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|^ê�O�(J, ?Ø
3 Y .oU?�fXÚ¥ Doppler Ð°é�ý�p��Z5 (VIC) �'�&ÿ|á
Â5��K�. ïÄ(JL²: �Ã Doppler Ð°�, �kØ�3 VIC �â�U�)>^aAß² (EIT) y�; VIC

ò��&ÿ|áÂ�²wUCÚOÃ�); 3 VIC �3ÚØ�3ü«�¹¥, áÂ�Ñäk'u&ÿ|��é¡
�V¸(�. �k Doppler Ð°�, 3 VIC �3ÚØ�3ü«�¹¥ÑU�) EIT y�; VIC Eò��&ÿ|áÂ
�²wUCÚOÃ�); Ø+´Ä�3 VIC, &ÿ|áÂÑäk±eA�: áÂ�Ø2äk'u&ÿ|���é
¡5�� Doppler Ð°°Ý (D) ��O�ÅìlV¸(�C�ü¸(�, &ÿ|áÂØ� D ��O�üNO
�½~�, 3&ÿ|Ú°Ä|�DÂ������¼�'DÂ���Ó����&ÿ|áÂ.

'�c: Y .oU?, Doppler Ð°, &ÿ|áÂ, ý�p��Z5

PACS: 42.50.Gy, 42.50.Hz

1 Ú ó

�f�Z��
�X��Ôny��Ñy,

X�ZâfêÓ¼ (CPT), >^aAß² (EIT), Ã
�=1-1 (LWI), ÃáÂpò�Ç, 1�~ú�.

Ù¥, EIT ´�ÏL	\>|5p��fXÚ��
Z5l¦&ÿ1Ø�T�fXÚáÂ�Ôny
�. EIT �nØÚ¢�*	Ñ´Äkd Harris � [1,2]

�Ñ�. EIT Ú CPT �Ôn��´�Ó�, ¤ØÓ
�´ CPT dü�rÝ�Ó�r1|¤a), <�¤
'5�´âfê�©Ù¯K;  EIT d�f&ÿ|
Ú�r�Z|¤a), <�¤'5�´&ÿ|áÂ
�Cz. du EIT 3 LWI[3]!1DÂ�� [4]!1�
; [5] Úp�Ç��5L§ [6] ��¡äk2�A^
��Úå<�4��ïÄ,� [7−19]. î8��,

k'nU? EIT �nØÚ¢�SNÑ�~´L, ¿
�ù
ïÄ®²í2�oU?�fXÚ.,	�«

�f�Z5´d�f¤?�ý�Ë�|¤�, =ý
�p��Z5 (VIC). Cc5, <�'u VIC é�f
XÚ1Æ5�Ú1Æy��K�®²�
2�Ú
�\�ïÄ [20−30], �ù
ïÄÏ~Ñ¦^
·�
��fXÚ=Ã Doppler Ð°��fXÚ. ¢Sþ,

'u�fXÚ1Æ5�Ú1Æy��¢�ïÄõ
±�f�ð��ó�0�, d� Doppler Ð°�©
wÍ. Ïd, ïÄ VIC é�fXÚ1Æ5�Ú1Æ
y��K���Ä Doppler Ð°��^´�~7�
�. Hou � [31] ïÄ
3Ã Doppler Ð°� Y .o
U?�fXÚ¥ VIC é&ÿ|áÂ5��K�. ¦
��ïÄL², �kØ�3 VIC �â�U�)>^
aAß² (EIT) y�; VIC ò��&ÿ|áÂ�²
wUCÚOÃ�); 3 VIC �3ÚØ�3ü«�¹
¥, áÂ�Ñäk'u&ÿ|��é¡�V¸(
�. �©3dÄ:þ, �	
3 Y .oU?�fX
Ú¥, Doppler Ð°é� VIC �'�&ÿ|áÂ5
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��K�, �Ñ
�
�Ã Doppler Ð°��Ø�
Ó�(J.

2 XÚ�.Ú�ÝÝ
�§

�©æ^� Y .oU?�fXÚU?(�
X ã 1 ¤ «. U ? |4〉 � |2〉 � m � � [ ªÇ
� ω42, 3üU?�m\�ªÇ� ω, Rabi ªÇ
� G = µ42 · ε/~ �°Ä|. U? |2〉 � |1〉 �m�
�[ªÇ� ω12, 3düU?�m\�ªÇ� ω1,

Rabi ªÇ� G1 = µ12 · ε1/~ �f&ÿ|. U? |2〉
� |3〉 �m��[ªÇ� ω23, 3düU?�m\�
ªÇ� ω2, Rabi ªÇ� G2 = µ32 · ε2/~ ��ZÄ
$|. U? |1〉 → |2〉§|4〉 → |2〉 Ú |2〉 → |3〉 �g
uPC�Ç©O� 2γ1§2γ Ú 2γ2. 3ó4CqÚ
^=ÅCqe, XÚ��ÝÝ
$Ä�§|��¤
±e/ª [31]:

dρ11

dt
= −2γ1ρ11 − (iG1ρ12 + ηρ41 + H.c.), (1a)

dρ33

dt
= 2γ2ρ22 + (iG2ρ23 + H.c.), (1b)

dρ44

dt
= −2γ2ρ44 − (iGρ42 + ηρ41 + H.c.), (1c)

dρ12

dt
= −(γ1 + γ2 + i∆1)ρ12 − iG∗

1ρ11

− iG2ρ13 − iG∗ρ14 + iG∗
1ρ22 − ηρ42, (1d)

dρ13

dt
= −(γ1 + i∆1 + i∆2)ρ13

− iG∗
2ρ12 + iG∗

1ρ23 − ηρ43, (1e)

dρ13

dt
= −(γ1 + γ + i∆1 − i∆)ρ14 − iGρ12

+ iG1ρ24 − η(ρ11 + ρ44), (1f)

dρ23

dt
= −(γ2 + i∆2)ρ23 + iG1ρ13

− iG∗
2ρ22 + iG∗

2ρ33 + iGρ43, (1g)

dρ24

dt
= −(γ + γ2 − i∆)ρ24 + iG1ρ14

− iGρ22 + iG∗
2ρ34

+ iGρ44 − ηρ21, (1h)

dρ34

dt
= −(γ − i∆2 − i∆)ρ34

− iGρ32 + iG2ρ24 − ηρ31, (1i)

ã 1 Y .oU?�fXÚ

¿�÷v ρ∗mn = ρnm Ú ρ11 + ρ22 + ρ33 + ρ44 = 1,

ρmm L«U? |m〉 þ�âfêÙØ, ρmn(m 6= n)

L « U ? |m〉 Ú |n〉 � m � 4 zÇ. � § | ¥
� ∆1 = ω12 − ω1, ∆2 = ω23 − ω2, ∆ = ω42 − ω

© O L « & ÿ | ! Ä $ | Ú ° Ä | � � � þ,

η = p
√

γ1γ L«d |1〉 → |2〉 Ú |4〉 → |2〉 ü�
guË�Ï��m�ÍÜ��� VIC �A. ë
þ p ½Â� p = µ12 · µ42/(|µ12||µ42|) = cos θ, θ

L«>ó4Ý µ12 Ú µ42 �m��Ý. XJ µ12

Ú µ42 � �, = θ = π/2, K p = 0, VIC � A
��. � µ12 Ú µ42 Ø��, = θ 6= π/2 �,VIC

�A�3. ¤± θ ���û½
 VIC �A�3
� Ä 9 VIC � A � r f. ù p, · � = �Ä&
ÿ|��^3 |1〉 ↔ |2〉 �[°Ä|��^
3 |4〉 ↔ |2〉 �[��¹, ¤±&ÿ|�4z�
�R�u µ42 °Ä|�4z��R�u µ12,

= ε1 ·µ42 = 0 Ú ε ·µ12 = 0. ù���Ý θ �'é
� G Ú G1 ��� G = G0 sin θ Ú G1 = G10 sin θ,

Ù¥ G0 = |µ42| |ε| /~, G10 = |µ12| |ε1| /~. �

¦ VIC éXÚ1Æ5�kwÍ�K�, ·�b�ü
�-u�U? |1〉 Ú |4〉 ´C{¿�, = ω14 ≈ 0.

&ÿ-13d Y .oU?�fXÚ¥�á
Â (OÃ) 1��d ρ12 �JÜ5£ã. e Imρ12 >

0, K&ÿ|�áÂ; e Imρ12 < 0, K&ÿ|�Or.

��Ä Doppler Ð°�, Imρ12 ���e�/ª:

Imρ̄12 =
∫ ∞

−∞
Imρ12 (δ1) ρ (δ1) dδ1, (2)
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Ù¥

ρ(δ1) = exp[−(δ1 − ∆1)2/2D2]/
√

2πD2, (3a)

δ1 (υ) = ∆ ∓ ω1υ/C, (3b)

δ (υ) = ∆ ± ω [δ1 (υ) − ∆1] /ω1, (3c)

δ2 (υ) = ∆2 ± ω2 [δ1 (υ) − ∆1] /ω1. (3d)

N ´0��Ý, ~ ´ Planck ~ê, ρ(∆p) ´�Ç
� Maxwll-Boltzmann ©Ù, D ´ Dopplerr Ð°°
Ý, υ ´�f�Ç, C �1�, δ1(υ), δ(υ), δ2(υ) ´
�Ä Doppler Ð°�&ÿ|!°Ä|ÚÄ$|��
�. �Ò (KÒ) L«1|�DÂ��Ú�f�$Ä
��´�� (Ó�). 3±e�?Ø¥·�b�&ÿ
|ÚÄ$|��f$Ä����Ó, K� (K) Ò�
éA°Ä|Ú&ÿ|���� (�Ó).

3 ê�O�(JÚ?Ø

éu½��¹ (dρmn/dt = 0), ·�|^V1
f�� (∆1 + ∆2 = 0) Ú°Ä|�� (∆ = 0) ^�
e��� Imρ̄12 �ê�O�(J, 5?Ø Doppler

Ð°é VIC �'�&ÿ|áÂA5�K�. 3·
��L«¥, Imρ̄12 > 0 �LáÂ=&ÿ|��f,

Imρ̄12 < 0 �LOÃ=&ÿ|�Or, Imρ̄12 = 0 �
Kk>^aAß² (EIT) y�u).

ã 2 �Ñ
&ÿ|Ú°Ä|DÂ���Ó
��¹e, � θ = π/2 �=Ø�3 VIC �A�,

Ø Ó Doppler Ð ° ° Ý (D) � é A � & ÿ | á
Â Imρ̄12 �&ÿ|�� ∆1 �Cz. dã 2 �±
wÑ, �Ã Doppler Ð° (D = 0) �, 3 ∆1 < 0

Ú ∆1 > 0 �«��k��&ÿ|áÂ¸, §�'
u ∆1 = 0 �¶´é¡�, ü�áÂ¸�¸�=4
��´���, ∆1 = 0 =&ÿ|��� EIT y�
u); � Doppler Ð°�3 (D > 0) �, &ÿ|áÂ
äk±eA:: 1) 3 ∆1 < 0 «�, � D ��O�,

&ÿ|áÂ¸¸�=4��kO\�~�, �Ñy
4������þ ∆1 ��5��, áÂ¸°Ý
%ÅìO�; 3 ∆1 > 0 «�, �X D ��O�, &
ÿ|áÂ¸4��!Ñy4������þ ∆1

9áÂ¸°Ý�üN~�, ��ªu 0, l¦&
ÿ|áÂ�lV¸(�C¤ü¸(�; 2) �é
u ∆1 < 0 «�S�&ÿ|áÂ, 3 ∆1 > 0 «�S

�&ÿ|áÂÉ Doppler �A�K��wÍ; 3) é
��(½� D �, ∆1 < 0 «�S�&ÿ|áÂ4
���´&ÿ|áÂ���, §o�u ∆1 > 0 «
�S�&ÿ|áÂ4��; 4) �k Doppler Ð°�,

áÂ�Ø2äk'u&ÿ|�� ∆1 �é¡5�
3&ÿ|�� (∆1 = 0) �o�±�) EIT y�.

ã 2 θ = π/2 �, &ÿ|Ú°Ä|DÂ���Ó�¹e, D �
ØÓ�� Imρ̄12 � ∆1 �Cz Ù¥ γ = γ1 = 0.1, γ2 = 0.3,

θ = π/2, G0 = 0.5, G10 = G2 = 0.1

ã 3 � Ñ
� θ = π/2 � = Ø � 3 VIC

�A�, &ÿ|Ú°Ä|DÂ�����¹e,

Ø Ó Doppler Ð ° ° Ý (D) � é A � & ÿ | á
Â Imρ̄12 �&ÿ|�� ∆1 �Cz. '�ã 3 Ú
ã 2 �±wÑ: 1) �Ã Doppler Ð° (D = 0) �, &
ÿ|Ú°Ä|DÂ����Ú�Óü«�¹e�
&ÿ|áÂ���Ó; 2) � Doppler Ð°�3 (D >

0) �, &ÿ|Ú°Ä|DÂ�����¹e Imρ̄12

� ∆1 �Cz5Æ�DÂ���Ó�¹e�'�3
²w��O. 3DÂ�����¹e, �X D ��
ÅìO�, �5?u ∆1 > 0 «��áÂ¸¸�Ú
°ÝÅìO��5?u ∆1 < 0 «��áÂ¸¸
�Ú°ÝÅì~�, Imρ̄12 �Åì� ∆1 < 0 «
�£Ä, �� Imρ̄12 �dV¸(�C�ü¸(�,

EIT y�Ø2u).

ã 3 θ = π/2 �, &ÿ|Ú°Ä|DÂ�����¹e, D �
ØÓ�� Imρ̄12 � ∆1 �Cz Ù¦ëþ�Óã 2
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ã 4 �Ñ
Ø�3 VIC �A (θ = π/2) �, 3
&ÿ|Ú°Ä|DÂ���Ó���ü«�¹
e, &ÿ|áÂ4�� (Imρ̄12)max � Doppler Ð
°°Ý D �Cz�. �±wÑ, 3ü«�¹e,

(Imρ̄12)max Ñ´�X D ��O\kO\�~
�. 3DÂ���Ó��¹e, � D = 0.2 �, X
Ú¼���� (Imρ̄12)max; 3DÂ������
¹e, � D = 0.1 �, XÚ¼���� (Imρ̄12)max.

� D ����, &ÿ|Ú°Ä|DÂ������
&ÿ|áÂ�����uDÂ���Ó��áÂ
���; � D �� 0 ½v
��, DÂ���ÓÚ
��ü«�¹e&ÿ|áÂ�����.

ã 4 θ = π/2 �, �&ÿ|Ú°Ä|DÂ���Ó���ü
«�¹e, (Imρ̄12)max � D �Cz, Ù¦ëþ��ã 2 �Ó

ã 5 θ = π/6 �, �&ÿ|Ú°Ä|DÂ���Ó�¹e, D

�ØÓ�� Imρ̄12 � ∆1 �Cz Ù¦ëþ��ã 2 �Ó

ã 5 � Ñ
� 3 VIC � A (θ = π/6) �,

3 & ÿ | Ú ° Ä | D Â � �� Ó � � ¹ e, Ø
Ó Doppler Ð ° ° Ý (D) � é A � & ÿ | á
Â Imρ̄12 � & ÿ | � � ∆1 � C z. ò ã 5 �
Ø�3 VIC(θ = π/2) �¹ (ã 2) '��±wÑ:

1)D = 0 �, Imρ̄12 < 0 =&ÿ|OÃu) EIT

y�Ø2Ñy, ù�ã 2 ²wØÓ; 2)D > 0 �, �
X D ��O\, Imρ̄12 ��Cz�ã 2 k
a

q, ���ã 2 k²w��O: 3 ∆1 = 0 NCÑy

&ÿ|OÃ (Imρ̄12 < 0), D �é���OÃ�
u D = 0 ��OÃ; � D ����OÃ� D �O
\~�, � D �v
��, OÃ~�� 0, EIT y
�u).

ã 6 θ = π/6 �, &ÿ|Ú°Ä|DÂ�����¹e, D �
ØÓ�� Imρ̄12 � ∆1 �Cz Ù¦ëþ��ã 2 �Ó

ã 6 � Ñ
� 3 VIC � A (θ = π/6) �,

3 & ÿ | Ú ° Ä | D Â � �� � � � ¹ e, Ø
Ó Doppler Ð°°Ý (D) �éA� Imρ̄12 �&ÿ
|�� ∆1 �Cz. òã 6 Ú&ÿ|Ú°Ä|DÂ
���Ó�¹ (ã 5) '��±wÑ: 1) � D = 0

�, & ÿ | Ú ° Ä | D Â � �� � Ú � Ó ü «
�¹e� Imρ̄12 Cz���Ó; 2) � D > 0 �,

Imρ̄12 � ∆1 �Cz5Æ�DÂ���Ó�¹k

aq, =Ñy
OÃ, �X D ��O\, OÃ
Åì~�� 0, Imρ̄12 �dV¸(�ÅìC�
ü¸(�; ���3²w��O, =DÂ���
��, �X D ��ÅìO\, V¸¸�� �Åì
� ∆1 > 0 �«�£Ä, �.éA� Imρ̄12 �ÅìO
�, � D ≈ 0.07 �, 3 ∆1 ≈ 0.5 ?�� Imρ̄12 = 0,

=Ñy EIT y�.

·��ê�O�(JL², 3 θ = π/6 �, &
ÿ|Ú°Ä|DÂ���ÓÚ��ü«�¹e
&ÿ|áÂ4�� (Imρ̄12)max � D ��Cz�
Ø�3 VIC(θ = π/2) ���¹ (ã 4) aq; � θ

�Ù¦�Ý�, Imρ̄12 �&ÿ|�� ∆1 �Cz±
9 (Imρ̄12)max � D ��Cz, Ñ� θ = π/6 �a
q.

4 (Ø

�©|^ê�O�(J, ?Ø
3 Y .oU?
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�fXÚ¥ Doppler Ð°é� VIC �'�&ÿ|
áÂ5��K�. ïÄ(JL²: �Ã Doppler Ð°
�, �kØ�3 VIC �â�U�) EIT y�; VIC

ò��&ÿ|áÂ�²wUCÚOÃ�); 3 VIC

�3ÚØ�3ü«�¹¥, áÂ�Ñäk'u&
ÿ|��é¡�V¸(�. �k Doppler Ð°�,

3 VIC �3ÚØ�3ü«�¹¥ÑU�) EIT y

�;VIC Eò��&ÿ|áÂ�²wUCÚOÃ�
); Ø+´Ä�3 VIC, &ÿ|áÂÑäk±eA
�: áÂ�Ø2äk'u&ÿ|���é¡5�
� Doppler Ð°°Ý (D) ��O�ÅìlV¸(
�C�ü¸(�, &ÿ|áÂØ� D ��O�ü
NO�½~�, 3&ÿ|Ú°Ä|�DÂ����
��¼�'DÂ���Ó����&ÿ|áÂ.
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Abstract

Using the numerical result, the influence of the Doppler broadening on the vacuum induced coherence (VIC) related probe field

absorption is discussed. It is shown that if there exists no Doppler broadening, only when VIC is absent can the electromagnetically

induced transparency (EIT) phenomenon occur; VIC leads the probe field absorption to vary obviously and the gain to appear; in both

cases with and without VIC, the absorption curve has a double-peak structure which is symmetrical about the probe detuning. If there

exists the Doppler broadening, in both cases with and without VIC, EIT phenomenon can always occur; VIC still leads the probe

field absorption to vary obviously and the gain to appear; no matter whether the VIC is present. The probe field absorption has the

following characteristics: the absorption curve no longer has symmetry about the probe field detuning and changes gradually from the

double-peak structure to the single-peak structure with Doppler broadening width (D) increasing; the probe field absorption does not

monotonically increase or decrease with D increasing; the probe field absorption, when the probe and driving fields propagate along

the opposite directions, is smaller than that when the probe and driving fields propagate along the same directions.

Keywords: Y-type four-level, Doppler broadening, probe field absorption, vacuum induced coherence
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