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�-�6& :�$.&�6[1−cm  w�)%48 �648�� ��64- .4��U>��

 �� .<����/�>� @8�5 :���$ ��.����8 .��6-G�$ 6-�-%&6& �4� c

d78�9 Q�4�'> %8 �68�� %5 (<� H�� V�G3> %N&6� �$ �� .3�P

�6� ��$�8..i�m� ��$�8 (/� $����� �$ �6-6� (<�.

�P6�U� .�6� $�R ��64- G �4iB 2�4E6> :��486-�- %4&6& �

@�7\�� 8�$648 :$�4� %4��- � :
4	� (�4E�D l�,34> :��

%&6&6-�- H$�N�<� .�$6� .��6-G�$ V��� %4	B �4� (<� %N&6�

�$ .�6� $�R 1−cm  w=0 e�4- %8��64- +G� ��4a�$ %4	B �$

.&�6[ 1−cm  w"0 e�- %8 ��6- −G%48 %9%48 A4�>�> �4� :��

 P�8 �-�5�� ����@��7���U�.:���S V`���6-+G%48 �68�� 

W�44��U>���44/�>��$ @8�445 :�-�445�� � %44&6& �644m� $��44���

�Q+ωG%8 H�� %��b� ��PQ �� ��8 ;�'�-� %86-�- Z��4[ %4&6&

.� ���8 .J>� %8 ��PQ (&�[ �$ :�� ����G&� H�-��?� �+ωG%8 

(�<�/�-�5�� �$ � �>P�8 :(&�[Q%48 �4�P �4/�>� H�47�$ :

�����`&�+ωG(�< %8�/�-�5�� �� :��V'�7� ��7.�$6� .@4��

 .� v�N>� �_�D @�� %8 (&�[ %5 �����/�>� �47�$ :��48 ���4�G&� 

�� (�< rR�8 ����G&� �$�$ �-6�� �C-C .��-64� ;�4'�-� �

Q 2�_ %8 �/-�/�-�5�� �� :�8 .U�C_ ��7� %.� �n- �4<�.�4/�>� :

�-��O��6B rR�8 ����G&� ���-6�� ��� C-C .��-64��;�4'�-�

2�_ .U�C_ �>P�8 :�/�-�5�� %8 �/-Q �4.���8 .`�44S V4:���

��6-−G3� W�6E %84%8� �� %8 �68�� �U>4>� W���45 J4�$ @8� 

$����� ��$�8 (/� �� .i�m� CNT (<� �.4iD VG� %48 �Q

���'� ��Q %G7�� %8 :$���6-�- :
	� %&6&)BWF, Breit-Wigner-

Fano ( ��44� :$�44� %44��-(44<� (44<� Z��44[.�$VG44� !
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&'
@.����� 2�_ 6-�-&6&�d78�9 H���PQ�68 �F7R %8 �$�����)00 Q�x� H�� (CL�U8 ��V[��� e�
-� :��< l&�D.

�6�[ ��6- BWF �$ .C��'> .�6� $�R 1−cm  w"0 h4b��

 � H$68 ��G�Q �@4�� �a-�34- g64b6� :���$ %4-6�- %45 (4<�

 :
	� (�E�D(<� .�$2�_ 6-�-%&6& :��H���PQ (C�4- H�4� 

IG- / IG+ ��� %&6& (/�6-�-�� %&6& @��U> .4� �475 4- %45 (C�

 �$ v6� 2�_ $�6� �8��8 rm8 �/0(<� .�$�4��'� W�64E�

�$ ���'� @���/N�_2	�,� :����q> �$ ��� %&6& (/�6-�- %&6& 

�69?� (C�- ���q> �8 ��3- H$�$.�$64�.�$ %49 :�4a�$ ��64- 

2�_ 6-�- %&6& ��:QP�����S H�.�$6� �4� .��'&� .�n- .8 ��6- 

��6- D$��$ e�- �$ %5`� 2�_ V!�$.�6� $�R1−cm !�0 

���S (4<� H�4� .��64- @4�� 48%i4<����6�4[ �4� � �4�PQ

 %`C� ���D�< �$ .F&�D�- 6-�- :�%&6& �����S .�$6� .%4�6> �48

 ��6- %G7�� %8D�$ 6-�- ��s %&6&QP�H�� �$ .�64� $�4R $��4[ 
1−cm !00 ���S .4� $64���a-�34- ��$ %45 (4<� %4�G- @4� 

6-�-%&6& ��:QP��68 :�/�>� %8 H�� ���6-D:�/�4-�5�� (�4< %8

�>P�8 V'�7� .4� $64� .��64- :�47/� @�47\�� �$-4���%7�34�8 �

��64- @4�� .O$���O�a-�3- �$6-�- 4&6&�QP�H�4� (4<�.���4'� 

FWHM �$��644- D��44C��'> 1−cm  "+ (44<� �a-�344- %445 

$���O ��6- :�7/� .OD8%i<���.8�'&� .�n- .��6�4[ t<6>

 �648 :�/�>� (4<� %45 W�64E %48 ��64- W�4� ���
4�� D�

H$���O @�7\�� ��64- :�47/� ��4� �> ��$24�_ ���4S ��4���

.� $6� .%8 (��7R �8�/N�_ .R6- ����� :%8(4<$ J4���$ H�4�Q :
1−cm  )�0=1X�1−cm  �!0=2X�1−cm  !ww=X

@�4<6O .O�74��� ;64��� �$ �69?4� ��$�4'� �$�$ ���4B �8 %9

v6� �9?&�"w=σ�1−cm "+ FWHM= %48 (4<$ .4� �4�Q .

�P %49 (4<� �9?4> %8 e���4'�FWHM 6-�- %4&6& �4� :d478�9

��sH�444��PQ ���444O �$ H�a3444����Q @444�� �$ H�444� (444CL�
1−cm  �K 0.����8.

6B ��6-:�$ %5 :�a�$ 24�_ ��4��� 6-�- %4&6& �4� :d478�9

H���PQ ���S .�$6� ��6- *D��6- �� �8��8�$ �-�9�� )�48� �64> 

���6>���(���64- �4�M�$ %45 $��$ e�4- 6-�- %4&6& �4� :d478�9

H���PQ ��68 (n	s ���
�� �8 W�� .� ���5 ��6- @�� �8��.@�� 

���'� �8 g6b6��2�_ 6-�-%&6& ��:d78�9 ���8 Q�$ %45 �4�P 

.�����4� �4�,C> (�3- f�� �8 H�a3����Q @��)CVD(�4�&6>

 �$ � ��$�O V`�)�(����- �$�� H$H(<� �.� l,3� 6�$.

�$ %5 :�a�$ ��6-��R�@�o�� .�6� $6-�- ����� 2�_ %4&6& :�4�

d78�9 H���PQ ���S .�$6� ��6- .R�U� .�N7> �� )(RBM e�4- 

%4445 $��$�4448 �444GR (C�444- �444iB6-�-444&6&�d44478�9�$��$ 

d/)��=RBMω.
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&A
?.6-�- ����� 2�_ &6&�d78�9l&�D .������ ��,8 (�3- f�� %8 %9 H�� c��<)CVD ((<� H�� ��&6>.

�$ V`� �$ H�� %o��� 2�_!��64-RBM .�64� $�4R�$ 
1−cm w"� (4<� H�4�$�O���S ���$ .4&6-�- %4&6& �4� :d478�9 

H���PQ 8%�7m-� %i<��:�6�4[ �� H�4� $�4
�� ��4�PQ :��48 

C<�m���iB ^�B$ 6-�-&6&�d78�9 ����6- ��:+G�−G�48 %5

i8�� Z�<��2��U> ��� .�$6��H$�N�<� .�$6�.

,)d/w/"==−+ ω−ω GG

$�R �[�� %5 w/"=A�[ �821nmcm−.� ���8.%4�6> �8 �?&

 2�_ %8.� rm8 $�6� J�-�6>8%�iB .C��'> �6_6-�-&6&�d78�9 

J�75 %C<�m� ��.

nm +/ ≈d→)d/w/"== w"0 K w=+ 

i8�� %9 (<� �9?> %8 e�P�:��8 v6�6-�-%&6& ��:d78�9 :
	� 

(<� v$�E.���� �5X %5 �6_����6- ∗D��6- �� �8 �6>���

 �$ %5 $��$ �GR (C�- �68 (n	s2�_�rm8 $�6 �$ $��[

 .�6� $�R1−cm)+�  ���S ���%8 %�6> �86-�- 2�_&6&�

d78�9��sQ.3�P�	,> f�� %8 H�� ��&6>�d`���`&� Z6B %5

�/-Q �$�$ �65?� ��6- .C��'> .�6� $�R1−cm)w"0 ���S 

.� $6���6- ;�'�-� �a-�3- *DR %84� $�4�>P�8 :�/�6(<� .

�$ ;��� ��$�'� 8�� %:����6- �� �� �� .��� �$ �69?�

���'�4'� �8 %4��$�6��8 $�4���Q�P4�
-�4� e�4@�� �$ H� 

����(.8�� ��$�'� %����6- �� �� �� .���-6�- c�H���PQ %&6&6-�- 

%8 (C�-2�_ ���8 Q��P.

8�� ��
�� %��6- .���  Kcm ��6- 

�0 D

 � G

    *D

3����Q4� %o��� H�a4(<� H� ._� @�� ��4
��- W�R{4� %4.J���O

 ��L�444> @���3444�8 %4445Q��6444- :�� �444�P*D�D;�444�R� 

�4.$6� ]�Kw[.

C<�m� %8 ;�[�.� ����6- W�� (C�- J���$��.@�� �$ 

��$�'� (&�[ W�� %8(<$ �� H��Q �/N�_�� (CL :�%8 ����� 

.� ��� ���B �7��8:

!!= =ID�! = =IG�)0= =ID* �$ �8 %9 :�/>�4� @���4O �4n-

 %8 ��� ���B %8 %B{R $�6� .>�� :�/�C�- ��69?� .4� (<$ �47�Q :

0+/ =IG/ID�+/ =ID* / ID�w/ =ID* / IG.

V`� 2�_!-6�- �� �l&�D :��< ��4��� (4m> %9 H�� 

)00 �x�Q %8(<$ H��Q (CL (<�H��$�O (4<� .@4��� :��48

 �$ �R$� $�6� g6b6� ��� V`�w%49 �� ����� 2�_ %4-6�- �� 
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&A
B.6-�- 2�_&6&�d78�9H���PQ %8 �$ H�� ��&6> �68 ����� �0 Q�x� %9 H�� :��< l&�D ��8 �$(<� .

����� (m> H�� :��< l&�D �0 �x�Q%8(<$ (<� H��Q ��

%o��� 
�-.�J��$ �%8.<��8 � �Q .&����.J���$�4� .�$24�_ 

����� V`�w��6- D$�4R �$ �64�.1−cm !w0 ���64-G�$ 
1−cm  w=� ���S �(<� H�.��6-+G:�/�4-�9�� (�4< %48 

�� ;�'�-� �>P�8 %��� %9�1−cm w=0%81−cm  w=� 48�� %�4�

 (<� H�� .��64- $6�� @�7\��BWF ��64- �4� −G�$ 4'i7� �

.N�_1−cm  w�0�>1−cm  w"0 (<� H�� ���S -�34- %9�

%-6�- �$68 :
	�(<�.�$2�_ ��6- v6� D*�$ .�64� $�4R 
1−cm )��0 ���S.�$6�.y��,�<� W�R{_� %8 %�6> �8 H��

 �� ����� 2�_�6-�- %&6& ��d78�9 c���8Q� ��P H�4��PQ�@4�� 

(44'�'[Q��`44� .44� $$�44O �$ H�44� 2�44E6> :�44���6- %449 

6-�-%&6& ��cd78�9H���PQ (�< %8��R�64� $�P�48 .�>;�4'�-�

.� 8��7��8 V�&$ $6D %9 �48 .7C� �����Q e�
-� (mE �6�4[

 ��PQ �68 J>� ��67R %8�4-��?� �%4-6�- �$ ���4�`&� (4<� .�$

;���)����$�'� 8%%48 (C�4- H�4� 2�4E6> :����6- .���

 �$ �S�7�� ��6- 2�_ ���8Q(<� H�� H$��Q ��P.

��$�
� C<�m� %8��$ ����6- W�� (C�- �48 � �4b�[ 2�_

 4&6&6-�- �4�&6> :��48 .&�4�R� .`�
�� :��������� ���� t�����

%_68��.�J���$�� .�� H�4� (4CL W�4� ��$�4'� (&�[ @�� �$ 

����$.�� ��$�'� 8%�4���6- �� �� �� .��� 4-6�- c�%48 H�4��PQ 

%8 (C�- ��6- ���8Q��P%_68�� ����� c�/N�_ �$ .

�� 8%��6- .���) Kcm(��6- 

w! D

 � G

  = *D

�/N�_ ��� ���B %8 ����� :�7��� :

�!= =ID��+"=IG�!+"=ID* � w+0 =IG- � w=+=IG+ 

$�64� .>�4� :�/�C�4- ��69?4� :�/>�4� @���4O �n- �$ �8 %9

��� ���B %8 %B{R�7���:

=/0=IG/ID� =/ =ID* /ID�)/ =ID* / IG�

)/ =ID* / IG�=/0=IG+ / IG-.

�$ (C�- (����O IG/ID8%�6_ �8 ����� ��4� .4�����O ��
4��

 A<�7�� %-6�-(<� .�����'��W�R{_� %48 (4<$ �$ H�4�Q �$

2�_��� .� %�6�� H�� H$�$ �$ %-6�- ��� .�����O %9 J�6�

�/N�_ c)wK!((n	s � ���
�� �F47R �648 �$���49 %4-6�-

(<� %����.

�$ ��44� %44&6& (44/� @�44b6-�-(C�44- %448 %44�6>�8 %44&6& 

IG+ / IG-C�- �8 %���'� �$ (�$ �69?� -6�-����q> ;�� .-��7�
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(<� %����- �E�$�Q�$ ��P -6�-�(4<� %4���� ���49 e�$ .

��6-RBM -6�- �$ ��$ e�$ 1−cm w"� � H�� ���S H$�N�<� �8

�� i8���:
)d/w/"==−+ ω−ω GG

%-6�- .C��'> �iB ���'� �8��8 nm�%8(<$.��4�Q.�?4& %4
��-

.� (n	s ���
�� �8 %9 J���O �F7R ��PQ ��
���68 %4-6�- �$

.� ���9 ��� .�����O ��
�� �8��.

F.�"��� B��% 
4�	,> f�� �� H$�N�4<� �8���4� ��4��� d4`���`&� Z64B � J�'

 � @8�9 uC7� c����O ��67R A�>�> %8 �Y����- � @	��<� c����O

 6-�- V��[%&6& ��%4�/> �68 d����S %< �F7R %8 H���PQ d78�9 c

��$�O .%-6�- l&�D �� �� H�� %�/> c�� �� H$�N�4<� �48 c��4<

 (4��O ���B V�	m> � %�

> $�6� ����� dO�79��� d
7< 2�_ .

[ �$ H��Q (<$ %8 T���- � d4	9 (&�M%48�� �4� c���4� d��4�

 6-�- ����� %8 Z��[ � d	E�%&6& ���F47R %48 H���PQ d78�9 c

d� �>P�8 d�6� $��R� ��_ %8 �68 �4��8 .�4� �64/SBWF �$ 

c���� @�8D�G6-�- �$68 c
	� �a-�3- %&6& ��%4�/> d78�9 c

H��(<� �� W�� ��PQ (	R %8 �Dd� ���
�� �8��.
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