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�©é EINR �A�ïÄ´3�Å°ÄÄ�°

[(�U?�[� Λ /oU?XÚ¥?1�. du

�Å|äkÚ\B¨�BÚªÇN´N!�`:,

k|u>^aA�Ó��). ?
ÏLUCÍÜ|

�ªÇ��þN�0��0>~êÚ^�Ç, ¦Ù

3ØÓ�ªÇ«m¢yKò�. ,	, �Å|�õ

U?XÚ¥Ù¦1|�pÍÜ�±�)Nõ�>

^p�ß²Ú>^p�áÂ�'�#�þf�Z

�A, �¢yáÂXê�é���Kò�ÇÚ¼�

$�Ñ�Kò�á�JøB|.

2 XÚ�ïá

�Å°ÄÄ�°[(��[� Λ /oU?

XÚXã 1 ¤«. Ù¥ |1〉, |2〉, |3〉 éAÄ��

°[(�U?, §��m�µþ�Çé� (10−3

þ?); -u�U? |4〉 � |1〉, |2〉, |3〉 �âf�[

áuguË�, §��m�µþ�Çé� (þ?

� 1). Ú\ªÇ� ωp ��Å|°ÄÄ�°[(�

U? |2〉 ⇔ |3〉 �[, Ó�Ú\ªÇ� ωc Ú ωs �Í

Ü| 1 ÚÍÜ| 2 ©O-y |3〉 ⇔ |4〉 Ú |1〉 ⇔ |4〉
�[. n|�.'ªÇ©O� χp =

Ep · d32

~
,

χc =
Ec · d43

~
Ú χs =

Es · d41

~
. XÚ¥� |1〉

Ú |2〉 U?äk�Ó��¡, >ó4B�, �3^

ó4�[ µ21 = 〈1|µ |2〉 6= 0. �¦0�¥�Å|

�>^aAÓ��), U?m�÷v ω32 ≈ ω21
[7].

3�p�^L�e, �Äó4CqÚ^=ÅC

q, ����p�^�M�îþ�
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
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∂ρ

∂t
= − i

~
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2
{Γ, ρ},

Ù¥

{Γ, ρ} = Γρ + ρΓ, Γmj = Γmδmj,

Γm ´U? |m〉 �µþ�Ç. ���ÝÝ
��$

Ä�§:

ρ̇11 =iΩs(ρ41 − ρ14) + W41ρ44 + Γ (ρ22 − ρ11)

+ Γ (ρ33 − ρ11), (1a)

ρ̇22 =iΩp(ρ32 − ρ23) + W42ρ44 − Γ (ρ22 − ρ11)

+ Γ (ρ33 − ρ22), (1b)

ρ̇33 =iΩp(ρ23 − ρ32) + iΩc(ρ43 − ρ34) + W43ρ44

− Γ (ρ33 − ρ22) − Γ (ρ33 − ρ11), (1c)

ρ̇44 =iΩs(ρ14 − ρ41) + iΩc(ρ34 − ρ43)

− W4ρ44, (1d)

ρ̇43 =iΩsρ13 + iΩc(ρ33 − ρ44) − iΩpρ42

+ (iδc − γ43)ρ43, (1e)

ρ̇42 =iΩsρ12 + iΩcρ32 − iΩpρ43

+ (iδc + iδp − γ42)ρ42, (1f)

ρ̇41 =iΩs(ρ11 − ρ44) + iΩcρ31

+ (iδs − γ41)ρ41, (1g)

ρ̇32 =iΩp(ρ22 − ρ33) + iΩcρ42

+ (iδp − γ32)ρ32, (1h)

ρ̇31 =iΩpρ21 + iΩcρ41 − iΩsρ34

+ (iδs − iδc − γ31)ρ31, (1i)

ρ̇21 =iΩpρ31 − iΩsρ24

+ (iδs − iδc − iδp − γ21)ρ21, (1j)

Ù¥, Ωc = χc/2, Ωs = χs/2 Ú Ωp = χp/2. Í

Ü| 1!ÍÜ| 2 Ú�Å|�ªÇ��þ©O

� δc = ωc − ω43, δs = ωs − ω41 Ú δp = ωp − ω32.

γij ´U ? |i〉 Ú |j〉 � m � � Z�� � Ç. -

u � U ? |4〉 g u P ~ � Ä � U ? |1〉, |2〉, |3〉
�âfêP~�Ç©O� W41 = W42 = W43,

W41 + W42 + W43 = W4, 
 |1〉 Ú |2〉 �m, |1〉
Ú |3〉 �m!|2〉 Ú |3〉 �m�âfêµþ�Çþ

� Γ .
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[8], > 4 z
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|d32|2
ε0~Ωp

ρ32; �Å|�

^ | Ü © � |1〉 ⇔ |2〉 U ? �)^ ó 4 � ^,
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� Bp// ^ó4Ý µ21
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êµþ�Ç Γ = 10−3, �f>ó4Ý!^ó4Ý!

�fê�Ý±9>^| =����©O� d32 =

10−29 m · C, µ21 = µB = 9.2732 × 10−24 m2 · A,

N = 2.5 × 1025 m−3, η = 1. �Ä��XÚ¥�Ì

�ëê�Eê, �éëê�¢Ü, Ïd3 Re(εr) < 0

Ú Re(µr) < 0 Ó�¤á�«�S, 0�ò�Ç�L

�ª� Re(n) = Re(−√
εrµr)

[1], ÷vKò�^�.
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Ú ρ21 ¦)��?�6), ¿�ª�� εr Ú µr �

). ρ32 Ú ρ21 ��?�6)©O�

ρ
(1)
32 ={iΩp[(iδc + iδp − γ42)(−iδs + iδc

+ iδp − γ21)(ρ
(0)
33 − ρ

(0)
22 ) − ΩcΩsρ

∗(0)
31

+ Ω2
s (ρ

(0)
33 − ρ

(0)
22 ) − iΩc(−iδs + iδc

+ iδp − γ21)ρ
(0)
43 ]} × [(iδc + iδp − γ42)

× (iδp − γ32)(−iδs + iδc + iδp − γ21)

+ Ω2
c (−iδs + iδc + iδp − γ21)

+ Ω2
s (iδp − γ32)]

−1,

ρ
(1)
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(0)
33 − ρ

(0)
22 )

− ρ
(0)
31 (−iδc − iδp − γ42)(−iδp − γ32)

− iΩs(−iδp − γ32)ρ
∗(0)
43 − Ω2

cρ
(0)
31 ]}

× [(−iδc − iδp − γ42)(−iδp − γ32)

× (iδs − iδc − iδp − γ21)
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c (iδs − iδc − iδp − γ21)
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s (−iδp − γ32)]

−1,
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(0)
22 , ρ

(0)
33 , ρ

(0)
31 Ú ρ

(0)
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3 (JÚ?Ø

�
��Ù�w�XÚ�Kò�Ç«�, ·�

é Re(n) � δp �Cz­��
?n, GØK
X

Ú��ò�ÇÜ©, ��3
Kò�ÇÜ©. �©

òÌ�?ØÏLN�ü�ÍÜ|�ªÇ��þ δc

Ú δs 5��XÚ�Kò�Ç«�. �ü�ÍÜ|�

.'ªÇ�½ØC (χc = χs = 1), ã 2 �ã 4 �Ñ


ÍÜ| 1 ÚÍÜ| 2 �ªÇ��þ�ØÓ��,

Re(εr), Re(µr) Ú Re(n) ��Å|ªÇ��þ δp �

Cz­�.

ã 2 �Ñ
ü�ÍÜ|þ�� (δc = δs = 0)

�, Re(εr), Re(µr) Ú Re(n) ��Å|ªÇ��þ δp

�Cz­�. dã 2 ��, ü�ÍÜ|þ���,

3 δp = −0.6—0 �mÑy
Kò�y�.

ã 3 Úã 4 �ü�ÍÜ|þK��½þ���

�ªÇ��þ�����, Re(εr), Re(µr) Ú Re(n)

� δp �Cz­�. Ù¥, ã 3 � δc = δs = −0.2,

ã 4 � δc = δs = 0.2. ã 3 w«3 δp = −0.6—0 �

mÑy
Kò�y�, ÑyKò��ªÇ���ü

�ÍÜ|þ��� (ã 2) �q, �Kò�­��©

�¤üÜ©, ¥mk�ãvkÑyKò�y�. ã 4

Kw«3 δp = −0.6—0 �mÑy
Kò�y�, Ñ

yKò��ªÇ���ü�ÍÜ|þ��� (ã 2)

��q, �Kò�­��/Gu)
UC.
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ã 2 δc = δs = 0 �, Re(εr), Re(µr) Ú Re(n) � δp �Cz­� (XÚ¥Ù¦ëê©O� W4 = 1, Γ = 10−3, d32 =

10−29 m · C, µ21 = µB = 9.2732 × 10−24 m2 · A, N = 2.5 × 1025 m−3, η = 1)
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ã 5 δc = δs = 0,−0.2,−0.4,−0.6,−0.8,−1.0�, Re(n) � δp �Cz­�

�
��¡/
)ü�ÍÜ|�ªÇ��

þéXÚKò�y��K�5Æ, ±eÜ©ò

? Ø ü � Í Ü | þ K�� ½ þ ��� � ª Ç

��þ������¹e, �ÍÜ|ªÇ��

þ δc Ú δs O�� Re(n) �Cz­�. ã 5 �Ñ

ü�ÍÜ|þK���ªÇ��þ δc = δs =

0,−0.2,−0.4,−0.6,−0.8,−1.0� Re(n) �Cz­

�. d ã 5 � ± w Ñ, � ü � Í Ü | þ � ��,

3 δp = −0.6—0 �mÑy
Kò�y�, ¥m

vkmä. 
�ü�ÍÜ|þK���, Kò�­

��©�¤üÜ©, ¥mk�ãvkÑyKò�

y�. �X δc Ú δs �ýé�ÅìO�, ÑyKò

�y��üÜ©­��ªÇ��ÑÅì �. Ù

¥, mýÜ©���ªÇo´�½3 δp = 0, �

�ªÇl δp = −0.3 ÅìO���u δp = −0.1.

�ýÜ©�ªÇ��Ø�Åì �
�u)m£,
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� δc = δs = −0.2 �ÙªÇ��3 δp = −0.5—

−0.4 NC, 
� δc = δs = −1.0 �ÙªÇ��£

Ä� δp = −0.4—−0.3 �m, �ªÇ�� ��é

Ä��ã. Ó�, dã 5 ��±�Ñ, �X δc Ú δs

�ýé�ÅìO�, ­�mýÜ©�Kò�ÇX

ê Re(n) ��Åì~�, 0��Kò��AÅìO

r, 
�ýÜ© Re(n) ���ü�ÍÜ|þ���

�Øõ, Ä�þvku)Cz.

ã 6 �Ñü�ÍÜ|þ����ªÇ��

þ δc = δs = 0, 0.2, 0.4, 0.6, 0.8, 1.0� Re(n)

� C z ­ �. d ã 6 � ± w Ñ, � ü � Í Ü |

þ��½þK���, Kò�y�Ñy3�ã

ëY�ªÇ��S, ¥mØu)mä. �X δc

Ú δs ÅìO�, ÑyKò�y��ªÇ��k

ú ú O � � , � � ½ � � × �   �. Ù ¥, �

�ªÇØ� δc Ú δs UC, o´�½3 δp = 0,

�´��ªÇu)Cz.δc = δs = 0.2����ª

Ç�� δp = −0.6, ' δc = δs = 0 ��ªÇ��

k¤\°. � δc = δs = 0.4 �Kò�y��ªÇ

��O�����, ��ªÇ3 δp = −0.6 NC,


� δc = δs = 0.6 �­����ªÇâ,O�

� δp = −0.3,¦ÑyKò�y��ªÇ�� �

� δc = δs = 0.4����. �X δc Ú δs ÅìO�,

Kò�y��ªÇ��UY �. Ó�, dã 6 �

�±�Ñ, �X δc Ú δs ÅìO�, Re(n) ��Åì

O�, 0��Kò��Ak¤~f.
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ã 6 δc = δs = 0, 0.2, 0.4, 0.6, 0.8, 1.0�, Re(n) � δp �Cz­�

nÜã 5 Úã 6 ��, ÃØü�ÍÜ|þ�

�, �´ü�ÍÜ|þK��½þ����ªÇ

��þ����, 0��Kò�Ç«�o´Ñy

3 δp < 0 ���S. �ü�ÍÜ|þK���ª

Ç��þ�����, Kò�­��©�¤üÜ©,

�X δc Ú δs �ýé�ÅìO�, ÑyKò��A

�ªÇ��Åì �, �´Kò�ÇXê Re(n) Å

ì~�, 0��Kò��AÅìOr. �ü�ÍÜ

|þ����ªÇ��þ�����, Kò�­�

ëY, �X δc Ú δs ÅìO�, ÑyKò�y��ª

Ç��kúúO��,��½��×� �, 
�

Kò�ÇXê Re(n) ÅìO�, 0��Kò��A

k¤~f.

4 ( Ø

�©é�Å°ÄÄ�°[(��[� Λ /o

U?XÚ�Kò�A5?1
nØïÄ. XÚ¥�

Å|°ÄÄ�°[(�U?�[, �ØÓ°[(�

U?�m�>ó4Ý½^ó4Ýu)ÍÜ, ¦X
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induced by microwave field driving hyperfine levels
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Abstract

Electromagnetically induced negative refraction inducedby microwave field driving hyperfine level transition is studied by

proposing a quasi-lambda type four-level system. Negativerefraction characteristics are observed when hyperfine levels within ground

state are driven by a microwave field which interacts with electric dipole moment or magnetic dipole moment at different hyperfine

levels. In addition, two optical transitions between ground state and excited state are driven by two coupling fields respectively, and the

frequency bandwidth of negative refraction is controlled by the detuning of two coupling fields. It is shown that frequency bandwidth of

negative refraction is much narrower under off-resonant coupling field than under the resonant coupling field and there is a significant

difference in behavior between positively detuned coupling field and negatively detuned coupling field.
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