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1 Ú ó

-1e%Eâ�uÐ¦�ÀÚ-OÏd"v
à (BEC) �±¢y [1], d�<�3¢�ÚnØþé
§?1
éõk¿Â�ïÄ [2−7]. 
ÏL�é�
¤�fU
äküg^ÀÚf�5�, 3§Ýé$
��ÿ, §U
/¤ÚÀÚfaq�vàN, aq
u BEC, �ï<
é�6¤�vàNäk�éõþ
fy���
�\�ïÄ [8−13].

Landau-Zener �B�A´�6¤�vàNä
k���k��þfy�, §£ã��XÚ3	|
°Äe��U?m�þf�B. ù«�B��ÊH
/�3u�aXÚ¥, ¿k2��A^ [14−16]. V
³²�ïÄù«�By�Jø
��éÐ��.,

|^T�.<�C²uy
 BEC �Nõþfy�,

X��5­½���3 [17]!��5 Josephson �
�ÚgÐ¼y� [18]!rÍÜ±Ï°Ä [19] ±9ü
²m� Landau-Zener �By� [14] �.

�©æ^V³²�., 3²þ|Cqe, l¤
��6íN�Ä�nØÑu0�
¤��6íN
¤÷v�Ä�ÄåÆ�§,ÏLé�ãÚØÄ:©
ÛïÄ
ü²m�U?�é�ã±9ØÄ:�K

�, �l Landau-Zener �B�Ä�nØÑuïÄ

¤��6íN���5 Landau-Zener �By�. ï
Äuy, 3þfý94�e, ��p�^ëê c �u
��.� c∗ �, þfý9½nØ2÷v, 
��p
�^ëê c �uù��.��, Ù�B÷vþfý
9½n. ���Ñ
�BÇ�×£�Ç�m�'X.

2 ��5ü��.

3§Ýé$�4��¹e, ¹k�þâf�¤
��6íNXÚ÷vXe��ÃþjzÄåÆ�
§ [20,21]:[

−1
2

∂2

∂x2
+ V (x) + µ(n, a) − i

∂

∂t

]
Ψ(x, t) = 0, (1)

Ù¥, V (x) =
1
2
x2 + A exp(−kx2) £ã
XÚ�§

B³, m �¤�é��þ, µ �¤�XÚ�zÆ³,

Ψ(x, t) �£ã�6¤�íN�Å¼ê. þã?n¥
|^
��fÃþjzü  (~ = ω = m = 1), ¤
k��ÝÑ^

√
~/(mω) Ãþjz, �m^ ω−1 Ã

þjz, Å¼ê Ψ ^
√

N Ãþjz.

�©¥�Ä¤��6íN3N�«� (asc À
1, asc �¤��6íN� s ÅÑ��Ý). éu¤�
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íN�zÆ³, CAck'Æö®²�
éÐ�ï
Ä [22−24], �©ÀJzÆ³÷vXe�§ [23]:

µ =
3
5
ξ

(
λn

π

)2/3

, (2)

Ù¥, Ãþjzëê ξ = 13.37[24], Ãþjzëê λ

Ny
	Ü³²�rÝÚ°Ý, §�������
u 1[24].

æ^ü�Cq [24−26], Å¼ê��Xe/ª:

Ψ(x, t) = ψ1(t)φ1(x) + ψ2(t)φ2(x). (3)

ùp, φ1,2 ©O�ü�²��¼ê, §�÷v8�
z^� ∫

φi(x)φj(x)dx = δij ;

ψ1,2(t) ÷v

|ψ1,2(t)|2 = N1,2(t),

Ù¥ N1,2(t) ©O�ü²¥�âfê. r�§ (3) �
\�§ (1), ¿é�mÅ¼êÈ©, ·��� ψ1,2(t)

÷v [23]

iψ̇1 =
γ

2
ψ1 + UN

2/3
1 ψ1 − kψ2, (4)

iψ̇2 = −γ

2
ψ2 + UN

2/3
2 ψ2 − kψ1. (5)

(4), (5) üª¥, γ �ü²U?�, k �ü²m�ÍÜ
Xê.

U = (3ξ/5)(λ/π)2/3

∫
|φi|1/3dx

L�
¤�f�m��p�^.

rÅ¼ê�� ψ1,2 =
√

N1,2 exp(iθ1,2), Ú\

ÙØê� s =
N2 − N1

N
Ú�é�  θ = θ2 − θ1. l

ùé�ÝCþÑu, ��Xe�§:
ds

dt
= −2k

√
1 − s2 sin θ, (6)

dθ

dt
= γ + c[(1 + s)2/3 − (1 − s)2/3]

+
2ks√
1 − s2

cos θ. (7)

|^�KC�
ds

dt
= −∂H

∂θ
,

dθ

dt
=

∂H

∂s

��¤�XÚ�²;M�îþ

H = γs +
3
5
c[(1 + s)5/3 + (1 − s)5/3]

−2k
√

1 − s2 cos θ. (8)

Ù¥ c = (N/2)2/3U . ·�uy, �p�^ëê c �
6uâfê N Ú�m�¥ φi(x)(i = 1, 2), 
�¥
q�6u	³| V (x) ÚzÆ³ µ(n, asc). �©3
O�¥� k = 0.1.

3 O�(J9©Û

ùpòïÄXÚ� Landau-Zener �By�,

Landau-Zener � . ´ | ^ 	 | N � ü ² m � U
?� γ 5ïÄâf3ü²m�þf�B, ·�
� γ = αt, Ù¥ αÏ~�¡�×£�Ç.

3.1 ���ãããÚÚÚØØØÄÄÄ:::©©©ÛÛÛ

þf�By��±�d/^²;M�îX
Ú¥�ØÄ:��5£ã. ØÄ:éAâfê
ÙØ�²ï©Ù, �L�
XÚ�Uþ©Ù. �
²¡¥M�îXÚ�üz;,Xã 1 ¤«. l
ã 1 �±wÑ, ��p�^ëê c/k < 1.5 � (ã 1

(a)), �²¡¥�kü�ØÄ: F1(s = 0, θ = 0)

Ú F2(s = 0, θ = π), z�:Ñ�µ4�ý�;�¤
��, §�Ñ´­½��éAu¤�XÚUþ��
��Ú���. 
�p�^ëê c/k > 1.5 � (ã 1

(b)), �²¡¥Ø
­½ØÄ: F1(s = 0, θ = 0)

Ú F2(s = 0, θ = π) �	, 3 θ = π � þ�Ñy

#�ØÄ: F3 Ú F4, §�Ñ´Ø­½�.

ØÄ:dü��o�üz��p�^ëê c

��.��±ÏLO�ØÄ:±�;����
ª Ç ¼ �. ò s Ú θ | ^ Ã ¡ � þ s′ Ú θ′ Ð
m � s = sf + s′ Ú θ = θf + θ′, Ù ¥ (sf , θf)

� Ø Ä :. ò § � � \ � § (6) Ú (7), z { ¿
¦ (sf , θf) = (0,π), B�±¼���Ì���ª
Ç

ω0,π =
√

4k2 − 8kc/3. (9)

l�§ (9) ��, � k > 2c/3 �, �§ ω0,π k¢�,

=3ã 1 ¥Ñy­½ØÄ: F2. �´, � k < 2c/3

�, �§ ω0,π vk¢�, =3ã 1 ¥ÑyØ­½Ø
Ä: F3 Ú F4. Ïd, 3 θ = π � þ, ØÄ:dü
��n���.^�� k = 2c/3, = c/k = 1.5. ù
Ú·��ê�O�(J�Î.

U?� γ �±K�XÚ�ØÄ:©Ù, ?
K
�XÚ�Uþ©Ù,Ó�U
�NÑâf3ü²m
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��By�. ã 2 �Ñ
ØÄ:�U?��üz.

��p�^ëê c/k < 1.5 � (ã 2 (a)), U?� γ

l −∞ � +∞ üz�, �²¡þ��3ü�ØÄ
: F1 Ú F2, F1 l s = 1 $Ä�
 s = −1, 
 F2

l s = −1 $Ä�
 s = 1. 3üzL§¥, §�o
´���� π � , p ($) U?©ª�±Uþ�
p ($) �G�.

��p�^ëê c/k > 1.5 � (ã 2 (b)), é
uØÄ: F1, U?� γ l −∞ � +∞ üz�, §
l s = 1 $Ä�
 s = −1. 
 θ = π � þ,

3 −γc < γ < +γc «�ò¬Ñyn�ØÄ:. �
U?� γ l −∞ � +∞ üz�, 3 ±γc ?, ØÄ
: F2 Ú F3, ØÄ: F2 Ú F4 �-E��
U?�
©�, l
¦�þfý9½nØ2÷v, ùL²3
U?mu)
þf�B.

�.: γc �6uëê c/k, §��m�'X
Xã 3 ¤«. lã 3 �±wÑ, �X c/k �O\,

γc �ØäO\, 3�.: c∗/k, γc = 0. ù¿�X,

� c/k > c∗/k �, 3 π � þ#�ØÄ:¬Ñy.

ùÚ±þ©Û����.

ã 1 �²¡¥ØÄ:ÚXÚM�îþ�üz (γ = 0) (a) c/k = 0.5; (b) c/k = 2.5

ã 2 ØÄ:�U?��Cz'X (a) c/k = 0.5; (b) c/k = 2.5
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ã 3 �.: γc � c/k �Cz'X

3.2 ���BBBÇÇÇ���×××£££���ÇÇÇ���'''XXX

e¡·�òïÄ	³|±�Ç α ×£��þ
f�B�¹. b��m t l −∞ � +∞ üz, 3Ð
©��, ¤�f����3�f�³²p. éu�
5�¹ (c = 0), �BÇ�±)Û¦�,

Γ = exp[−(π(2k)2)/(2α)].

3ý94� (α → 0) �, Γ = 0. ù¿�Xâf3ü
�³²mvku)�B, Ïd3��L§¥âf©
ªÙØu�f�³²¥, ù«�¹w,÷vþfý
9½n.

éu��5�¹ (c 6= 0), ÏLê�O���

�p�^ëê c/k ØÓ��BÇ�×£�Ç�
Cz'X, (JXã 4 ¤«. lã 4 �±wÑ: �B
Ç�X��5ëê c/k �O\
O\, �X×£�
Ç α �O�
O�. ��p�^ëê c/k > c∗/k

ã 4 éuØÓ� c/k, �BÇ Γ �×£�Ç α �Cz'X

�, =¦3ý94� (α → 0) �, �BÇ Γ �Ø�
" (ã 4 ¥ c/k = 2.0, 4.0). ù«�¹e, þfý9
½nw,Ø2÷v. ��p�^ëê c/k 6 c∗/k

� (ã 4 ¥ c/k = 0.75, 1.5), 3ý94� (α → 0)

�, �B(J�Ã�p�^���B(J (ã 4

¥ c/k = 0) Ä��q, = α → 0 � Γ = 0, ÷vþ
fý9½n.

ã 5 �p�^ëê���, �BÇ�Kéê –lnΓ �×
£�Ç��ê 1/α �m�'X

ã 6 q Ïf� c/k m�'X

�u c/k 6 c∗/k �, ·�uy3��5�¹e
�BÇ Γ �×£�Ç α �m�,AT÷v�ê5
Æ. éAuØÓ���5ëê c/k,ã 5 �Ñ
×£
�Ç��ê (1/α) ��BÇ�Kéê (–lnΓ ) �m
�'X. ·�uy§�m�'X�Cu�^��,

ÏLO��Ç q �±���BÇ Γ �×£�Ç α

�m÷v�ê5Æ Γ ∝ exp[−q(π(2k)2/(2α))]. Ú
ê�(J'��uy, üöÎÜéÐ. 3ã 5 ¥, �
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��5ëê c/k ©O� 0.35, 0.75, 1.5 �, éA� q

Ïf©O� 0.8064, 0.6012 Ú 0.3744.

ÏL±þ©Ûuy: éuØÓ��p�^ë
ê c, ��3�êþ¦± q Ïf, �BÇ�×£�
Ç�m�'X�,÷v�ê5Æ. éuØÓ���
5ëê c/k, q Ïf��´ØÓ�. ã 6 �Ñ
 q Ï
f���5ëê c/k �Cz5Æ. lã 6 �±wÑ,

�X c/k �O�, q �Øä~�.

4 ( Ø

�©±²þ|nØ�Ä:, (Ü¤��6íN
�5�, lL�¤�fm�p�^�zÆ³Ú s Å
Ñ��ÝÑu,í�Ñ
¤��6íN3N�4�

«�e¤÷v�ÄåÆ�§. �|^ü�Cq��

3V³²¥£ã¤��6íN5���§. Ï
LÚ\�é�ÝCþ, ¿é§���KC����

¤�XÚ�Uþ. ÏLé�ãÚØÄ:©Ûï
Ä
	³²mU?�éþf�B�K�, ¿��

ØÄ:dü��o��^� (=ý9^�eU?©
l�^�). ��± Landau-Zener �BÄ�nØ�
Ä:, ïÄ
¤��6íN���5 Landau-Zener

�B. ïÄuy, ��p�^ëê c > c∗ �, 3ý
94�eþfý9½nØ2÷v; ��p�^ë
ê c < c∗ �, 3ý94�e�B÷vþfý9½
n. 3 c/k < c∗/k �,ÏL��5�/�'�, ��

�BÇ�×£�Ç�m÷v��ê5Æ.
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Abstract

By using the analysis of phase, fixed point and tunneling rate between two wells, we study the nonlinear Landau-Zener transition

of Fermi superfluid gases in a two-mode system. We find that the interaction between fermi pairs can affect the quantum transition. We

also find that when the interaction parameter c is less than the critical value c∗, in the adiabatic limit, the quantum adiabatic transition

theorem is still satisfied, but when the interaction parameter c is greater than this critical value, the quantum adiabatic transition theorem

will not be satisfied. Finally, we obtain the relationship between the tunneling rate and the scan rate by comparing with the linear case.
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