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ïÄ
<ó5�³en²¥�e�fXÚ. Äk�Ñ
Ã�p�^�üâfXÚÚõâfXÚ�UÌ5�: 3
üâfXÚ¥, �X��^|�Cz, ØÓÄþ����òÓ6¤�XÚ�Ä�; 
éuõâfXÚ, U?Kdâf
êÙØû½. 3Xþfµee?Ø
XÚ�ÄåÆüz, uy3ü½�p�^e�BÚü½�p�^'� r′∗ �l
���Cz�±��XÚlÛ���Û�=C, =C��.:´ r′∗ = 1, ±9��^|Úå�÷*^=�A. ?Ø

Ã�p�^XÚ��:âfêÙØ�Lã­� (n2 + n3)-(n2 − n3) �>.�A, ¿?Ø
�p�^éù��A
�K�.

'�c: e�f, <ó5�³, n²

PACS: 03.65.Vf, 05.30.Jp, 67.85.–d

1 Ú ó

1995 cÀÚ-OÏd"và (Bose-Einstein con-
densate, BEC) 3¢�þ�¢ymé
�fÔnÆ
¥���#�+�. d�, �þ�ó�l���¡
évàN�#ÛÔn5�ÐmïÄ, X Landau-
Zener � B [1−3]!Bloch � � [4,5]!Josephson �
A [6−9]!g§B�A [10] ��. Ù¥V² BEC X
Ú3¢�þÚnØþÚåéõ'5 [8−14], Ï�§
�ïÄvà�Ôn¥�0*ºÝ�þf1�Jø

¢�þ�¢y��., ¿�Ùg�/ª{ü

qÔn´L. Ó�n² BEC XÚ�Úå
'5, X
l SU (3) g^�.��Ý [15], l0*þf1��
�Ý [16] ��. ,��¡, �C�éu^=1¬�
é�p�^ÀÚf�)���^| [17,18], ¢�þ
|^1��fS��p�^3¥5�fXÚ�±

�)������^| [19]. 3Ü·�¬�(�e,
ù��^|�¦�XÚ��þf¿��A«�, l

U3¢�þïÄÿÀþfO�. ù�â»-u

<�ïÄ<ó5�³e�e�fXÚ�9�. ,
,
��^|¥�n² BEC XÚ�vk�ïÄL, Ï
d�©¥Ú\ù���., ïÄ§�UÌÚÄåÆ
5�. ·�uyù�XÚ��3ÚV²�¹eaq
�g§By�, ¿�du^|�N�, §�UÌÚ
ÄåÆüz¥yÑ�
#L�y�.

2 � .

n��f�1¬��±d��²¡Sn��
pY�� 120◦ �7Å|/¤. ùp^X (1) ª¤«
�³|U\��Xã 1 ¤«�n².

V = −V0 (cos (k1 · r) + cos (k2 · r)
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+cos (k3 · r)) + V1 |r − r0|4

− V2 |r − r0|2 , (1)

Ù ¥ 7 Å | Ú � g ! o g ³ U � r Ý V0, V1,
V2 �u", r0 ´�/³�¥%, ·�-§ u

n��f¥�n��:�¥%, Å¥� k1 (1, 0),
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ã 1 ¢�9�.«¿ã

�±re�f3ùn�³²p¡�$Ä��
¤âf3�:þ�$Ä [16,20]. ,	2|^-1�
�f��p�^�)é¥5�f����^| [19].
ù��XÚ�±^e¡�M�îþ£ã

H = −J
[
eiA/3

(
a†
1a2 + a†

2a3 + a†
3a1

)
+e−iA/3

(
a†
2a1 + a†

3a2 + a†
1a3

)]
+

U0

2

3∑
i=1

ni (ni − 1) , (2)

Ù¥ ai(a
†
i ) ´�: i þ�ÀÚf�« (�)) �Î;

J ´�:�m�BAÇ; âf�[�¬Ï���
^|��3
�Å¼ê�5�6�[���� ,
ùp·��AÏ5�¦���[�)���� 
��, Ñ´ A/3; U0 ´ü�âf?uÓ���:�

��p�^. N =
3∑

i=1

a†
iai ´oâfê. Hilbert �

m�Ý´ Dim = C2
N+2 = (N + 1)(N + 2)/2, é

uâfê3 100 �m��¹, �±��é�zM
�îþ, ������5�. ,	, ½Â Fourier C
� am =

1√
L

∑
k

akeikrm , ri+1 = ri + r0, L = 3 ´

�:ê, k = 0, ±2π/3 (�©¥- α = 0, β = 2π/3,

γ = −2π/3). KM�îþ�±�¤

H = H0 + HI ,

H0 =
∑

k

−2J cos
(

A

3
+ k

)
a†

kak,

HI =
U0

2
1
3

∑
k,k′,q

a†
k+qa

†
k′−qakak′ . (3)

3 O�(J

3.1 U Ì

3 Ã � p � ^ � � ¹ e, H = H0, ¯ K
z { � ü N ¯ K. X Ú � U Ì d H = H0 =∑

k

−2J cos
(

A

3
+ k

)
a†

kak û ½. N = 1 X Ú

k n � U ? −2J cos
(

A

3
+ k

)
, k = 0,±2π

3
. A

é d U Ì k N � � ^. A = 0 � � ÿ, Ä �
� a†

α |vac〉, |vac〉 ´ ý � �. 3 ¢ � m Ä � �

�
1√
3

(
a†
1 + a†

2 + a†
3

)
|vac〉, d���� a†

β |vac〉,

a†
γ |vac〉 ´{¿�. �X A �O\, Äþ α ���

Uþòþ,, Äþ γ ���Uþòeü, 3 A = π
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��ÿùü���Uþ{¿. � π < A < 3π ��
ÿ� γ ò¤�XÚÄ�. Xd, �X A �Cz, ØÓ
Äþ��òÓ6äk�$Uþ
¤�Ä�, Xã 2
¤«. XÚ� A �±Ï� 6π. 3 A = (2n + 1) π �
�ÿ, Ä�´{¿�.
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ã 2 3Ã�p�^��ÿ�üâfUÌ, � J = 1 � A Cz
�ØÓÄþ��òÓ6¤�Ä�

XJXÚp¡Ð¼
õ�âf, UÌ�±dü
âfUÌU\��. ����±�� |nα, nβ , nγ〉 =

1√
nα!nβ !nγ !

(
a†

α

)nα
(
a†

β

)nβ (
a†

γ

)nγ |vac〉, �K�

ê nα, nβ , nγ = N − nα − nβ ´Äþ� α, β, γ þ
�âfêÙØ. |nα, nβ , nγ〉 k Dim = (N + 1)(N +
2)/2 ���, =XÚUÌk Dim �U?, Xã 3 ¤
«. 3"§��ÿ, ¤k�âfÑÙØ3Ä�þ, z
��:þ�²þâfê� N/3, � A = (2n + 1)π
�, Ä�´ N + 1 ­{¿�.

duXÚ�SÜé¡5, A = π ��UÌÑ�
±d A = 0 ��UÌ�=2²£��. éuõâf
XÚ, �X A �Cz, UÌ�{¿�¹Øä3UC.
e¡·�?Ø 0 < A < π ��¹. - J = 1, üâf

U? Ek = −2 cos
(

A

3
+ k

)
. õâf� |nα, nβ , nγ〉

�Uþ� Enα,nβ ,nγ = EγN + Eαγnα + Eβγnβ ,

Ù ¥ Eαγ = Eα − Eγ = −3 cos
A

3
+

√
3 sin

A

3
,

Eβγ = Eβ − Eγ = 2
√

3 sin
A

3
. ½Â Γ ≡ Eβγ

Eαγ
=

2
√

3 sin
A

3

−3 cos
A

3
+
√

3 sin
A

3

. b � ü � � |nα, nβ , nγ〉

Ú
∣∣∣n′

α, n′
β , n′

γ

〉
äk�Ó�Uþ,

EγN + Eαγnα + Eβγnβ = EγN + Eαγn′
α + Eβγn′

β ,

Eαγ∆nα = −Eβγ∆nβ ,

∆nα

∆nβ
= −Γ. (4)

XJ Γ ´knê, � N v
���ÿ, �½�3Ü
·� |nα, nβ , nγ〉 Ú

∣∣∣n′
α, n′

β , n′
γ

〉
¦� (4) ªk),

=�3{¿��.

± þ · � ? Ø � Ñ ´ Ã � p � ^ � ¹ e,
= U0 = 0 ��UÌ. 3 U0 6= 0 �, Äþ k Ø2
´Ðþfê, ¯K¤�õN¯K. �p�^¬¦�
�
{¿�m, K�UÌ�ÚO5�. ·�~^þ
fXÚU?�ÚO5ïÄ�þf·b�'�¯K.
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ã 3 3Ã�p�^��ÿ�õâfUÌ, U?dâfêÙØû½, E =
∑
k

−2J cos

(
A

3
+ k

)
nk , � J = 1
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3.2 ÄåÆ5�

éuV³²¥�vàN�ïÄ®²éõ, Ù
÷*þf�By�X�ÙÅÜ�A, �p�^�
��g§B�A� [10]. du^|Ú�p�^�N
�, n² BEC XÚ�k´L�ÄåÆ5���·
�ïÄ. 3©z [15] ¥, |^�²;��{ïÄ

Ã^|!áÚ�p�^�¹e�ÄåÆ1�. |
^ Schwinger ÀÚfLã, n�ÀÚf�. (2) �
±N���� SU (3) g^�.. SU (3) +�+)¤
� {Xk, Yk, Zk} ½Â�

X1 = a†
2a2 − a†

3a3, (5a)

Yk = i
(
a†

kaj − a†
jak

)
, (5b)

X2 =
1
3

(
a†
2a2 + a†

3a3 − 2a†
1a1

)
, (5c)

Zk =
(
a†

kaj + a†
jak

)
. (5d)

� k = 1, 2, 3, éA� j = 2, 3, 1. Y1 + Y2 + Y3 ´�
Äþ. Y1 = i

(
a†
1a2 − a†

2a1

)
, Y2 = i

(
a†
2a3 − a†

3a2

)
,

Y3 = i
(
a†
3a1 − a†

1a3

)
, ©z [15] ��
Û�z��

.� r∗ ≡ J/(N |U0|) = 1/3. � r < r∗, =áÚ�p
�^rÝ'����ÿ, âf¬ª�uÛ�. ùp
·�3�þf�µee, ïÄü½�p�^ek^
|�3��¹.
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ã 4 N = 30, |ψ (0)〉 = |30, 0, 0〉, ØÓôÚ�­��LØÓ� r′ (a) A = 0, �.: r′∗ = 1; (b) A = 0.6π, �.: ∼ r′∗ < 1

ã 5 N = 18, |ψ (0)〉 = |18, 0, 0〉, 3 A =
π

2
, U0 = 0 �, �

±w�÷*�^=�A, d� Γ = −1, XÚ�kü�A�ªÇ

Ð©Å¼ê |ψ (0)〉, ²L�m t �üz�X

Ú�Å¼ê� |ψ (t)〉 = e−iHt |ψ (0)〉. �Ð©�
�râfÑ�3�: (1) þ. |ψ (0)〉 = |N, 0, 0〉.
3 U0 = 0 �, õâfXÚ�üz�üâfXÚ
��Ó. ·��±)Û/��âfê©Ù��m
�üz.

n1 (t)
N

=
1
3

+
2
9

[cos (ω12t)

+ cos (ω13t) + cos (ω23t)] , (6a)

n2 (t)
N

=
1
3

+
2
9

[
cos

(
ω12t +

2π

3

)
+cos

(
ω13t −

2π

3

)
+ cos

(
ω23t +

2π

3

)]
,

(6b)
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n3 (t)
N

=
1
3

+
2
9

[
cos

(
ω12t −

2π

3

)
+cos

(
ω13t +

2π

3

)
+ cos

(
ω23t −

2π

3

)]
,

(6c)

ωij = Ei − Ej . (6d)

éuü½�p�^, ½Â r′ ≡ J/(NU0). �
�
	XÚ��m�üz, O�²þ� x2 ≡ 〈X2〉/N
Ú y1 ≡ 〈Y1〉/N . �k��âfê N = 30, é
uÃ^|Úk^|��¹, 3ã 4 ¥�ÑXÚá
�mS3��m y1-x2 ¥�;,. Xã 4(a), é
uÃ^|�¹, ·��±�Ñ�.:� r′∗ = 1, =

ã 6 N = 9, ψ (0) = |9, 0, 0〉, 3 U0 = 0 ��ÿ, XÚ�üzd (6) ªû½, (n2 + n3)-(n2 − n3) �­��3>., =ùÚ­
�; 3 U0 6= 0 ��ÿ, XÚ�üzâ»
ù�>.���
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� J/(NU0) < 1 �, XÚò©ª?3�²¡��
�>, �± 〈x2(t)〉 < 0, ù`²v
���p�^
U
¦âfÛ�z; � J/(NU0) > 1 �, XÚ�
±���²¡�m>, =�p�^'����ÿ,
XÚ�Û�z. ,��¡, 3�3^|��¹e,
Xã 4(b), �.:�� r′∗ < 1. =^|Or
â
f�Ñi5. 3vk^|��¹e, dué¡5,
Y1 = −Y3, Y2 = 0, �Äþ Y1 + Y2 + Y3 �". 3k
^|��ÄþØ2�±�".

3�ëê A = π/2, U = 0 ��¹e, âfê
©Ù���� nmax = max {n1, n2, n3} òU�½
�^SÓ6�����:. ^|pu
âf3n
²�¥^=, �±w�÷*�^=�A, Xã 5
¤«.

e¡·�l,���Ý5w. �âfê N = 9,
Ð�� ψ (0) = |9, 0, 0〉. 3ã 6 ¥�Ñ
 n1 (t).
�
��Ù/w« n1 (t) �¹�A�, é n1 (t)
�lÑ� Fourier C�, ��ØÓªÇ�ÌÝ nω,
nω �6uUÌ. "ªL« n1 (t) �Né"� 
£. ·�'%�´ nω 6=0, ¤±, 3� Fourier C�
c, ké n1 (t) �N²£±~� nω=0. 3 U0 = 0
�, n1 (t) ¥y²w�±Ï5. ���¹e nω �
k n � � " �. � X A � N �, ü â f U Ì #

N�U?��U¬Ñy{¿, 'X3 A = π/2
�, U?��kü���, ù� nω ��kü�
� �. · � � � Ñ (n2 + n3)-(n2 − n3) � ­ �.
d (6) ª��, A = π/2, U0 = 0 �, n2 + n3 =
2N

3
− 2N

9
[2 cos (ω12t) + cos (2ω12t)], n2 − n3 =

2
√

3N

9
[−2 sin (ω12t) + sin (2ω12t)], =ã¥ùÚ­

�, ¿��±y²dù�Ò´ A 6= π/2 �¹�­�
�>.. 'uù�y�·�ò3Ù¦©Ù¥?Ø.
3 U0 6= 0 �, Ï�XÚ�UÌ¤�âfê�6�,
¤± nω kõ���, ¿��6uâfê. Xã 6
¤«, n1 (t) �C�Ø25Æ, Ñyþfû. ù�ÿ
� (n2 + n3)-(n2 − n3) ­�òØ2åP3 A = π/2
��>.�S
.

4 ( Ø

�©lUÌÚXþfÄåÆ©Ûü�¡ïÄ

J[^|¥�n²XÚ. �Ñ
Ã�p�^e�
��  A éüâfXÚÄ��N�ÚâfêÙØ
éõâfXÚ�K�. ,	ïÄ
XÚ�ÄåÆ5
�, *	�
g§By�!÷*^=�A. ���
JÑ
n²XÚ�ÄåÆüz�>.¯K.
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Abstract

We study bosonic atoms trapped in a triple-well with synthetic gauge field. The energy spectrum of the system can be tuned by an

effective magnetic field. For a non-interacting system, eigen-states with different momenta will be the ground state with the magnetic

field varying. In the full quantum scheme, we find the critical ratio between the tunneling and interaction strength for localization of

system under the repulsive interaction. We also discuss the macro-rotation effect induced by the magnetic field and the boundary effect

of the temporal evolution for a non-interacting system.
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