARY

We have studied the quasiparticle states in the coexist-
ing phase of dSC and SF states within the renormalized
mean-field theory based on the t-J model. In this mean-
field calculation, the effect of onsite U was not taken into
account explicitly. Therefore, it can be inferred that the
charge modulation is overestimated. The present analy-
sis has shown that the dome-like structure of dSC in the
phase diagram and the two-gap structure can be well de-
scribed by the coexisting state, and thus also shown that
the SF phase can be a possible candidate of symmetry-
breaking pseudogap states coexisting with the dSC.
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図 2 交替フラックス状態（SF）
および d 波超伝導との共存状態
（dSC+SF）における準粒子スペ
クトル． 3

the Fermi energy (E/t = 0), as seen in Fig. 2. Compar-
ing this DOS with that for pure SF state, we easily notice
that the larger asymmetric gap is due to SF state, and
the smaller symmetric gap is a consequence of the coex-
isting dSC. In this situation, we find that the dSC gap
is formed using the residual quasiparticle states around
the Fermi energy in the SF state. Next, let us discuss

FIG. 2. LDOS in the coexisting state.δ = 0.15, T = 0

the discontinuity of the Fermi energy spectrum in the SF
state. Figure 3 shows the single-particle spectral inten-
sity A(k,0) at Fermi energy. From this figure, we can
see that the intensity decreases significantly outside the
AntiFerromagnetic-Brillouin Zone. This is due to the fact
that the the coherence factor y varies like step-function
at the AFBZ boundary. while Fermi surface δ(Ek) forms
a closed curves.

incommensurate case

Next, we analyze the possibility of spatial modulation
of SF , that is , incommensurate staggered flux (ICSF).we
solved the self-consistent equation and determined the
values of variational parameter.
The calculation results at absolute zero are shown in

Fig.??. In this figure, we can see that the conexisting
state of ICSF and dSC appears as the ground state. Due
to the current density modulates along with the spatial
modulation of the SF flux, resulting in a fluctuation of
the hole density with a period of approximately five times
the lattice constant, and the period of the CDW is consis-
tant with the STS result. The pairing amplitude is also
modulated in the same way due to the non-uniformity of
the charge density, i.e. pair-density wave (PDW) ocuurs
as a subsidinary result of ICSF.
Finally, we discuss the quasi-particle DOS of the cox-

 0  0.2  0.4  0.6  0.8  1
kx/π

 0

 0.2

 0.4

 0.6

 0.8

 1

k y
/π

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

FIG. 3. spectral weight of Fermi energy in SF order
A(k,0).δ = 0.15, T = 0

isting state of ICSF and dSC in Fig.6. we find that V-
shaped spectra at Fermi energy regardless of the location
of the site.The reason for the appearance of ICSF as a
ground state can be explained in terms of Fermi sur-
faces and nesting vectors. In the underdoped region, by
shifting the nesting vector slightly from Q = (π,π), the
overlap of the Fermi surfaces becomes larger and more
energy gain can be earned.A similar discussion in the con-
text of AntiFerromagnetic ordering has been suggestd by
Schulz[].

SUMMARY

We have studied the quasiparticle states in the coexist-
ing phase of dSC and SF states within the renormalized
mean-field theory based on the t-J model. In this mean-
field calculation, the effect of onsite U was not taken into
account explicitly. Therefore, it can be inferred that the
charge modulation is overestimated. The present analy-
sis has shown that the dome-like structure of dSC in the
phase diagram and the two-gap structure can be well de-
scribed by the coexisting state, and thus also shown that
the SF phase can be a possible candidate of symmetry-
breaking pseudogap states coexisting with the dSC.
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図 3 交替フラックス状態において 
得られたフェルミアーク． 
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(δ < 0), where δ is the electron doping rate per unit cell
of the model. As can be seen, the behavior of Tc are ap-
parently different for these two cases. Firstly, we focus on
the case with a smaller charge transfer energy∆ = 1.3eV.
With decreasing δ from the electron-overdoped side, the
superconducting transition emerges at δ ∼ 0.14, and Tc

reaches its maximum at δ ∼ 0.07, and noteworthily, it
remains finite even in the hole-doped region and van-
ishes at δ = −0.26. This result is consistent with the ex-
perimental claim that a superconducting transition has
also been observed in the hole-doped T’-cuprates [6]. In
contrast, when we assume a larger charge transfer en-
ergy ∆ = 2.6eV, the Tc is difficult to be found around
−0.12 <∼ δ <∼ 0.17, which implies that magnetic instabil-
ity is likely to appear than superconductivity, as seen in
previous theoretical studies [13, 17].

FIG. 2. Superconducting transition temperatures Tc for ∆ =
1.3eV (the red symbols) where the charge transfer energy ∆ =
Ueff − ∆dp in Fig.1, is small. The results for ∆ = 2.6eV is
also shown (blue symbols).

Next, we discuss the q-dependences of the d-electron
static spin susceptibility χs(q, 0) just above Tc for the
above two cases (see Fig. 3). We find the difference of
doping dependences of χs(q, 0) between the two cases.
For ∆ = 2.6eV, we can see an AF peak, χs(q = Q, 0)
with Q = (π,π) at δ = 0.17, and, with increasing δ,
the peak splits into two incommensulate peaks, which is
consistent with the previous theoretical studies for hole-
doped cuprates [11, 12]. On the other hand, for ∆ =
1.3eV, the peak structure of χs(q, 0) is nearly unchanged
with electron-doping, but the peak intensity at Q varies.

The Fermi-surface at half-filling which is obtained from
the momentum-distribution function is shown in Fig. 4.
We notice that the nested section of Fermi-surface be-
comes smaller for ∆ = 1.3eV than that for ∆ = 2.6eV.
The reason is as follows. For ∆ = 2.6eV, doped electrons
are mainly hopping on the 3dx2−y2 orbitals because 2p
degrees of freedom are frozen out due to the large charge
transfer energy. Thus the mobile electrons are moving

FIG. 3. Static spin susceptibility χs(q, 0) for (a) ∆ = 2.6eV
and (b) ∆ = 1.3eV.

nearly on the square lattice on which the good nesting
property for AF is realized (see Fig. 5). In contrast,
for ∆ = 1.3eV, the 2p degrees of freedom become active
and mobile carriers can move on the non-square lattice
consisting of 3dx2−y2 and 2p orbitals. In this case, AF
is suppressed due to the smaller nesting section of the
Fermi-surface. The difference in the nesting section due
to the change of ∆ in Fig. 4 is very similar to that found
in the recent ARPES experiment for weakly and well-
annealed samples of 10% Ce doped PLCCO [19]. How-
ever, it has been claimed in [19] that this deformation
of FS is originated from the additional carrier doping in-
duced by the annealing processes. We will discuss later
this issue.

FIG. 4. Fermi surfaces obtained from the momentum-
distribution function for (a) ∆ = 2.6eV and (b) ∆ = 1.3eV.

Figure 6 shows the phase diagram in ∆ − δ plane
obtained in the present calculation. We find that the
superconductivity without carrier doping is realized for
0.9 <∼ ∆ <∼ 1.3. The superconductivity in the electron
over-doped region for 1.3 < ∆ <∼ 2.6 corresponds to the
previously reported one [1, 13]. We have also found that,
if we assume larger Ueff , the region of ∆ corresponding
to non-doped superconductivity become smaller.
Thus far, we have shown that the superconducting

transition can occur in non-doped or under-doped sys-
tems when the charge transfer energy is small enough.
We think that the present result provides convincing ex-
planation for the recently observed non-chemically doped

図 4 T’型構造を持つ銅酸化物超伝
導体の理論模型に対して，揺らぎ交
換近似を用いて得られた超伝導転
移温度のキャリア密度依存性（赤
線）．青線は，T 型構造を想定した
計算結果を示す． 
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FIG. 5. Schematic energy-level of Cu 3dx2−y2 and O 2p or-
bitals for (a) large ∆ and (b) small ∆, expected behavior of
electron carriers (c,d) and shape of the Fermi surface (e,f) for
each case.

superconductivity in T’-cuprates.
On the other hand, it has been argued that some addi-

tional carrier doping may be the origin of superconductiv-
ity [19]. Here, let us discuss this possibility. One can ex-
pect, when oxygen atoms in the CuO2 plane and/or LnO
layers are removed in the annealing processes, two elec-
trons per each oxygen may be left, resulting in additional
electron carrier doping. If this is the case, the chemically
non-doped systems can be metallic due to this additional
electron doping. However, some oxygen vacancies are
also expected to occur during these processes. Especially
in the plane, oxygen vacancies disturb Cu-O-Cu superex-
change bond, and as is well known, the d-wave supercon-
ductivity is very sensitive to the non-magnetic impurity
scattering. However, the observed Tc in the chemically
non-doped T’-cuprates is not much lower than the previ-
ously reported one [1]. Therefore, there may not exist so
much oxygen vacancies in the plane. On the other hand,
oxygen vacancies in the LnO layers unlikely occur due
to the Ln-O bond which is stronger than the Cu-O bond
in the plane, as discussed in [20]. Hence, we can con-
clude that the recently observed non-chemically doped
superconductivity cannot be explained by the additional
carrier doping due to the oxygen vacancies alone.

It has also been discussed that excess oxygens are re-

FIG. 6. A phase diagram in the plane of electron- and hole-
doping rate per unit cell δ and the energy difference ∆. The
red dots indicate that d-wave superconductivity is realized
for the corresponding parameters. Blue region correspond to
the region where magnetic instability is likely to appear than
superconductivity and Tc is difficult to be found.

moved from the T’-samples during annealing processes.
This process can cause the electron carrier doping into
the CuO2 plane. However, in this case, the electron con-
centration of the plane is just restored to the original
one. Therefore, we should not consider these carriers
as additional ones. In addition, excess oxygens suppress
the superconductivity and stabilize the short-range AF
order, as discussed in [21, 22]. This problem is under
investigation.

The authors K. Y. and H. T. would like to thank pro-
fessors Manfred Sigrist and T. Maurice. Rice for fruitful
discussions.
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