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�©JÑ±ü� qubit þfÅ�XÚ�ó��oU?�eÌ��., Äuþf9åÆ1�½ÆÚ9Å�Vg,

©Û
3Ì�¥XÚ�	.���9þ!Ñ\õ!�eXê�9åÆëê�þfÅ��m�'X, (JL²: �
eXê�p�ã´�G�, �Å�' r O\�üNCz; ��p�^~ê J '���, þf�eÅ$1«m
3 c1 > c2, �O\ J ��, �eÅ$1«m3 c1 > c2 Ú c1 < c2 ü�«�; ���eXê εmax � J �O�O\.
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1 Ú ó

^þfNX��ó��ïþf9åÆÌ�
�ïÄ®²mÐõc, ��ïÄ�ó�kþfí
N [1,2]!g^ 1/2 XÚ [3−6]!��fXÚ [7−12] Ú
³²¥��*âf [13], ��. Cc5, �Xþfå
Æ!þf&E�Æ�ØäuÐ, þf9åÆÌ��
ïÄÿÐ�
�2��+�. 'X, 2001 c Scully

�<JÑ
|^þfK�Úþf�Z, ¢ylü
�9á9��=z�k^õ��Y [14,15]; 2004

c Kieu y²
�U?XÚ3�²ïG�e�±º
�Ñ'²ï�e�õ�õ [16].

þfÅ�´þfåÆ¥�AÏy�, 3þf&
E�Æ¥k��/  [17−22]. òþfÅ�XÚ
��ó�5�ïØÓ�þf9åÆÌ�, ©Ûþ
fÅ�é9åÆþ�K�, ´Cc5þf9åÆÌ
�ïÄ�9:. 2007 c Zhang �<JÑ
�«±
�	|�p�^��þf'A����Ó5�g
^ −1/2 °Ü�ó��ó��9Å [23]; Wang �<
ïÄ
n|¥1|��U?XÚ�p�^�Å�
þf9Å [24]; Zhang &?
äk D-M �p�^�

ü�g^��É5XÚÅ�þf9Å [25]; Thomas

�<©Û
üg^XÚ�p�^�ÍÜþf Otto

9Å [26]. �´, �Ü©c<�ó��´8¥3Å
�þf9Å�ïÄ, éÅ�þf�eÌ��ïÄ
'��.

�©JÑ±ü� qubit þfÅ�XÚ�ó��
oU?�eÌ��., ©Û
3Ì�¥XÚ�	.
���9þ!Ñ\õ!�eXê�9åÆëê�
þfÅ��m�'X, ¿`²Å��þf�eÌ�
��eXêE,�ukì�eXê.

2 �eÌ��.

< � � �, � þ f ' A � � � � Ó 5 � g
^ 1/2 �°Ü� Hxx ó�	^| B �p�^�
M�îþ� [17,18]

H = J(σ1 · σ2 + σ2 · σ1) + B(σ1
z + σ2

z), (1)

Ù¥ σj = (σj
x, σj

y, σj
z) ´1 i �g^��|Ý
, J

´�p�^~ê, J > 0 Ú J < 0 ©OL«�c^
NÚc^N, B ´÷ Z ���^|. M�îþ H �
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E1 = −6J, E2 = 2J − 2B,

E3 = 2J, E4 = 2J + 2B. (2)

3Ä¥ {|11〉, |10〉, |01〉, |00〉} �m, �ÝÝ
�

ρ =p1|Ψ−〉〈Ψ−| + p2|00〉〈00|

+ p3|Ψ+〉〈Ψ+| + p4|11〉〈11|, (3)

d?, |Ψ±〉 = (|10〉 ± |01〉)/
√

2 �L��Å� Bell

�. �oU?XÚ?u§Ý� T �9²ï��, X
Ú�U?VÇ� (k = 1)

pi =
e−Ei/T∑

i

e−Ei/T
, (i = 1, 2, 3, 4). (4)

Ïd, (3) ª�±��

ρ(T ) =
1
Z
×



e−
2B
T 0 0 0

0
1 + e8J/T

2
1 − e8J/T

2
0

0
1 − e8J/T

2
1 − e8J/T

2
0

0 0 0 e
2B
T


,

(5)

Ù¥ Z = Tr[exp(−H/kT )] ´�©¼ê. ü�g^
�m�Å�L«�

E = −
(

1 +
√

1 + c2

2

)
log2

(
1 +

√
1 − c2

2

)

−
(

1 −
√

1 − c2

2

)
log2

(
1 −

√
1 − c2

2

)
, (6)

Ù¥ c L« concurrence,

c = max
(

e8J/T − 3
Z

, 0
)

. (7)

w,, c ����±L«ü�g^�m�Å�§
Ý. � J 6 0 �, concurrence � ". Ï d, · �
�ïÄ J > 0 ��¹, �â (7) ª, �k� J ÷
v e8J/kT > 3 �^��, = J > 0.1373T �â
kÅ�.

ék�U?�þfXÚÙM�îþ�L«�

H =
∑

i

Ei|i〉〈i|, (8)

|i〉 ´�XÚ1 i ����, Ei ´���éA��
�Uþ. M�îþ�Ï"��

U = 〈H〉 =
∑

piEi, (9)

pi L«XÚ?31 i �����VÇ. é (9) ª
�©, �

dU =
∑

i

(Eidpi + pidEi). (10)

ò (10) ª�9åÆ1�½Æ�'�,

dU = d̄Q + d̄W, (11)

�3Xe'X:

d̄Q: =
∑

i

Eidpi, (12)

d̄W : =
∑

i

pidEi. (13)

Ïd, (10) ªÒ´9åÆ1�½Æ�þfL�/
ª [16]. l¥��, �þf�þÓkVÇu)C
z, Úå9��; ����U?u)Cz, ÚåX
Ú�õ.

·�±þãÅ��oU?þfXÚ��ó�,

�EþfÅ� Otto �eÌ��., äN�o�L
§Xã 1 ¤«, b��p�^~ê J 3��Ì�
¥�±ØC, «Ouc<ïÄ�Å�þfÌ��
. [18−20], TÌ�l¢���Ý5`, �N´¢y,

Ï���Ì�¥�´UC	^|.

3L§ 1, ó�m©�z�����VÇ´ pi0

(i = 1, 2, 3, 4), �9 T1 �>�ã�m�, z�
U?�VÇl pi0 C�
 pi1, d��U?���
± Ei1 ØC, Ó�	^|�±� B1. 3dL§¥�
kÓkVÇu)Cz, Ïd, =k9þ��, �9þ
��� Q1.

3L§ 2, ó��9©m, ²{��þfý9
L§, U?l Ei1 C� Ei2, �âþfý9�n, �
þf��VÇ�±ØC [27], Ó�	^|l B1 C
� B2. Ïd, dL§¥=k�õÃ9��.

3L§ 3, ó��9 T2 �>�ã�m�,

z�����VÇl pi1 C� pi2 (pi2 = pi0), d
�XÚ���U?�± Ei2 ØC, Ó�	^|�
±� B2. 3dL§¥�k9þ��, �9þ��
� Q2.

3L§ 4, ó��$§9©m, ²{��þf
ý9L§, U?l Ei2 C� Ei1, Ó�	^|l B2
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C�
 B1. dL§¥=k�õÃ9��.

ã 1 ü� qubit þfÅ�XÚ�ó��oU?�eÌ��.

�â (2) ª, ��3ü�9��L§¥���
Uþ�

E11 = −6J, E21 = 2J − 2B1, E31 = 2J,

E41 = 2J + 2B1, E12 = −6J, E22 = 2J − 2B2,

E32 = 2J, E42 = 2J + 2B2, (14)

�A�Ó^VÇ�

p11 = e8J/T1/Z1, p21 = e2B1/T1/Z1,

p31 = 1/Z1, p41 = e−2B1/T1/Z1, (15)

Ú

p12 = e8J/T2/Z2, p22 = e2B2/T2/Z2,

p32 = 1/Z2, p42 = e−2B2/T2/Z2, (16)

Ù¥�©¼ê Zi = 1+ e8J/Ti + e2Bi/Ti + e−2Bi/Ti ,

i = 1, 2.

�â (12) ª, 3L§ 1 Ú 3 ¥9��©O�

Q1 =
∑

i

Ei1(pi1 − pi2) = 8J(p12 − p11)

+ 2B1(p22 − p21 + p41 − p42), (17)

Q2 =
∑

i

Ei2(pi2 − pi1) = −8J(p12 − p11)

− 2B2(p22 − p21 + p41 − p42). (18)

b� T1 < T2, Kk Q1 > 0 � Q2 < 0. �eÌ��
Ñ\õ�

W = −(Q1 + Q2)

= 2(B2 − B1)(p22 − p21 + p41 − p42). (19)

�eXê (COP) �

ε =
Q1

W

=
8J(p12 − p11) + 2B1(p22 − p21 + p41 − p42)

2(B2 − B1)(p22 − p21 + p41 − p42)
.

(20)

L § 1 Ú 3 ¥ Å � � ' � concurrence © O �
c1 Ú c2,

c1 =


0, e8J/kT1 6 3,

e8J/kT1 − 3
1 + e−2B1/kT1 + e2B1/kT1 + e8J/kT1

, e8J/kT1 > 3,
(21)

c2 =


0, e8J/kT2 6 3,

e8J/kT2 − 3
1 + e−2B2/kT2 + e2B2/kT2 + e8J/kT2

, e8J/kT2 > 3.
(22)

3 Ä�9åÆþ�þfÅ��'X

� J = 0 �, ü�g^âf�mÃþfÅ�, Kd�eÌ�Xê� ε0 =
B1

B2 − B1
. �Äüg^âfmk

�pÅ���¹, l (21) Ú (22) ª��

cosh
B1

T1
=

e8J/T1(1 − c1) − 3 − c1

2c1
, (23)

cosh
B2

T2
=

e8J/T2(1 − c2) − 3 − c2

2c2
. (24)
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ò (14)—(16) ª�\ (17)—(20) ª, K

Q1 = 8J

(
e8J/T2

Z2
− e8J/T1

Z1

)
+ 2B1

(
e−2B1/T1 − e2B1/T1

Z1
+

e2B2/T2 − e−2B2/T2

Z2

)
, (25)

Q2 = 8J

(
e8J/T2

Z2
− e8J/T1

Z1

)
− 2B2

(
e−2B1/T1 − e2B1/T1

Z1
+

e2B2/T2 − e−2B2/T2

Z2

)
, (26)

W = 2(B2 − B1)
(

e−2B1/T1 − e2B1/T1

Z1
+

e2B2/T2 − e−2B2/T2

Z2

)
, (27)

ε =
8J

( e8J/T2

Z2
− e8J/T1

Z1

)
+ 2B1

( e−2B1/T1 − e2B1/T1

Z1
+

e2B2/T2 − e−2B2/T2

Z2

)
2(B2 − B1)

( e−2B1/T1 − e2B1/T1

Z1
+

e2B2/T2 − e−2B2/T2

Z2

) . (28)

l (23), (24) ª�±©O)Ñ B1 Ú B2 �� c1, c2,

T1, Ú T2 ¼ê, ,��\ (25)—(28) ªÒ�±¼�
Ä�9åÆþ Q1, Q2, W , Ú ε �� c1, c2, T1, Ú T2

¼ê.

�
�*/�	Å�é�eÌ��K�, ·�
ÏL¦ê�), xÑ
 Q1, Q2, W , ε �Ônþ� c1,

c2 Cz��p�ã. Ï�Ø÷v Q1 > 0, Q2 < 0

^���¹Ñ®²�üØ
, ¤±ù
�Ñ´Ø
ëY�. ,	, ·�½Â r = c1/c2 5ïþ c1 Ú c2

�m��É, ¤kã¥�é�J�L« r = 1 �
�¹.

lã 2—5 ¥��, � c1 ½ c2 Ù¥?¿���
½�, �eÌ�¥õ W üN��X r ªCu 1 
~�, Ó��9þ Q2 �X r ªCu 1 ~�. �
´, l$§9�á9 Q1 Ú�eXê ε ´�G
�, ùL²� c1 ½ c2 Ù¥?¿���½�, ùü�
ëêØ¬�X r O\üNCz.

ã 2 Úã 3 ��, ��p�^~ê J '���
�ÿ, ¤k��Ñ?ué�� r = 1 ±e�«�.

ùL², �k� c1 > c2 �þf�eÌ�âk�, w
,, � c1 > c2, W > 0, 	.éXÚ�õ, 3dL§
¥9åÆ1�½Æ��Ñ÷v.

ã 2 9��þ!Ñ\õ��eXê�XÅ�ÝCz��p�ã, �½ T1 = 1, T2 = 2, J = 0.5
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ã 3 9��þ!Ñ\õ��eXê�XÅ�ÝCz��p�ã, �½ T1 = 1, T2 = 2, J = 1

ã 4 9��þ!Ñ\õ��eXê�XÅ�ÝCz��p�ã, �½ T1 = 1, T2 = 2, J = 1.5
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ã 5 9��þ!Ñ\õ��eXê�XÅ�ÝCz��p�ã, �½ T1 = 1, T2 = 2, J = 2.0

�O\ J ��, �eXê�ØäO\, �©
ª�ukì�eXê εc = T1/(T2 − T1). lã 4

Úã 5 ��, ��p�^~êO��,
���
ÿ, 'X J = 1.5 9±þ, ·�w��eÌ�u)
3 c1 > c2 Ú c1 < c2 ü�«�, �´ J �O\��
u½�u 2.0 �, �eÌ��«�C��k c1 < c2

ù�«�.

4 ���eXê

·�ÀJ
A�äk�L5� J �, X J =

1.0, 1.5, Ú 2.0, 5 © Û � e Ì � � � � � e X
ê. �± T1 = 1 ØC, ÏLê�¦)��
�
� � e X ê εmax � T2 � C z  �, X ã 6 ¤
«. lã¥��, 3 J ��½�¹e���eX
ê εmax � T2 �O\üN~�. ,	, e T2 �
½, ���eXê εmax � J �O�O\, Å
ì�Ckì�eXê�Ø¬�Lkì�eXê
εc = T1/(T2 − T1).

ã 6 ���eXê εmax �X T2 �Cz, �½ T1 = 1,

J = 1.0, 1.5, 2.0

5 ( Ø

�©JÑ
��ÄuþfÅ��p�^��
eÌ��., ó�´kÅ��p�^�ü� qubit

XÚ, ó�3ü�9�m. ÏLê�O�, ¼�

Ä�9åÆþ�Å�Ý�Cz'X. ·�uy: 1)

��p�^~ê J '�� �, þ f� e Å$ 1 «
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m3 c1 > c2; �O\ J ��, �eÅ$1«m
3 c1 > c2 Ú c1 < c2 ü�«�. 2) ���eX
ê εmax �p§9§Ý T2 �O\üN~�;

e T2 �½, ���eXê εmax � J �O�O\.

3) þfÅ��eÌ���eXêE,�ukì�
eXê.
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Abstract

A four-level entangled quantum refrigeration cycle working with a two-qubit entangled system is proposed in this paper. Based

on the first law of quantum thermodynamics and the concept of thermal entanglement, the relation between the quantum entanglement

and the several thermodynamic quantities such as the heat transfer, the input work and the coefficient of performance is analyzed. It

is found that the isoline of the coefficient of performance is the loop line and it no longer monotonically changes with the ratio of

entanglement; in a small exchange constant J the operation region of the refrigerator is c1 > c2 and in a larger exchange constant J

the operation region of the refrigerator may be c1 > c2 or c1 < c2; the maximal coefficient of performance increases as the exchange

constant increases.

Keywords: quantum entanglement, quantum refrigeration cycle, irreversible thermodynamics

PACS: 03.65.Ud, 07.20.Pe, 05.70.Ln

* Project supported by the National Natural Science Foundation of China (Grant Nos. 11065008 and 11174118).

† E-mail: hjzhou@ncu.edu.cn

150302-8


