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1 Ú ó

þfÅ�´þfåÆ�wÍ�A���, §Ø
=�±^5�yþfåÆ��Û�5Ú Bell Ø�
ª, �´þf&E+���], §3þf&
E?n�þf�Û/DÑ!þf?èÚþfÅ�
�þf&EL§¥k�A^. Ïd, Å����
�ÚÝþ®¤�þfÅ�ïÄÚA^�'�¯K,

Úå
<��2�'5. ,��¡, n QED Ú§B
lfEâ´¢yõ'AÅ��!þf&E?nÚ
þfO���kcå�Eâ. gl 1995 c Kimble

�||^n QED ¢�þ1�gü«¿ÿþ
�þ
fÜ6�k'��£±5 [1], <�®JÑ
Nõ|
^n QED ?1þf���ÚDx��Y [2−6]. �
3± |^�f�n|�p�^XÚ¥, �õ8¥
3�f��ÍÜn�p�^��¹. �C�õc5,

�f�ÍÜn�p�^XÚÚå
<�4��'
5. ~X, Nohama Ú Roversi[7] JÑ|^ÍÜn¢
yþf�=���Y. Ogden � [8] ïÄ
ÍÜnX
Ú¥�ÄåÆA5. Yang � [9] JÑ
|^�f�
ÍÜn�p�^XÚ¢yþf� ���Y. ,,

3± ïÄ¥�õ8¥3�U?�f�ÍÜn�

p�^��¹. �©rÍÜn��f�p�^í2
�nU?�f�ÍÜn�p�^��¹, ïÄ
{
¿ Λ .nU?�fÚ{¿ V .nU?�f�ÍÜ
n���p�^XÚ¥�f�m!n|�mÚ�
f�n|m�Å�, ?Ø
n|m�ÍÜrÝCz
éÅ��K�.

2 XÚ�¥üz

Xã 1 ¤«, ò{¿ Λ .nU?�f 1 Ú{
¿ V .nU?�f 2 ©O5\Ð©?uý���
ü�ÍÜn A Ú B ¥, ¿��f�n|u)��
�p�^. ã¥ |e1〉 Ú |e2〉 ´ V .nU?�f�
ü�{¿-u�, |g〉�ÙÄ�. |g1〉 Ú |g2〉 ´ Λ .
nU?�f�ü�{¿Ä�, |e〉�Ù-u�. �Ä
�f 1 �[ |e〉 → |g1〉, |e〉 → |g2〉 �ü�n A ��
�p�^, �f 2 �[ |e1〉 → |g〉 Ú |e2〉 → |g〉
�ü�n B ���p�^, � ωA = ωB ��¹. 3
^ÅCqe, 3�p�^±µ¥�fÚn|NX
� Hamilton �Î�

HI = f1aA(|e〉〈g1| + |e〉〈g2|)
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+f2aB(|e1〉|g〉 + |e2〉|g〉)

+JaAa+
B + H.C, (1)

ª ¥ H.C L « Hermite � � �, a+
A, aA(a+

B , aB)

©O�n|��)Ú�v�Î, |e〉〈gi| Ú |ei〉〈g|
(i = 1, 2)��f��[�Î, f1, f2 ©OL«ü�
n¥�f�n|�ÍÜXê, J �ü�n�m�Í
ÜXê. ½Â-uê�Î N̂ = |e〉〈e| + |e1〉〈e1| +

|e2〉〈e2| + a+
AaA + a+

BaB, Ï [N̂ ,HI ] = 0, ¤±3X
ÚüzL§¥-uêÅð. b�Ð©��, �f 1

?u-u�, �f 2 ?uÄ�, n| A Ú B þ?u
ý��, KXÚ�Ð��

|ϕ(0)〉 = |eg〉|00〉, (2)

ª¥ |eg〉 1 1 L«�f 1 �G�, 1 2 L«�
f 2 �G�, |nm〉 L«n A ?u n �1f�, n B

?u m �1f�. �XÚÐ©?u (2) ªL«��
�, 3üzL§¥XÚò�33e�Ä¥�¤�f
�m¥:

|ϕ1〉 = |eg〉|00〉,

|ϕ2〉 = |g1g〉|10〉,

|ϕ3〉 = |g1g〉|01〉,

|ϕ4〉 = |g1e1〉|00〉,

|ϕ5〉 = |g1e2〉|00〉,

|ϕ6〉 = |g2g〉|10〉,

|ϕ7〉 = |g2g〉|01〉,

|ϕ8〉 = |g2e1〉|00〉,

|ϕ9〉 = |g2e2〉|00〉. (3)

@o?¿�� t XÚ��¥�L«�

|ϕ(t)〉 = d1|ϕ1〉 + d2|ϕ2〉 + d3|ϕ3〉 + d4|ϕ4〉

+d5|ϕ5〉 + d6|ϕ6〉 + d7|ϕ7〉

+d8|ϕ8〉 + d9|ϕ9〉. (4)

3 � p � ^ ± µ ¥, X Ú � � ¥ ü z ÷
v Schrödinger �§

ih̄
∂|ϕ(t)〉

∂t
= HI |ϕ(t)〉, (5)

� h̄ = 1. |^Ð©^�: d1 = 1, d2 = d3 = d4 =

d5 = d6 = d7 = d8 = d9 = 0. )�§ (5) ��Ñ

d1 = A cos(αt) + B cos(βt),

d2 = d6 = − i
2f1

(
Aα sin(αt)

+Bβ sin(βt)
)
,

d3 = d7 =
1

2f1J

[
(α2 − 2f2

1 )A cos(αt)

+(β2 − 2f2
1 )B cos(βt)

]
,

d4 = − if2

2Jf1

[α2 − 2f2
1

α
A sin(αt)

+
β2 − 2f2

1

β
B sin(βt)

]
,

d5 = d8 = d9 = d4, (6)

ª ¥ α = 1/
√

2
(
H −

√
H2 − 16f2

1 f2
2

)1/2
, β =

1/
√

2
(
H +

√
H2 − 16f2

1 f2
2

)1/2
, H = 2(f2

1 + f2
2 ) +

J2, A = (2f2
1 − β2)/(α2 − β2), B = −(2f2

1 −
α2)/α2 − β2) .

ã 1 XÚ�«¿ã

3 �fmÅ��üz

�
 Ý þ ü � f X Ú m � Å � Ý, ·� æ
^ Negativity �5Ýþ [10], =éu^�ÝÝ
 ρ

L«�ü�fXÚ, ÙÅ��^Ü©=�Ý
 ρT

�K���5½Â

N = −2
∑

i

λi. (7)

ª¥ λi ´Ü©=�Ý
 ρT �K���. N = 0 L
«üfXÚ´©l�; N = 1 L«üfXÚ?u�
�Å��; 0 < N < 1 L«üfXÚ´Å��.

|^ (4) ª, én|¦,, ± |ee1〉, |ee2〉, |eg〉,
|g1e1〉, |g1e2〉, |g1g〉, |g2e1〉, |g2e2〉, |g2g〉�Ä¥, �
���f 1 Ú�f 2 �¤�XÚ��ÝÝ
�
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ρ12 =



0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 |d1|2 d1d
∗
4 d1d

∗
4 0 d1d

∗
4 d1d

∗
4 0

0 0 d4d
∗
1 |d4|2 |d4|2 0 |d4|2 |d4|2 0

0 0 d4d
∗
1 |d4|2 |d4|2 0 |d4|2 |d4|2 0

0 0 0 0 0 |d23|2 0 0 |d23|2

0 0 d4d
∗
1 |d4|2 |d4|2 0 |d4|2 |d4|2 0

0 0 d4d
∗
1 |d4|2 |d4|2 0 |d4|2 |d4|2 0

0 0 0 0 0 |d23|2 0 0 |d23|2



, (8)

ª¥ |d23|2 = |d2|2 + |d3|2. é�f 2 ��?1=�, ��ÑÙÜ©=�Ý
�

ρT
12 =



0 0 0 0 0 d1d
∗
4 0 0 d1d

∗
4

0 0 0 0 0 d1d
∗
4 0 0 d1d

∗
4

0 0 |d1|2 0 0 0 0 0 0

0 0 0 |d4|2 |d4|2 0 |d4|2 |d4|2 0

0 0 0 |d4|2 |d4|2 0 |d4|2 |d4|2 0

d4d
∗
1 d4d

∗
1 0 0 0 |d23|2 0 0 |d23|2

0 0 0 |d4|2 |d4|2 0 |d4|2 |d4|2 0

0 0 0 |d4|2 |d4|2 0 |d4|2 |d4|2 0

d4d
∗
1 d4d

∗
1 0 0 0 |d23|2 0 0 |d23|2



. (9)

�{üå�, � f1 = f2 = f , |^ (7) Ú (9)

ª, ÏLê�O����fm�Å�Ý N12 �5�
�m ft �üz. O�(JXã 2 ¤«. lã 2 �
�: �n|m�ÍÜXêÅìO�, �fm�Å�
üz��ªÇ\¯, ¸�O�, �%þ£. 35
��m ft[0, 10] «mSÅ�Ý�²þ��ê�O
�(J�: J = 0.5f �, N12 ²þ�� 0.163; J = f

�, N12 ²þ�� 0.174; J = 2f �, N12 ²þ�
� 0.240; J = 5f �, N12 ²þ�� 0.316. ùL²�
n|m�ÍÜXêO�, �fm�Å�Or.

4 n|mÅ��üz

n| A �n| B m�Å�Ó�æ^ Negativity

�5£ã. |^ (4) ª, é�f 1 Ú�f 2 ��¦
,, ± |11〉, |10〉, |01〉 Ú |00〉�Ä¥, ���n A Ú

n B �¤�XÚ��ÝÝ
�

ρAB =


0 0 0 0

0 2|d2|2 2d2d
∗
3 0

0 2d3d
∗
2 2|d3|2 0

0 0 0 |d1|2 + 4|d4|2

 . (10)

ÏLO���n| A Ún| B m�Å�Ý�

NAB =
√(

|d1|2 + 4 |d4|2
)2 + 16 |d2d3|2

−
(
|d1|2 + 4 |d4|2

)
. (11)

Ó�� f1 = f2 = f , ÍÜXê J ©O� 0.5f , f , 2f ,

5f �, n|m�Å�Ý NAB �üzXã 3 ¤«. l
ã 3 ��: �n|m�ÍÜXêÅìO�, n|m
�Å�üz��ªÇ\¯, ¸�~�, �%e
£. ~X, 5��m ft 3 [0, 10] «mS, J = 0.5f

�, NAB ²þ�� 0.220; J = f �, NAB ²þ�
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� 0.150; J = 2f �, NAB ²þ�� 0.068; J = 5f

�, NAB ²þ�� 0.007. ùL²�n|m�ÍÜX
êO�, n|m�Å�~f.

±þ��
�n|m�ÍÜXêO�, �fm
�Å�Or, n|m�Å�~f�(J. ù�(
J��U?�f�ÍÜn�p�^��¹�� [11].

ù´Ï�lÔnÅ�þw, �Xn|m�ÍÜrÝ
Or, �U?�f�ÍÜn�p�^ÚnU?�f
�ÍÜn�p�^ü«�¹e-uf�ü��f
©��AÇÑO�, �ü�n©��AÇÑ~�,

Ïd�A�f�Å�Or, n|m�Å�~f.

ã 2 � J ©O� 0.5f , f , 2f Ú 5f �Å�Ý N12 �5��m ft �üz (a) J = 0.5f ; (b) J = f ; (c) J = 2f ; (d) J = 5f

ã 3 � J ©O� 0.5f , f , 2f Ú 5f �Å�þ NAB ��m�üz (a) J = 0.5f ; (b) J = f ; (c) J = 2f ; (d) J = 5f
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5 �f�n|mÅ��üz

�f 1 �n| A m�Å�Ó�æ^ Negativity

�5£ã. |^ (4) ª, é�f 2 Ún| B ��
¦,, ± |e〉|1〉, |e〉|0〉, |g1〉|1〉, |g1〉|0〉, |g2〉|1〉, |g2〉|0〉
�Ä¥, ����f 1 Ún A �¤�XÚ��ÝÝ

�

ρ1A =



0 0 0 0 0 0

0 |d1|2 d1d
∗
2 0 d1d

∗
2 0

0 d2d
∗
1 |d2|2 0 |d2|2 0

0 0 0 |d34|2 0 |d34|2

0 d2d
∗
1 |d2|2 0 |d2|2 0

0 0 0 |d34|2 0 |d34|2


, (12)

ª¥ |d34|2 = |d3|2 + 2 |d4|2, én| A ��?1=

�, ��ÙÜ©=�Ý
�

ρT
1A =



0 0 0 d1d
∗
2 0 d1d

∗
2

0 |d1|2 0 0 0 0

0 0 |d2|2 0 |d2|2 0

d2d
∗
1 0 0 |d34|2 0 |d34|2

0 0 |d2|2 0 |d2|2 0

d2d
∗
1 0 0 |d34|2 0 |d34|2


.

(13)

|^þª, Ó�� f1 = f2 = f , ÍÜXê J ©
O� 0.5f , f , 2f , 5f �, �f 1 Ún| A m�Å�
þ��müzXã 4 ¤«. lã 4 ��: N1A ��
müz¥yÑ�¥Ú¡E�A, �¥�m�n|m
ÍÜXêO�~�. ,��¡, Å�Ý N1A �n
|mÍÜXêCz�3��5'X. ?�ÚïÄL
², �f 2 Ún| B m�Å�üz��f 1 Ún
| A m�Å�üz(J�q, Ó��3�¥Ú¡E
�A, ��¥�m��n|mÍÜXêO�~�.

ã 4 � J ©O� 0.5f , f , 2f Ú 5f �Å�þ N1A ��m�üz (a) J = 0.5f ; (b) J = f ; (c) J = 2f ; (d) J = 5f

6 ( Ø

�©æ^ Negativity �5£ãü�fXÚm�

Å�, ïÄ
{¿ Λ .nU?�fÚ{¿ V .n
U?�f�ÍÜn�p�^XÚ¥ü��fm!
n A �n B mÚ�f�n|mÅ��üz. æ^
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ê�O��{, ?Ø
n|m�ÍÜXêCzéÅ
�A5�K�. ïÄ(JL²: �n|m�ÍÜX
êO�, �fm�Å�Or, n|m�Å�~f. 
�f�n|m�Å�¥yÑ�¥Ú¡E�A, �¥

�m�n|mÍÜXêO�~�. ,��¡, �
f�n|m�Å��n|mÍÜXêCz�3�
�5'X.

[1] Turchette Q A, Hood C J, Lange W, Mabuchi H, Kimble H J 1995

Phys. Rev. Lett. 75 4710

[2] Hagley E, Maitre X, Nogues G, Wunderlich C, Brune M, Raimond

J M, Haroche S 1997 Phys. Rev. Lett. 79 1

[3] Osnaghi S, Bertet P, Auffeves A, Maioli P, Brune M, Raimond J

M, Haroche S 2001 Phys. Rev. Lett. 87 037902

[4] Rauschenbeutel A, Nogues G, Osnaghi S, Bertet P, Brune M, Rai-

mond J M, Haroche S 2000 Science 288 2024

[5] Rauschenbeutel A, Nogues G, Osnaghi S, Bertet P, Brune M, Rai-

mond J M, Haroche S 1999 Phys. Rev. Lett. 83 5166

[6] Yang Z B 2007 Chin. Phys. 16 329

[7] Nohama F K, Roversi J A 2007 J. Modern Opt. 54 1139

[8] Ogden C D, Irish E K, Kim M S 2008 Phys. Rev. A 78 063805

[9] Yang Z B, Xia Y, Zheng S B 2010 Opt. Commun. 283 3052

[10] Akhtarshenas S J, Farsi M 2007 quant-ph/0702101V1

[11] Lu D M 2011 Acta Phys. Sin. 60 090302 (in Chinese) [©�²
2011ÔnÆ� 60 090302]

030301-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 3 (2012) 030301

The entanglement properties in the system of a two
three-level atoms trapped in coupled cavities∗
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Abstract

We study the entanglement dynamics of the system composed of a Λ-type atom and a V-type atom resonantly interacting with two

coupled cavities. The evolution of the state vector of the system is given. We investigate the evolutions of atom-atom entanglement,

cavity-cavity entanglement, and atom-cavity entanglement by Negativity. The influences of cavity-cavity coupling coefficient on the

entanglements are discussed. The results obtained by the numerical method show that the atom-atom entanglement is strengthened and

the cavity-cavity entanglement is weakened with the increase of the cavity-cavity coupling coefficient.

Keywords: quantum optics, three level atom, coupled cavities, quantum entanglement
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