
Ô n Æ � Acta Phys. Sin. Vol. 61, No. 3 (2012) 030303

ÄÄÄuuu������þþþfffZZZ���¤¤¤���000*** LC ������ìììÍÍÍÜÜÜ
>>>´́́���þþþfffÏÏÏ&&&

Ûb†

( �ÜÆ�á��zóÆ�, 8S 237012 )

( 2011 c 3 � 29 FÂ�; 2011 c 4 � 28 FÂ�?Uv )

þfO�XÛ3¢�þ¢y��É�2�'5. �)�� Josephson (��þfì� (X��þfZ�¤,

SQUID) ´¢yþfO���«�~äkuÐcµ�ÔnXÚ. �©ÏLé SQUID Ú0* LC ��ìÍÜ>´XÚ
� Cooper éê - �þfzÅ��?Ø, Ün/N�ëê, dd�Ñ
TÍÜ>´3üU?Cqe� J-C �./ª,

¿JÑ
�«Äud�.��¢yþf&ED4��Y. �âd�Y�±|^0* LC ��ì�êâo�5�1
ü SQUID m>Öþf'A�D4.
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1 Ú ó

¯¤±�, XJUï¤���^�þfO�Å,

@o§òd�|ÍÜ�ü�þfXÚ|¤ [1]. þ
fO�XÛ3¢�þ¢y��É�2�'5, l 20

­V 90 c��8, ©O3nþf>ÄåÆ!Ø^
��!þf:!��á��ÔnNX¥JÑ
é
õnØ�Y [2−7]. �õê�Y´l�*gdÝ5�
Eþf'A, 'X>f½�fØ�g^, ±9ü�
�f½lf��[, duù
ÔnXÚU,/�	
.�¸��ý, XJØÚ\ò�Z, Kù
�*�
¢��Yò�Zéú
�J±ÍÜ, �J±��.

�)�� Josephson ( [8−10] ��þfì�´
¢yþfO���«�~äkuÐcµ� “<ó”

ÔnXÚ. duù«þfì�N´�8¤, §�U
NN3��ºÝ8¤�~5>fÆì�¥��
OÚ|C, Ü·� Josephson (ì��±¿�þf
&Eì�¥�þf'A, þfÜ6ö��N´�
1 [2,11−14]. ��þf'A�Ì�a.k>Ö!�
 Ú^Ïþf'A, §�Ñ´Äu Josephson (ì
��þ�, ®²3nØÚ¢�þ�2�ïÄ [15−18].

�Ä�þf>´�8¤, òþf'A(�ÓÙ¦0
*º��>6��é(å5´ék7�� [19,20].

�C, Ç�� [21] JÑ��#�Y, 3d�Y¥, ü
��²;	|°Ä���þf'A�^5�1þ
f�ö�, ùü���þf'A©O�ü��å
� LC £´u)�p�^, 
ùü� LC £´K´
ÏLpa�A�,��� LC £´ë�å5�. ^
d�Y�¢yþf��=£.

ù � 9 � [19] � ó � ´ ò � � þ f Z �
¤ (SQUID) >Öþf'AÓ��þf LC ��
ìÍÜå5, ¿�Ñ
 Cooper éê - �þfz�Å
�, ù�>´��uò����þf'AÓ��þ
fzn|ÍÜ [22]. 3ù�9��ó�Ä:�þ, ·
�òd>´XÚ� Hamilton þ{z�IO� J-C

�., ?�Úmu
ù�>´�����U?XÚ
¢yþfO���U5. ��·�òü�Ó��>
´XÚ¿éå5, �Ñ
3ü��pé¡� SQUID

�m�pD4þf'A (þf�) ��U5�Y. ù
��Y�é5`{ü´1, =ÏLN!	^|Ï
þ¦ SQUID � LC £´�)ÍÜ½òÍ [23], ¦�
;3 SQUID ¥�þf�u)=£, ùp LC ��
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ì¿�
êâDÑ�o�, l
¢y
�¢�1�
þfÏ&.

2 � .

d©z [19] Ú\�0*£´XÚ (Xã 1 ¤
«) � Hamilton þ

ã 1 0*£´

H = Hj + Hr + Hint, (1)

Ù¥

Hj = 4EC,j(n − Ng)2

+2E0
j

[
1 − cos

( e

~
Φx

)
cos ϕ

]
−

2N2
g e2

Cg
, (2)

Hr =
P 2

r

2Cr,eff
+

Φ2
r

2Lr
, (3)

Hint =
2e

Cr,eff
Pr(n − Ng), (4)

Hj ´ SQUID >Öþf'AXÚ��� Hamilton

þ, Hr ´0* LC þf��ì��� Hamilton þ,

Hint ´�p�^�. ��5¿�´ n ´ Coulomb �
þõ{� Cooper éê8, Ng = CgVg/(2e) ´�6
u�>Ø Vg ����Nëê.

UìIO��Kþfz5K, k�K�Ýþ, n

Ú ϕ, Pr Ú Φr, §��A� Hermite �Î�
∧
n Ú

∧
ϕ,

∧
Pr Ú

∧
Φr, ¿�§�÷ve�é´'X

[
∧
ϕ,

∧
n] = i,

[
∧
Φr ,

∧
Pr] = [

∧
Φr,

∧
pr +2Nge] = i~, (5)

KXÚ� Hamilton þ�Î���
∧
H =

∧
Hj +

∧
Hr +

∧
H int, (6)

∧
Hr �±�¤�)��«�Î a†, a �/ª, =

∧
Hr = ~ωr

(
a†a +

1
2

)
, (7)

Ù¥ ωr =
√

1/Cr,effLr,

a† =
1√

2Cr,eff~ωr

(Cr,effωr

∧
Φr −i

∧
Pr), (8)

a =
1√

2Cr,eff~ωr

(Cr,effωr

∧
Φr +i

∧
Pr), (9)

@o
∧
Pr = i

√
Cr,eff~ωr

2
(a† − a), (10)

∧
Φr =

√
~

2Cr,effωr
(a† + a), (11)

KXÚ� Hamilton þ�Î�±�¤
∧
H = EC(

∧
n−Ng)2 − EJ cos

∧
ϕ

+~ωra
+a + ig′(a+ − a)(

∧
n−Ng), (12)

(12) ª�Ñ
�
~ê�, EJ = 2E0
j cos[(e/~)Φx]

´ � ^ 	 \ ^ | Ï þ Φx N � � �, g′ =

e
√

~ωr/2Cr,eff , EC = 4EC,j. r (12) ª2�¤>
Öê�L��/ª

∧
H =

∑
n

[
EC(n − Ng)2|n〉〈n|

−EJ

2
(|n + 1〉〈n| + |n〉〈n + 1|)

+ig′(a+ − a)(n − Ng)|n〉〈n|
]
. (13)

3 Cooper é�>fUþ EC ���u Joseph-

son ÍÜU EJ Ú>f9$ÄUþ kBT ��¹, ù
p�I��Äü�$Uþ�>Ö� n = 0, 1 ��
¹, =� |0〉, |1〉, 3d�¹e

∧
H = EC[N2

g |0〉〈0| + (1 − Ng)2|1〉〈1|]

−EJ

2
(|0〉〈1| + |1〉〈0|)

+ig′(a+ − a)(|1〉〈1| − Ng), (14)

(14) ª�1���U��
∧

H1 = EC

[1
2
− Ng(1 − Ng)

]
(|0〉〈0| + |1〉〈1|) +

EC

(
Ng −

1
2

)
(|0〉〈0| − |1〉〈1|). (15)

du��5'X: ü Ý
 I = |0〉〈0| + |1〉〈1|,
� (15) ª¥�1���±��~ê�Ñ�

∧
H1 = EC

(
Ng −

1
2

)
σz, (16)

ùp σz ��g^ Pauli �Î

σz = |0〉〈0| − |1〉〈1|, (17)

σx = |0〉〈1| + |1〉〈0|, (18)
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éu (14) ª�1n�, �±ù�?n, �=
∧

H3 = ig′(a+ − a)(|1〉〈1| − Ng)

= ig′(a+ − a)
( |0〉〈0| + |1〉〈1|

2

−|0〉〈0| − |1〉〈1|
2

− Ng

)
= ig′(a+ − a)

(
− σz

2
+

1
2
− Ng

)
. (19)

ù� (14) ª�±�¤Xe/ª
∧
H = EC

(
Ng −

1
2

)
σz +

EJ

2
σx

+ig′(a+ − a)
(
− σz

2
+

1
2
− Ng

)
, (20)

N ! ë þ Ng = CgVg/2e = 1/2, = N � � >
Ø Vg = e/Cg, K (20) ª� Hamilton þ�Îq�
U��

∧
H =

EJ

2
σx + ig(a − a+)σz + ~ωra

+a, (21)

þª®- g = g′/2.

�
?n¯K��B, �±ÀJÄ¥

|e〉 =
1√
2
(|1〉 − |0〉), (22)

|g〉 =
1√
2
(|1〉 + |0〉). (23)

²LC�, ·���

σx = |e〉〈g| + |g〉〈e|

= |0〉〈0| − |1〉〈1| = σz, (24)

σz = |e〉〈e| − |g〉〈g|

= |0〉〈1| + |1〉〈0| = σx, (25)

K
∧
H = ~ωra

+a +
EJ

2
σz + ig(a − a+)σx. (26)

qk σx = σ+ + σ−

(
σ± =

σx ± iσy

2

)
, K

∧
H = ~ωra

+a +
EJ

2
σz

+ig(a − a+)(σ+ + σ−). (27)

3^ÅCq (RWA) e, �Ñ�×���� aσ−

Ú −a+σ+ �, K
∧
H = ~ωra

+a +
EJ

2
σz

−ig(a+σ− − aσ+), (28)

ù�Ò��
 J-C �.�IO/ª.

3 þf��=£

�e5·����ó�´XÛ3ã 2 ¤«�
��0*£´¥¢yþf��=£.

ã 2 é¡0*£´

ã 2 ¤«´��é¡£´XÚ, ü����
Ó� SQUID(a, b) ¿é3 LC 0*>´��mü>.

·����ó�´ò a Ü©;��þf'A�
&E=£� b Ü©. ùpò±0* LC £´��
DÑþf'A�êâo�. @oXÛÏLù�£
´¢yò SQUID-a �þf� ce|e〉a + cg|g〉a =£
� SQUID-b þQº�Ò´N�ò ce|e〉a + cg|g〉a →
ce|e〉b + cg|g〉b.

�
¢yþã8�, Äk·�b½ a, b, c n�
fXÚ©O�Õá/Ð©z�

a : ce|e〉a + cg|g〉a b : |g〉b c : |0〉c,

= a ?u |e〉 Ú |g〉 �U\�, b ?uÄ�, LC £
´ (��ì) �?uÄ�. @o��XÚ�Ð���
�

(ce|e〉a + cg|g〉a) ⊗ |g〉b ⊗ |0〉c. (29)

�±ò (29) ª��

(ce|e〉a + cg|g〉a) ⊗ |g, 0〉b
= (ce|e, 0〉a + cg|g, 0〉a) ⊗ |g〉b. (30)

,�, ·�©Û SQUID-a � LC £´�ÍÜ��
m ü z � � ¹, � â J-C � ., - EJ/2 = ~ω0,

∆ = ωr − ω0, Kk

|e, n − 1〉 = − cos
(θn

2

)
|φ+

n 〉

+sin
(θn

2

)
|φ−

n 〉, (31)

|g, n〉 = sin
(θn

2

)
|φ+

n 〉

+cos
(θn

2

)
|φ−

n 〉, (32)
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Ù¥

|φ+
n 〉 = − cos

(θn

2

)
|e, n − 1〉

+sin
(θn

2

)
|g, n〉, (33)

|φ−
n 〉 = sin

(θn

2

)
|e, n − 1〉

+cos
(θn

2

)
|g, n〉, (34)

|φ±
n 〉 ´ J-C � . M � î þ � � � �, � ¡ M »

� (dressed states). ùp cos
(θn

2

)
=

√
Ωn − ∆

2Ωn
,

sin
(θn

2

)
=

√
Ωn + ∆

2Ωn
, Ωn =

√
∆2 + 4ng2 �¡

� Rabi ªÇ. éuÐ©� |ψa+c(0)〉 = |e, 0〉a ò�
�m±Xe/ªüz

|ψa+c(t)〉 = − cos
(θ1

2

)
e−iΩ1t/2|φ+

1 〉

+sin
(θ1

2

)
e iΩ1t/2|φ−

1 〉

=
(

cos
(Ω1t

2

)
−i cos θ1 sin

(Ω1t

2

))
|e, 0〉a

+i sin θ1 sin
(Ω1t

2

)
|g, 1〉a. (35)

- θ1 = π/2, K� ∆ = 0, Ω1 = 2g,

|ψa+c(t)〉 = cos
(Ω1t

2

)
|e, 0〉a

+i sin
(Ω1 t

2

)
|g, 1〉a. (36)

� Ω1τ/2 = gτ = π/2, τ = π/2g, K²L�m τ �

|ψa+c(τ)〉 = |g, 1〉a. (37)

du H|g, 0〉 = 0, � |g, 0〉a Ø��müz, @o (30)

ª��²L�m τ �, üz�

(ce|e, 0〉a + cg|g, 0〉a) ⊗ |g〉b
→ (ce|g, 1〉a + cg|g, 0〉a) ⊗ |g〉b. (38)

(38) ªq���

(ce|g, 1〉b + cg|g, 0〉b) ⊗ |g〉a. (39)

ù�ÿá�ò SQUID-a Ü©� EJ ÏLN!	
^| Φx N�, ¦� ∆ = ωr − ω0 = ωr − EJ/2~
���u g, Kò SQUID-a Ú LC £´òÍ, 2N
� SQUID-b � LC £´�)ÍÜ.

éu� |ψb+c(0)〉 = |g, 1〉b ò��m±e¡/
ªüz

|ψb+c(t)〉 = sin
(θ1

2

)
e−iΩ1t/2|φ+

1 〉

+cos
(θ1

2

)
e iΩ1t/2|φ−

1 〉

=
(

cos
(Ω1t

2
)

+i cos θ1 sin
(Ω1t

2
))

|g, 1〉b

+i sin θ1 sin
(Ω1t

2
)
|e, 0〉b. (40)

- θ1 = π/2, K� ∆ = 0, Ω1 = 2g, K

|ψb+c(t)〉 = cos
(Ω1t

2

)
|g, 1〉b

+i sin
(Ω1t

2

)
|e, 0〉b. (41)

Ó�, � Ω1 τ/2 = gτ = π/2 , τ = π/2g, K²L�
m τ �

|ψb+c(τ)〉 = |e, 0〉b. (42)

d (39) ª

(ce|g, 1〉b + cg|g, 0〉b) ⊗ |g〉a
→ (ce|e, 0〉b + cg|g, 0〉b) ⊗ |g〉a
= (ce|e〉b + cg|g〉b) ⊗ |g〉a ⊗ |0〉c. (43)

ÏLù��Y, ÒU¢yò SQUID-a Ü©;��
þf'A&E=£� SQUID-b Ü©.

4 ( Ø

ÏL©z [19] �Ñ� Hamilton þ�Î/ª�
Ñ
 SQUID Ú0* LC ��ì¿é>´3ü$U
� |0〉, |1〉 Cq�¹e� J-C �., ù`²d>´�
����U?XÚ¢yþfO�¤��U. �±w
�, 3þãí�L§¥Ün/N��>Ø Vg ´�
�é­��Ú½, 
�3¢�þ�´uö�. ÏL
ù��.�±¢y±0* LC ��ì�êâo��
ü SQUID m>Öþf'A�D4, ù��Y3¢
�þ�¢yk6uN!	^| Φx ±N� Joseph-

son ÍÜU EJ ¦ SQUID � LC £´�)òÍ½Í
Ü, ù3¢�EâþATØ´é(J�. �&ò5
<��±/�ù��Y5¢yÄu��þf'A
�þfÏ&.
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Abstract

The topic about how to realize quantum computation has aroused great interest of many people. The small quantum device

including Josephson junction (e.g. SQUID) is a very promising physical system to realize quantum computation. In this paper, through

the discussion about the Cooper-pair number-phase quantization scheme of the circuit system coupled by SQUID and mesoscopic LC

resonator, and through the rational modulation of the parameter, we derive the J-C model of this coupled circuit under the condition of

two-level approximation. According to on this model, we propose a protocol which can realize the transfer of quantum information.

According to this protocol, we can carry out the transfer of the charge qubits between the two SQUIDs by utilizing the mesoscopic LC

resonator as the data bus.

Keywords: Josephson junction, charge qubit, J-C model, quantum communication
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