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1 Ú ó

1911 c Kamerlingh Onnes uy
$§��N
��, <aéu��>5nØ (½�*Ån) ±9�
�Eâ�ïÄ9�, {²zcØP, ¿²{
 BCS

nØ (Bardeen-Cooper-Schrieffer theory)!��Eâ
A^!��Eâmun��ã. g 1986 cuyp
§��N±5, Ù�*Ån¯K�&¢B¤�IS
	ÔnÆ.�-<a,��¯K�� [1−6]. 1995

c, p§Ô�zÔ�uyö Müller[7] Q�Ñ, ��
äp§��>5��*Å�, ÄkA(½��Së
þ�é¡5. ¦©Û
�©E1>u�!Bß�Ý
Ú Josephson �A�¢�, l¢��ÝØy
p§
Ô�zÔ��N�Sëþ´��É5, A´ d + s

·ÜÅé¡5, ùÚu
¯õ�ïó�öéd¯K
�4�,� [8−12].

3 2002 c, Iachello[9] JÑ�«Øaq�Ô�
í���., ¿�ÑT�.�Ä�¤©��3uL

¡�� Fermi XÚ� s-d Åé¥, ù��.äk�
A5� Müller 3¢�Ä:þ�©ÛA5��, ¿
ïÄ
 su(3) f�ê� u(1)⊗u(2) Ú so(3) �¹e
�)Û), ù©OéAu�Ñ
 s-d Å�m��p
�^rÝ v2 ÚÙ�AÏ���¹. 3©z [11] ¥,

·�éu�z Hamilton þ su(3) �ê(�?1©
Û, ¦��qC��� Hamilton þ¥�W�Ü©
�", l
���Ñ u(1)⊗u(2) Ú so(3) �ê�¹
e����, |^�êé�z�{3��ê(�e
Ï¦�
#��$U?, ¿©Û�Ñ s-d Å�Z�
éuXÚUÌ�K�. CÏIS	p§��¢��
|3ü¬ LSCO(La2−xSrxCuO4) ¥uy�3ü�
$�õ���UY, Ù¥����ýéA d Å�
é¡, ,	���ýéA s Å�é¡ [13,14], 
3	
\^|��¹e, ¬k Tc �����£8Ú|^
&Ò�­|y� [15], = s Å¤©�àK��¹Ñ
y. ù
Ñ<y
 Iachello JÑ�.��(5, Ó
��I���k' s ÅÚ d ÅUY�§��'&
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E. du©z [11] �ó�éu su(3) �ê(��©
Û�U3�qC�e��XÚ����, ±�N�
C���d©Û�Z�Ïf�K�, ¿ØU��k
'����/ª. 3�©¥, ·�òE±ØaqÔ
�í���.�ïÄé�, ÄkòÙ Hamilton þ
�¤ sus(1,1)⊕sud(1,1) �ê)¤��|Ü, ��?
1²þ|Cq���z�� Hamilton þ, ¦ÙC
� sus(1,1)⊕sud(1,1) �ê)¤���5|Ü, |^
�êé�z�{, ���z Hamilton þ�UY�§
Ú��Uþ, ¿�ÑØÓ�ê(�¦)å»éuT
�.Ôn(J©Û�K�.

2 �.��êé¡5Ú�z Hamilton

©z [9] ¥ Iachello �Ñ�ØaqÔ�í��
�.�N�, ��Ù Bose-Hamilton þ/ª�

H = εs(s†s) + εd(d
†
+d+ + d†−d−) + µ0(s†s†ss)

+µ2(d
†
+d†+d+d+ + d†−d†−d−d−)

+µ′
2(d

†
+d†−d+d−)

+v0(d
†
+d+ + d†−d−)(s†s)

+v2(d
†
+d†−ss + s†s†d+d−), (1)

Ù ¥ εs, εd � L ü � À Ú f � U þ,

µ0, µ2, µ
′
2, v0, v2 � L À Ú f Ú À Ú f � m � �

^rÝ. s Ú d± �f��)!�«�f©Od s†, s

Ú d†±, d± L«, §�÷vÀÚf�é´'X:

[s, s†] = 1, [s, d†µ] = 0, [dµ, d†
µ′ ] = δµµ′ , µ, µ′ = ±.

(2)

XJ|^þã�)!�«�Î�E�ê)¤
�:

I+ = d†−d+, I− = d†+d−, U+ = d†+s,

U− = s†d+, V+ = s†d−, V− = d†−s,

I3 =
1
2
(nd− − nd+), I8 =

1
3
(nd− + nd+ − 2ns), (3)

Ù¥

ns = s†s, nd = nd− + nd+ = d†+d+ + d†−d−, (4)

K � y ², 3 ' X ª (2) � Ä : þ, 8
Ü {I±, U±, V±, I3, I8} ÷v su(3) o�ê�é´'
X [11].

·�½Â

S+ =
1
2
(s†)2, S− =

1
2
(s)2, S3 =

1
2

(
s†s +

1
2

)
,

(5)

Ï�ÀÚfé´'X (2), þã)¤�÷vé´'
X

[S+, S−] = −2S3, [S3, S±] = ±S±. (6)

Ó�½Â

D+ = d†+d†−, D− = d+d−,

D3 =
1
2
(d†+d+ + d†−d− + 1), (7)

Ó��âÀÚfé´'X (2), §��é´'X�

[D+, D−] = −2D3, [D3, D±] = ±D±. (8)

� â þ ã ' X ª (6) Ú (8) ª, � ½
Â 8 Ü {Sα, α = ±, 3} Ú {Dα, α = ±, 3} © O
� sus(1,1) Ú sud(1,1) �ê, S3, D3 ©O�ü�
�ê�W�Ü©.

d	, XÚÅðþ [9] �L«�

L = d†+d+ − d†−d−. (9)

ÏdXÚ Hamilton þ (1) �±­#L«�

H = αS3 + βD3 + γS2
3 + ρD2

3 + σS3D3

+τ(S+D− + S−D+) + ηL2 + E∗, (10)

Ù¥�Xê�ÀÚf�^rÝ�|Ü:

α = 2(εs − 2µ0 − ν0),

β = 2
(

εd − 2µ2 − µ′
2 −

1
2
ν0

)
,

ρ = 2(µ2 + µ′
2),

σ = 4ν0, γ = 4µ0, τ = 2ν0,

η = 1
2(µ2 − µ′

2),

E∗ = 1
2εs − εd + 3

4µ0 + 3
2µ2 + 1

2µ′
2 + 1

2ν0.

(11)

|^²þ|Cq�§S [16], X AB V�5�
f�±Uì±e/ª?1�5z,

AB ' A 〈B〉 + 〈A〉B − 〈A〉 〈B〉 , (12)

þª÷v
 (A−〈A〉)(B−〈B〉) = 0 �b½^�. �
d��
ØaqÔ�í���.�z�� Hamil-

ton þ:

Hre = H0 + E′
∗, (13)
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Ù¥

H0 = Hs + Hd,

Hs = λS3 + ∆−
d S+ + ∆+

d S−,

Hd = ξD3 + ∆−
s D+ + ∆+

s D− + ηL2,

E′
∗ = E∗ − γ 〈S3〉2 − ρ 〈D3〉2 − σ 〈S3〉 〈D3〉

−τ (〈S+〉 〈D−〉 + 〈S−〉 〈D+〉) ,

(14)

Hs Ú Hd ©O´ sus(1,1) Ú sud(1,1) �ê)¤�
��5|Ü, 〈Sα〉 (α = ±, 3) Ú 〈Dα〉 (α = ±, 3) �
�f�Ï"�, �±uyXJXÚ(½, E′

∗ ò�ê
��|Ü. (14) ª¥�Xê©O�

λ = α + 2γ 〈S3〉 + σ 〈D3〉 ,

ξ = β + 2ρ 〈D3〉 + σ 〈S3〉 ,

∆±
d = τ 〈D±〉 ,

∆±
s = τ 〈S±〉 .

(15)

3 �.�z Hamilton þ�UY�§Ú
���

3?ØÔn�.¥, ~~/Ï�
êÆ�{
�Ï?Ø. �âþã{zL§, ·�uy (13) ª
�z Hamilton þ¥� H0 ´ sus(1,1) Ú sud(1,1)

�ê)¤���5|Ü, éuXÚ�é�zL§
�I�é�zdÜ©=�. �d, �âIO�o
�ênØ9é�z§S [16−23], XJ H0 ´��
;��üo+)¤���5|Ü, @oA^N�
C�/ª U†H0U é H0 ?1é�z, -C��
� � W � Ü © � ", � ¦ � ¤ � W � � f � �
5|Ü. �âÊH��êé�z§S [18], ·�Ú
\�ê sus(1,1)⊕sud(1,1) ��Z�f U(θ, φ) =

Us(θ)Ud(φ), Ù¥ Us(θ) = exp{θ(S+ − S−)},

Ud(θ) = exp{φ(D+ − D−)}.
(16)

Us (θ) � s Åé�ü�Ø �f, Ó��´ sus(1,1)

�ê��Z��f, Ud(φ) � d Åé�V�Ø 
� f 9 sud(1,1) � ê � � Z � � f, ù p Ø  
� f ¥ � ë ê θ, φ A � � ¢ ê. | ^ O � ú
ª exp(A)B exp(−A) = B+[A,B]+

1
2!

[A, [A,B]]+

· · ·, �±����

U†(θ, φ)H0U(θ, φ) = fS3 + gD3 + ηL2. (17)

�
{z(J, ·��é¡��¹, - ∆±
s =

∆s Ú ∆±
d = ∆d, ?
�� f = λ cosh(2θ) + 2∆d sinh(2θ) =

√
λ2 − 4∆2

d,

g = ξ cosh(2φ) + 2∆s sinh(2φ) =
√

λ2 − 4∆2
s,

(18)

Cz�¦��W�Ü©�"
����å^��
tanh(2θ) = −2∆d

λ
,

tanh(2φ) = −2∆s

ξ
.

(19)

XJb��z Hamilton þ�����

|θ, φ〉 = U(θ, φ) |p, q, l〉 = |θ〉 |φ〉 , (20)

Ù¥ |θ〉 = Us(θ) |p〉, |φ〉 = Ud(ι) |q, l〉.|p〉 Ú |q, l〉
©O�L S3 ����Ú8Ü {D3, L} �Ó���
�. XÚ�z Hamilton þ����=���X (20)

/ª� s Åé�Z�Ú d Åé�Z��|Ü. |^
��� |θ, φ〉, ·�U
��±e�f�Ï"�:

〈θ, φ|S3 |θ, φ〉 = p cosh(2θ) =
pλ√

λ2 − 4∆2
d

, (21)

〈θ, φ|S± |θ, φ〉 = p sinh(2θ) =
2p∆d√

λ2 − 4∆2
d

, (22)

〈θ, φ|D3 |θ, φ〉 = q cosh(2φ) =
qξ√

ξ2 − 4∆2
s

, (23)

〈θ, φ|D± |θ, φ〉 = q sinh(2φ) =
2q∆s√

ξ2 − 4∆2
s

. (24)

ÏLù
åÆþ�Ï"�, �â�§ (15) =�
���zXÚ�UY�§

∆d = − 2qτ∆s√
ξ2 − 4∆2

s

,

∆s = − 2pτ∆d√
λ2 − 4∆2

d

,

λ = α +
2pγλ√

λ2 − 4∆2
d

+
qσξ√

ξ2 − 4∆2
s

,

ξ = β +
2qρξ√

ξ2 − 4∆2
s

+
pσλ√

λ2 − 4∆2
d

.

(25)

KXÚ�z Hamilton þ Hre ����

E(θ, φ) = E∗ + ηl2 + p
√

λ2 − 4∆2
d + q

√
ξ2 − 4∆2

s

− γλ2p2

λ2 − 4∆2
d

− ρξ2q2

ξ2 − 4∆2
s

− pq(σλξ + 4τ∆s∆d)√
(λ2 − 4∆2

d)(ξ2 − 4∆2
s)

. (26)

A Ï � ¹ e, � Ä � « � { z � ¹, � s-d

Å�mvk�Z�^�, = v2 = τ = 0 �, é
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A ∆s = ∆d = 0 ��¹, ��Uþòòz�

E = E∗ + ηl2 + pα + qβ + p2γ + q2ρ + pqσ, (27)

d�¹�©z [9] Ú [11] ¥�?Ø��, ù<y

) (26) �Ün5. Ó�, l (25) ª��±wÑ, s Å
Ú d Å�UY�§�üö�Z�^rÝ v2, = τ

k'. ± (25) ª¥ ∆s �~, p �L s Å|¤Ü©,

� ∆d |©O\�, ©fÜ©O�, ©1~�, � ∆s

òC�, ù��¢�uy� d Å|©õu s Å|©
�(J��. �,, ·��(J�´�Ñ
)Û�
/ª, ��âäN¢�êâ?1ê��[O�, |
^Uþ�Ú���þ��¢ê�^�, À�ÎÜÔ
n¿Â�(J, 3ùpØ�[Þ~`².

I��Ñ�´, 3©z [11] ¥, ·�ÀJ su(3)

�ê(���ïÄµe, �,k 8 ��ê)¤�,

��^
 6 �)¤��5L«�z Hamilton þ, Ù
¥"� (3) ª¥� I± �, 
 I± 3é�zL§¥E
,Ñy. Ù�êé�zC�´�qCz, 
Ø�N
�C�, =�f� Hermite �Ý¿Ø�Ù_��, Ù
���� Fock Ø �, ©Û�êL§�äk�U
����Uþ!ØUJø�9UY�§äN&E
�":. 
3�ê(�©Û¥, �Z�Vg9/ª
�äk¢S�ÔnA^, �)O�Ï"�±9�A
�ÿÀAÛ�Ïf��¡�A^ [18,24,25]. ù
�
´·�3�©¥ÀJ sus(1,1)⊕sud(1,1) �ê(�
�Ñu:. l(Jþw, ýÏ��ØÓ�ý­ïÄ

(JI�ÀJØÓ��ê(�©Û5¢y, �dÓ
�, ÏL�©?Ø�±uy, 3ïÄ,
Ôn¯K
�éu�.�ê(��©Û¿��ê���Ð.

4 ( Ø

� © Ï L © Û Ø a q Ñ � í � � � .
� Hamilton þ, uyÙäk sus(1,1)⊕sud(1,1) �
�ê(�, Ï� s Å, d Å¢y�ü@ÀÚfp�
é´, ��±|^Ù 6 ��ê)¤�òXÚ��
z Hamilton þ��ü@p�é´ su(1,1) �ê)
¤���5|Ü/ª. ·�|^IO��êé�
z§S, /Ï�Z�f U(θ, φ) = Us(θ)Ud(φ) é�
z Hamilton þ?1
N�C�, ��
�zXÚ�
��Uþ E(θ, φ) Ú���, T���Ø=�±ò
z�vk s-d Å�Z�^�¹�Uþ. ��UþÚ
���¥�ëêdgU�§| (19) û½, AO/,

3é�zÓ���
 s ÅÚ d Å�UY�§= (25)

ª. I��Ñ, �©¥·��À� 6 �)¤�, Ù�
êµe sus(1,1)⊕sud (1,1)⊂ su(3), �u su(3) �ê
�Ñ� 8 �)¤��ê, Ù�êé�z(J�k¤
ØÓ, cö�ê(���
���!�Z�ÚUY
�§��'&E, 
�öÌ�ý­uUÌ�©Û.

é�Ó�Ôn�.¥, �±�â¢SÔnïÄI�
ÀJÜ·��ê©ÛL§.
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An sus(1,1)⊕sud(1,1) algebraic structure of the
cuprate superconductors model based on the analogy

with atomic nuclei∗
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Abstract

A cuprate superconductor model based on the analogy with atomic nuclei was presented to have an su(3) algebraic structure

by Iachello. Our previous work showed that the mean-field approximation Hamiltonian can be expressed as a linear function of the

generator of su(3) algebra. Through the realization of the algebra generator, an sus(1,1)⊕sud(1,1) algebraic structure is shown. By

using the unitary transformation of the coherent operator U (θ, φ ), the gap equations and the eigenvalues of the reduced Hamiltonian

are obtained. The analysis of the physical model through different algebraic structures leads to different particular results.

Keywords: cuprate superconductors model, algebraic diagonalization method, gap equation, eigenvalues
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