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1 Ú ó

þfÅ�´þfåÆ�wÍ�A5��. §3
�yþfåÆÄ��n�¡äk���^, §�
´þfÛ/D�!þf?è!þfÅ�ÚþfO
��þf&Eó§��Ä:. Å����!Ýþ
Ú�±®¤�þf&E?n�'�¯K, Úå
<
�2�'5. ~X Zheng JÑ
39n¥�)õU
?�fÅ�� [1], Xu ��Ñ
|^n QED �)ü
�nU?�fÅ����Y [2]. 3Å�Ýþ�¡,

Ü=#�<ïÄ
õ1f Tavis-Cummings �.¥
ü�fÅ�üz [3], Wu �<ïÄ
ü$Ä�f�
ü�|�p�^XÚ¥�fm�Å� [4], �<?
Ø
�f�ÍÜn�p�^XÚ¥�Å�A5 [5].

,��¡, Ï�n QED Eâ´¢yõ'AÅ�!
þf&E?nÚþfO���kcå�Eâ��.

�8, <�®JÑ
Nõ|^n QED Eâ?1þ
f���ÚDx��Y. ~X Zheng ��Ñ
|^
n QED Eâ�)ü�fÅ��Ú?1þf&E?
n�k��Y [6], Yang ïÆ
Dxü�fÅ��
��Y [7]. Cc5, duÍÜn QED XÚ¥©l

�f��g�nÍÜ, Ó�n�n�mÏLA½�
ª�ÍÜ�k|u¢yéü��f�ö�, ;�

ü�n¥ö�õ��fk�U����pZ6�
5�K�. Ïd, ÍÜn QED XÚÚå
<��2
�'5 [8−20]. ~X Ye �JÑ
�«|^ÍÜnX
Ú�)ü�fÅ����Y [18]. Song ��Ñ
�
)ëYCþÅ����Y [20]. Xiao �ïÄ
1n
ÍÜnXÚ¥ü�fm�Å�=£ [21]. �<ïÄ

 Λ /Ú V /nU?�f�ÍÜn�p�^XÚ
¥�Å�A5 [22]. �é�f�n�ÍÜn�p�
^XÚ�ïÄÿ����. �©�Äòn��U?
�f©O§B3n�ÍÜn¥, ¿��f�n|u
)���p�^��¹. æ^ Negativity �5Ýþ
üfXÚm�Å�, |^ê�O��{�Ñ
XÚ
¥ü��f�mÚü�n|�mÅ��üz.

2 XÚ�¥�üz

·�ïÄXã 1 ¤«�XÚ. n��U?�
f (�f 1!�f 2 Ú�f 3) ©O§B3ÍÜn A,

B Ú C ¥, ¿��f�n|u)���p�^. 3
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^ÅCqe, 3�p�^L�¥XÚ�M�î�

HI =f1(aAs+
1 + a+

As−1 ) + f2(aBs+
2 + a+

Bs−2 )

+ f3(aCs+
3 + a+

Cs−3 ) + J1(aAa+
B

+ a+
Aa) + J2(aBa+

C + a+
BaC), (1)

ª¥ a+
L , aL (L = A,B,C) ©OL«n|��)

Ú�v�Î, s+
i Ú s−i (i = 1, 2, 3) �1 i ��f

� � [ � Î. fi(i = 1, 2, 3) L « 1 i � n ¥ �
f�n|�ÍÜXê, Ji(i = 1, 2) L«ü�n
�m�ÍÜXê. ½ÂXÚo-uê�Î N̂ =
3∑

i=1

|e〉i〈e|+ a+
AaA + a+

BaB + a+
CaC, Ï [N̂ ,HI ] = 0,

¤±3XÚüzL§¥o-uêÅð. |e〉i Ú |g〉i
(i = 1, 2, 3) ©OL«�f�-u�ÚÄ�.

ã 1 XÚ�«¿ã

b � Ð © � � X Ú � - u ê � u 1. @
o, 3 ü z L § ¥, X Ú ò � 3 3 ± |ϕ1〉 =

|egg〉123|000〉ABC , |ϕ2〉 = |geg〉123|000〉ABC , |ϕ3〉 =

|gge〉123|000〉ABC , |ϕ4〉 = |ggg〉123|100〉ABC ,

|ϕ5〉 = |ggg〉123|010〉ABC , |ϕ6〉 = |ggg〉123|001〉ABC

�Ä¥�¤�f�m¥. 3 |ϕi〉 L«��¥eI 1,

2, 3, A, B Ú C ©OL«éA�fÚn|�G�.

3ùf�m¥, XÚ?¿����¥�L«�

|ϕ(t)〉 =A|ϕ1〉 + B|ϕ2〉 + C|ϕ3〉

+ D|ϕ4〉 + E|ϕ5〉 + F |ϕ6〉. (2)

3�p�^±µ¥, XÚ��¥üz÷vÅ½
��§

i~
∂|ϕ(t)〉

∂t
= HI |ϕ(t)〉, (3)

� ~ = 1. �XÚÐ©��?u |ϕ1〉 �, @oÐ©
^��: A = 1, B = C = D = E = F = 0. �{
üå�, � f1 = f2 = f3 = f , J1 = J2 = J . )�
§ (3) ��Ñ

A =a cos(αt) + b cos(βt) +
1
2

cos(ft),

B = − i
J

[
α2 − f2

α
a sin(αt) +

β2 − f2

β
b sin(βt)

]
,

C =a cos(αt) + b cos(βt) − 1
2

cos(ft),

D = − i
f

[
aα sin(αt) + bβ sin(βt) +

f

2
sin(ft)

]
,

E =
1

fJ
[(α2 − f2)a cos(αt) + (β2 − f2)b cos(βt)],

F = − i
f

[
aα sin(αt) + bβ sin(βt)

− f

2
sin(ft)

]
, (4)

ª¥,

α =
√

f2 + J2 − P,

β =
√

f2 + J2 + P,

P = J
√

2f2 + J2,

a =
P + J2

4P
,

b =
P − J2

4P
.

3 �f��fmÅ��üz

3�©¥, ·�æ^ Negativity �, =Ü©=�
�ÝÝ
�K���5£ãüfXÚm�Å� [23],

=éu^�ÝÝ
 ρ L«�ü�fXÚ, ρT L« ρ

�Ü©=�Ý
, e λi L« ρT �K���. @o,

üfXÚm�Å�½Â�

N = −2
∑

i

λi. (5)

N = 0 L«üfXÚ´©l�; N = 1 L«üfX
Ú?u��Å��; 0 < N < 1 L«üfXÚ´Å
��.

3.1 ���fff 1 ������fff 2 mmm���ÅÅÅ���

|^ (2) ª, é�f 3!n|¼!n| B Ú
n | C � � ¦ ,, ± |e〉1|e〉2, |e〉1|g〉2, |g〉1|e〉2,

|g〉1|g〉2 �Ä¥, ����f 1 Ú�f�¤�
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XÚ��ÝÝ
�

ρ12 =


0 0 0 0

0 |A|2 AB∗ 0

0 BA∗ |B|2 0

0 0 0 |C|2 + |D|2 + |E|2 + |F |2

 .

(6)

ÏLO�ØJ�Ñ�f 1 Ú�fm�Å�þ�

N12 =
√

(|C|2 + |D|2 + |E|2 + |F |2)2 + 4|AB|2

− (|C|2 + |D|2 + |E|2 + |F |2). (7)

|^ (7) ª, �±O�Ñ�f 1 Ú�f 2 m�Å�
þ N12 �5��m ft �üz. ã 2 �Ñ
�ü
�n�m�ÍÜXê J ©O� 0.2f , 0.5f , 2f , 5f

��O�(J. ã 2(a), (b), (c), (d) ©OéAu J

� 0.2f , 0.5f , 2f , 5f ��¹. lã 2 ¥U
wÑ: Å
�þ N12 ��m�Ø5K��. �ü�n�m�Í
ÜXê J ���, N12 ��müz¥yÑ�¥Ú¡
E�A, ¿�� J ÅìO�, �¥�m�á, � J �

u�½���¥Ú¡E�A��. ,��¡, �n
|m�ÍÜ�Or, Å�þ�²þ��O�, �
~�. ~X J = 0.2f �, N̄12 = 0.1197; J = 0.5f

�, N̄12 = 0.0912; J = 2f �, N̄12 = 0.1229; J = 5f

�, N̄12 = 0.1713. ùL²�f 1 Ú�f 2 m�Å�
�n|m�ÍÜXêm�3��5'X. ù�(J
ØÓuü�ÍÜnXÚ¥�fm�Å�üz [5].

3.2 ���fff 2 ������fff 3 mmm���ÅÅÅ���

Ó�|^ (2) ª, é�f 1!n|¼!n| B

Ún| C ��¦,, ± |e〉2|e〉3, |e〉2|g〉3, |g〉2|e〉3,

|g〉2|g〉3 �Ä¥, ����f 2 Ú�f 3 �¤�X
Ú��ÝÝ
�

ρ23 =


0 0 0 0

0 |B|2 BC∗ 0

0 CB∗ |C|2 0

0 0 0 |A|2 + |D|2 + |E|2 + |F |2

 .

(8)

ã 2 �f 1 ��f 2 mÅ�þ N12 �5��m ft �üz (a) J = 0.2f ; (b) J = 0.5f ; (c) J = 2.0f ; (d) J = 5.0f
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�f 2 Ú�f 3 m�Å�þ�

N23 =
√

(|A|2 + |D|2 + |E|2 + |F |2)2 + 4|CB|2

− (|A|2 + |D|2 + |E|2 + |F |2). (9)

ã 3 �Ñ
 J ©O�½� 0.2f , 0.5f , 2f , 5f �,

Å�þ N23 �5��m ft �üz. lã 3 �±
wÑ, Å�þ N23 �üzaquÅ�þ N12 �
üz. Å�þ N23 �n|m�ÍÜXêmE,
�3��5'X. ~X J = 0.2f �, Å�þ²
þ� N̄23 = 0.1060; J = 0.5f �, N̄23 = 0.0776;

J = 2f �, N̄23 = 0.1733; J = 5f �, N̄23 = 0.1834.

?�ÚïÄL², �f 1 Ú�f 3 m�Å�üz�
�f 2 Ú�f 3 m�Å�üzkaq�üz5Æ.

4 n|�n|mÅ��üz

4.1 nnn||| A ÚÚÚnnn||| B mmm���ÅÅÅ���

ün|m�Å�E,æ^ Negativity �5£ã.

|^ (2) ª, é�f 1!�f 2!�f 3 Ún| C �
�¦,, ± |1〉A|1〉B , |1〉A|0〉B , |0〉A|1〉B , |0〉A|0〉B
�Ä¥, ���n A Ún B �¤�XÚ��Ý
Ý
�

ρAB =


0 0 0 0

0 |D|2 DE∗ 0

0 ED∗ |D|2 0

0 0 0 |A|2 + |B|2 + |C|2 + |F |2

 ,

(10)

ã 3 �f 2 ��f 3 mÅ�þ N23 �5��m ft �üz (a) J = 0.2f ; (b) J = 0.5f ; (c) J = 2.0f ; (d) J = 5.0f
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ÏLO����n A Ún B m�Å�þ�

NAB =
√

(|A|2 + |B|2 + |C|2 + |F |2)2 + 4|DE|2

− (|A|2 + |B|2 + |C|2 + |F |2). (11)

ÏLê�O�, Å�þ NAB �üzÐ«3ã 4 ¥.

ã¥ (a), (b), (c), (d) ©OéAu J � 0.2f , 0.5f , 2f ,

5f ��¹. lã 4 ¥�±wÑ; Å�þ NAB ��
m�Ø5K��. �ü�n�m�ÍÜXê J �
��, NAB ��müzÓ�¥yÑ�¥Ú¡E�
A, ¿�� J ÅìO�, �¥�m�á, J �u�
½���¥Ú¡E�A��. ,��¡, �n|m
�ÍÜ�Or, ��ªÇ\¯, Å�þ�²þ�~
�. ~X J = 0.2f �, N̄AB = 0.1151; J = 0.5f �,

N̄AB = 0.0775; J = 2f �, N̄AB = 0.0184; J = 5f

�, N̄AB = 0.0302. ùL²�n|m�ÍÜXêO

�, n A Ún B m�Å�~f. ù�(J�ü�Í
ÜnXÚ¥n|m�Å�üz�� [5].

4.2 nnn||| B ÚÚÚnnn||| C mmm���ÅÅÅ���

Ó�|^ (2) ª, é�f 1!�f 2!�f 3 Ú
n| A ��¦,, ± |1〉B|1〉C , |1〉B|0〉C , |0〉B|1〉C ,

|0〉B|0〉C �Ä¥, ���n B Ún C �¤�XÚ�
�ÝÝ
�

ρBC =


0 0 0 0

0 |E|2 EF ∗ 0

0 FE∗ |F |2 0

0 0 0 |A|2 + |B|2 + |C|2 + |D|2

 ,

(12)

ã 4 n| A Ún| B mÅ�þ NAB �5��m ft �üz (a) J = 0.2f ; (b) J = 0.5f ; (c) J = 2.0f ; (d) J = 5.0f
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n B Ún C m�Å�þ�

NBC =(
√

(|A|2 + |B|2 + |C|2 + |D|2)2 + 4|EF |2

− (|A|2 + |B|2 + |C|2 + |D|2). (13)

ã 5 �Ñ
 J ©O�½� 0.2f , 0.5f , 2f , 5f �, Å
�þ NBC �5��m ft �üz. lã 5 �±wÑ,

Å�þ NBC �üzaquÅ�þ NAB �üz. �
n|m�ÍÜ�Or, ��ªÇ\¯, ��¸�
Ú%e£, Å�þ�²þ�~�. ùL²�n|
m�ÍÜXêO�, n B Ún C m�Å�~f.

4.3 nnn||| A ÚÚÚnnn||| C mmm���ÅÅÅ���

| ^ (2) ª, é � f 1! � f 2! � f 3 Ú
n| B ��¦,, ± |1〉A|1〉C , |1〉A|0〉C , |0〉A|1〉C ,

|0〉A|0〉C �Ä¥, ���n A Ún C �¤�XÚ�
�ÝÝ
�

ρAC =


0 0 0 0

0 |D|2 DF ∗ 0

0 FD∗ |F |2 0

0 0 0 |A|2 + |B|2 + |C|2 + |E|2

 ,

(14)

ã 5 n| B Ún| C mÅ�þ NBC �5��m ft �üz (a) J = 0.2f ; (b) J = 0.5f ; (c) J = 2.0f ; (d) J = 5.0f

ÏLO����n A Ún C m�Å�þ�

NAC =(
√

(|A|2 + |B|2 + |C|2 + |E|2)2 + 4|DF |2

− (|A|2 + |B|2 + |C|2 + |E|2). (15)

n A �n C m�Å�þ NAC �üz, Xã 6 ¤
«. lã 6 ¥�±wÑ: Å�þ NAC �5��
m ft �üzØÓu NAB Ú NBC �üz. �n

|m�ÍÜ�Or, NAC �5��m ft �üz
�±Ï5ÅìOr. ,��¡, �n|m�ÍÜ
�Or, �%þ£ÚÅ�þ�²þ�O�.

~X, J = 0.2f �, N̄AC = 0.0370; J = 0.5f �,

N̄AC = 0.0582; J = 2f �, N̄AC = 0.0638; J = 5f

�, N̄AC = 0.0704. ùL²�n|m�ÍÜ�Or,

n| A �n| C m�Å�Or.
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ã 6 n| A Ún| C mÅ�þ NAC �5��m ft �üz (a) J = 0.2f ; (b) J=0.5f ; (c) J = 2.0f ; (d) J = 5.0f

5 ( Ø

�©�Äòn��U?�f©O§B3n�
ÍÜn A, B Ú C ¥, z��f��g�n|u)
���p�^��¹. 3�p�^±µ¥, ÏL)
Å½��§�Ñ
-uê� 1 �XÚ�¥�üz.

|^ Negativity �5£ãü�fXÚm�Å�. �

ïÄÍÜn�ÍÜXê�Czéü�fXÚm
Å�üz�K�, ÏLê�O��Ñ
ÍÜn�Í

ÜXê�ØÓ½��ü�fXÚmÅ��5��
m ft �üz�. ïÄ(JL²: �fm�Å��
n|m�ÍÜXêm�3��5'X. ù�(JØ
Óuü�ÍÜnXÚ¥�fm�Å�üz. ,�
�¡, �n|m�ÍÜXêO�, ��n|n A Ú
n B m, ±9n B Ún C m�Å�~f, ù�(J
�ü�ÍÜnXÚ¥n|m�Å�üz��. ��
��n|n A Ún C m�Å�%�n|m�ÍÜ
XêO�Or.
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Entanglement properties in the system of atoms
interacting with three coupled cavities∗

Lu Dao-Ming†
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Abstract

The entanglement dynamics of the system composed of three two-level atoms resonantly interacting with three coupled cavities

is investigated in this paper. The influence of coupling constant between cavities on the entanglement between atoms and that between

cavities are discussed. The results obtained using the numerical method show that the entanglement between atoms has a nonlinear

relation with increase of the cavity-cavity coupling coefficient. On the other hand, the entanglement between cavity A and cavity

B and the entanglement between cavity B and cavity C weaken with the increase of the coupling constant between cavities, but the

entanglement between cavity A and cavity C strengthens with the increase of cavity-cavity coupling coefficient.

Keywords: quantum optics, two-level atom, coupling cavities, quantum entanglement
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