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IVp�UOIKT�U Z `�LOS�N d �eIVUoPOI��JMncPopqIm©eN!UªlmTMN*r[U�IKJ Zedsf r[nOT8POIzPOIKT���LONeJ\N!pqN!Uop�b Z JMpqN!Uob � nOIKT8b8`8LoUop~J\J�S �nOT�Pop~I ( �O]
ncUoP ( bu] 9 U(J\IKT8b8`8L Zed IVUH©eN!U  d � � �¦� | pqJ Y p d S-I�PoIKT��Hl¦��«z] ��IKJMLON�POI¤NeGFIKT8L Zed G5POIKT 7 ��]���`�L(rmI d~d I%G:p~b
.¬ W & I 0 GFIKTMIV`8LoUoIKJ h tet Wxjgf  �pqIyQRIV`8LcU@noUo�eIVU�rDnOT�POIVU5p | Q Z L | IVUHPoIVbD¢��]'£%Ne�o� d ncUO�!bMbM`�LOI | Z b
PcnOT8`8Lo�eIKS �noLoTMJK�¦r�NeGFIVp%£ Z U Zed r�IV`�Lob\I d rDp~TMancUO�!b\I � IKa@J\I	GFIKT �no`8abMp�`8L@JMpq�eJ5rDnOT8PoIVU f  �IKTMIVU®QRIVbMn d J Z J\I
d pqIKS�IKT8J\IVU�p | 0 IKTM� d IVp~`8L¯�Vn¯POIKT¥��JMnoPopqI§©eN!UK� Z Uob\N!U¯IKJ Zedsf S �nOTªPcpqI5GFIKJ\T Z `8L@J\IKJ\I3��LONeJ\N!UOIVUOIVUoIKT\]
�!p~I�IVp~UoIVU¯�eIKT8p�UO�eIKTMIVU���LONeJ\N!pqN!Ucp~b Z JMpqN!Uob � nOIKT�bM`8LoUcpqJ\J�©eN!U �±°��� ¬ ('& �HG f 1 IVnOIKT8I3�[TMGFIVpqJ\IVU�©eN!U
QDNeGcp~`�LOI Z n�²	IKJ Zedsf h (xw�j b\N�rDpqI�©eN!U³« Z k Zed h tet &�j r[nOT8POIVU Z nOSR{�T8noUcP d~Z �eI�POIKT¤Qz] � Z J\T8p´²)�HIKJMLONPoI
PcnOT8`8Lo�eIKS �noLoTMJ�noUoP�GFIKT �no`Ma�bMp~`�L(JMp~�eJ\IVU�PopqIz£ Z U Zed r�IV`�Lob\I d rDp~TMancUO�[©eN!Uª��LONeJ\N!pqN!Ucp~b Z JMpqN!UobMa Z U �Zed IVU�bMNx]
r[pqI 3 d IKa@J\T8N!UOIVUOaeNeTMTMI d�Z JMpqN!UOIVU³G�IVp�POIKT�lmIVbM`8LOT8IVpqGcnoUO��©eN!UµUOIVnOJ\T Zed IVU³�[ncb\� Z UO�!b\�VnobMJ �Z UoPOIVUµb\N*r[pqI
p~N!Uop~bM`�LOIVU 3 UcPO�Vnob\J �Z UoPoIVU f  �p~IVbzS �ncLOTMJ\I%�Vn�IVp�UOIKTzr�IVp~J\IKTMIVUH�[Gcb\IVUOa�noUO��POIVbDGFIKTMIV`8LoUoIKJ\IVU���LONeJ\N!p~Nx]
Ucp~b Z JMpqN!Uob � nOIKT�bM`8LoUcpqJ\J�p | lmIKTMIVp~`8L¯POIKTª£%N!U@JMp~Un Z �eIK�eIVU �nOGFIKT�S-T �noLOIKT8IVU��DTMGFIVpqJ\IVU��¶bMN·P Z bMb�POIKT8IVU
JMLoIKNeTMIKJMp~bM`�LOIVU3��IKTMJ\I1©eN!U �±°��� ¬ (xw �HG��eIK�eIVU �noG�IKT�POIVU3LopqIKT[IKT | pqJ\J\I d J\IVU�I^²���IKT�p | IVU@J\I d~d IVU���IKT8J
n | ` Z�fP(xw³¸¹Z Gr�IVp~`�LOIVU f�¨ | lmIKTMIVp~`�L�NeGFIKT8L Zed G�POIKT§�7�@]��O`8L@r�I d~d I�� .º¬»tV¼�� W � W I 0 �yS Zed~d IVU�PopqI
 �p � IKTMIVUO�KIVUH�KrDp~bM`�LOIVU5I^²��FIKT8p | IVU@J\I d~d IVU5noUcP§JMLOIKNeTMIKJMp~bM`�LOIVU���IKT8J\IVUHrmIVb\IVU@J d p~`8L�a d IVp�UOIKT Z nob f�½ n |
lmIVp~bM�cpqI d IKT | pqJ\J\I d J\I�« Z k Zed p~U}IVp~UOIKTmJMLOIKNeTMIKJMp�bM`8LOIVUH��JMnoPopqIRIVp�UOIVU Z Gcb\N d nOJ\IVU¥��LoNeJ\N!pqN!Uop~b Z JMp~N!Uob � nOIKT\]
b8`8LoUop~J\J�©eN!U ('( ��G§GFIVp .¾¬ � t*� �e��I 0 h tet &�j �Or �Z LOTMIVUoP}© Z U¥PoIKT �HIVn d IVU}IKJ Zedsf | pqJ\J\I d bm��LONeJ\NI d IKa@]
J\T8N!UOIVUob\�FIKaJ\TMN!b\aeNe�cpqIDIVp~UOIVU���IKTMJm©eN!U � °��� ¬ (xw � X
� & � X ��G}GFIVp .¾¬ � t*� �e�yI 0 GFIVb\JMp |�| J\IVU h tetV¼ jgf
¨ | _ Zed~d I1POIKT���LONeJ\N!pqN!Ucp~b Z JMpqN!UH©eN!U	¿�� �  ¤� d pqIKS-IKT8UHUoIVnOIKTMIiJMLoIKNeTMIKJMp~bM`�LOI 9 U@J\IKT8bMno`�L@noUo�eIVUHS �nOT[PoIVU
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lmIKTMIVp�`8L�POIVb�� �^ +L ��� �']'£%N!U@JMp~U@ncn | b Z Gcb\N d nOJ\I���LONeJ\N!pqN!Ucp~b Z JMpqN!Uob � nOIKT�bM`8LoUcpqJ\J\I�©eN!U �±°��� � ����� � � w ��G
h t w(�*j Gc�Kr f �±°��������� ¬ � � (=��w � W �HG h t w!X�j GFIVp . ¬t & � W!w I 0 fF¨ | Q Z L | IVU3PcpqIVb\IKT%�DT8G�IVp~J[rDnoT8POI
I^²��FIKT8p | IVU@J\I d~d IVp~UH��IKT8J�©eN!U �±°��������� ¬ � � X=� t �HG	IKT | pqJ\J\I d JK�FPOIKT�p~UoUOIKT�L Zed GHPOIKT%_OIVL d IKTM�eTMIVUO�KIVU
bMIVLOTz�!nOJ | p~JRPOIVU5QRIVbMn d J Z J\IVUHPOIKTDJMLOIKNeTMIKJMp~bM`�LOIVU��JMncPopqIVU �nOGFIKTMIVp~Ucb\JMp |�| J f
½ nob Z |�| IVUoS Z bMbMIVUoP d �Z bMb\J�bMp~`�L�S-IVb\JMb\J\I d~d IVU��cP Z bMb[POIKT[Lop~IKTRI^²�FIKT8p | IVU(J\I d�d IKT | pqJ\J\I d J\I Z Gcb\N d nOJ\Ii��LoNx]
J\N!p~N!Uop~b Z JMpqN!Ucb � noIKT8bM`8LcUopqJ\Jm©eN!U  d � � �¦�¦p | lmIKTMIVp~`�LHPOIVbi� �   L ��� �']'£¤N!U(JMp~Unon | bzGFIVp . ¬ t W � ¼ w I 0
�eIKT�p~UO�eIKT1p~b\J Zed byPcpqIªS �nOTyPcpqIVb\IVU 3 UOIKTM�!p~IKG�IKT8IVp~`8L p~U UoIVnOIKTMIVU³JMLOIKNeTMIKJMp~bM`�LOIVU 9 U(J\IKT8b8no`8LnoUO�eIVU³GFI^]
bMJMp |�| J\IVU1��IKTMJ\I h (xw � tet &�jgf¨ | _ Zed~d Iz©eN!U}¿��"�\ ¤�
IKTM�!p~GoJ�bMp~`�L�P Z �eIK�eIVU�IVp~UOIz�!noJ\I �9 GFIKTMIVp~Ucb\JMp |�| noUO�
S �nOT�POIVU Z Gcb\N d nOJ\IVU���LONeJ\N!p~N!Uop~b Z JMpqN!Ucb � noIKT8bM`8LcUopqJ\J
p | lmIKTMIVp�`8L�POIVbR� �K  L ��� �']'£¤N!U(JMp~Unon | b
�Kr[p~bM`8LoIVU
«DLOIKNeT8pqI¤noUcP 3 ²��FIKT8p | IVU@J f  �pqIVbR�KIVpq�eJK��P Z bMb Z a@JMnOI d�d I%JMLOIKNeTMIKJMp~b8`8LOI1�[Ucb*�Z J\�KI Z Uob8`8LOIVp~UoIVUoP5�!nOJR�eI^]
IVp~�!UOIKJ�bMp~UoP±��n | Z Gcb\N d nOJ\I5��LONeJ\N!pqN!Uop~b Z JMpqN!Uob � nOIKT8bM`�LoUopqJ\J\I}©eN!Uµa d IVp~UOIVU �¦J\N | IVU±��rDpqI¥� f l f PoI |
Z J\N | Z TMIVU � Z nOIKT8b\J\N � �m�VnO©eIKT d �Z bMb8pq� �Vn�GFIKTMIV`8LoUoIVU f   Z �eIK�eIVU<bM`�LOIVp~UOIVU�PopqIVb\I?��IKJMLON�POIVU��eT �N! eIKTMI
�¦J\N | Ie�r[pqID� f l f P Z b Z J\N | Z TMI  L d NeTV�(Uop�`8L@JmLop�UOTMIVp~`�LOIVUoP1�eIVU Z n¥GFIVbM`8LoTMIVpqGFIVU��Vn¥a �N!UcUOIVU±�@bMN�P Z b8b
IVbiLopqIKT%�Vn��[G@rmIVp~`8LnoUO�eIVU·�KrDp~bM`�LOIVU�JMLOIKNeTMIKJMp�bM`8L·ncUoP3I^²�FIKT8p | IVU(J\I d~d IKT | pqJ\J\I d J\IVU·��LONeJ\N!pqN!Uop~b Z JMp´]
N!Ucb � noIKT8bM`8LcUopqJ\J\IVU§aeN |�| IVUHa Z UcU f
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)+*-,.*0/ 13254+2568796+:+;�4�25<>=@?�A3BDCFE0GH2JIK<@LNMO I>4�2P:Q<R7SI9T�7SUV<NWYX�MTZIKE0<\[KX+25:]A_^`UV:�TZaYa+T O

_ �nOT�Pop~I Zed~d � �Z LOT d p~`8Lip | Z U(J Z TMaJMp~bM`�LOIVU1_OT �noLx� Z LOT¶�Vn�GFIKNeG Z `8L@J\IVUoPOIzPOT Z b\JMp~bM`�LOIm�[GcU Z L | ImPoIKT�¿��KN!UO]
£¤N!UO�KIVU(J\T Z JMpqN!U1p~U¤POIKT¶noU@J\IKTMIVU¤�FN d~Z TMIVU1�J\T Z J\N!b\�:L��Z TMI�bM�cpqI d IVU%a Z J Zed kJMp~bM`�LOI�QDI Z a@JMpqN!Ucb\�Kk@a d IVU�noU@J\IKT
lmIKJ\IVp d pq�!noUO�%©eN!U Y[Zed Ne�eIVUONV²Op~POIVUªIVp~UOIz�KIVU@J\T Zed I[QDN d~d I hcb jgf � d b�PON | p~U Z U@J\IKT��[GoG Z n | IV`8L Z Uop�b | ncb�p~U
PoIKT�{ Z b\�cL Z b\I¤rDpqT�P¥P Z G�IVp±PoIKTed d ¿[]' �p | IKT\] ½ ka d ncb Z UO�eIVbMIVLOIVU h tet jgf

d d ¿ihjd d ¿ihik lnm o-prqs t
lnm o-prus

d d � ¿ � hik � WOf t b �
d d � ¿ � hivPw x d d hyd d ¿¤¿ � WOf tV¼ �
d d ¿¤¿zhik x d d h�¿ � hik � WOf t � �

��{ �gd d h�¿}| x d d ¿ih�¿ � � � WOf t X �

~ IKJ\J\N f ��¿}|+h�L5w x ��¿ �
¨ U Z a@JMnOI d�d IVU�kHNPoI d~d TMIV`�LoU@ncUO�eIVU5�Vn | ��N d�Z TMIVU3¿��KN!U Z GoG Z n�r[pqT8P�Pop~IVb\IKTDa Z J Zed kJMp~bM`8LoIyQRI Z aJMpqN!Uob\]
�Kka d nob§S �nOT5Gcp~b¥�Vn ��w(¸ POIKT�¿��KN!U Z GcU Z L | I �nOGFIKT�POIKT���U(J Z TMaJMp~b5©eIKT Z U(J"r�NeTMJ d p~`8L®�eI | Z `8L@J f�� b
r[pqT8P�P Z GFIVp Z Uo�eIVUON |�| IVU±��P Z bMb@d d � ¿ � p~U�POIKT5�J\T Z J\N!b\�:L �Z TMI�©eNeTM�Vno�!b\r�IVp�b\I Zed b} �p~`8L d NeTM�FIKTMNV²Op~P
�gd d ¿¤¿�d d � Z nOS�J\T�pqJ\JK�cP Z�Z UcPOIKTMI ¨ b\N | IKTMIe�:rDpqI¤� f l f d d ¿�d d ¿®NPoIKT}d d d d ¿ � �cIVp~UOI¤�eIKT8p�UO�eIKTMI��J Z G:p´]
d pqJ �Z J Z nOS-r�IVp~bMIVU hcb � tet � � tet X�jgf
  Z �eIK�eIVUHJ\T �Z �eJRPopqI���LONeJ\N�Pop~b8b\Ne�Vp Z JMpqN!U¥POIKTzbM`8L@r Z `8LOIVU�¿�]�¿[]'l¦p~UoPonoUo�O�(IVU@JMb\�oTMIV`�LOIVUoP5POI | ��LoNeJ\Nx]
d kb\IKa Z U Zed

d d ¿i¿�d d hµL5w�x�d d ¿zhyd d ¿�� � WOf tVv �
Ucp~`8L@J��Vn | ¿��KN!U Z GoG Z n�G�IVp f  �p~IVb�p~b\J�GFIK�eT �ncUoPOIKJ�PonOT8`�L�P Z b��eIKT8p~UO�eI�k�p~bM`�L@ncUO�!b\©eIKT8L �Zed JMUop~b�POIVb Z J\Nx]
| Z TMIVU � Z nOIKT8bMJ\N\�Fb%p~U	POIKT%noU@J\IKTMIVU �J\T Z J\N!b\�cL �Z TMIe� Z nOS-�eT8noUcP�POIVb8b\IVU	aeIVp~U Z J\N | Z TMIVb�dzL d NeT%PonOT8`�L
PcpqI�QRI Z aJMpqN!U�©eN!U ¿�� | �m� | p~J��:LONeJ\N d kJMp~bM`8L�S�TMIVp~�eIVb\IKJ\�KJ\IVUHd d ¿[]'Q Z Pop~a Zed IVU �eIKGcp d POIKJ�rDpqT�P h tetVv jgf
  Z b���IKTM�KrmIVpq�!noUO�!b\©eIKT�L �Zed JMUop~bRS �nOT[PopqI¤l¦p d PoncUO�1©eN!U�d d ncUoP�d d ¿ GFIVp�PoIKTD��LONeJ\N d kb\Ii©eN!U�d d ¿¤¿�d d
GFIVb\JMp |�| J¦P Z LOIKT*�p~U}rmI d `8LOI | ��nob | Z  �P Z b�d d ¿[]' �p | IKTm�Vn | bMJ\T Z J\N!b\�cL��Z T�p~bM`8LoIVU5¿��KN!U Z GoG Z n¥GFIVp´]
J\T��Z �eJ f
 �pqI1�[Gcb\NeTM�oJMp~N!UHPOIVb�d d ¿¤¿�d d � �DGcGcp d PoncUO� WOf t b �Dp�b\J[p |�� �[]'lmIKTMIVp~`�L�PonOT8`�LHb\J Z TMaeI1�[Gcb\NeTM�oJMp~N!Uobu]
G Z UoPOIVU}�eIKaeIVUoUO�KIVp~`�LoUOIKJK�OPOIKTMIVU3k Z ²Op | n | G�IVpF� W b U | d pqIK�eJ f «DLOIKNeTMIKJMp~bM`�LOI � U@J\IKT8bMno`�L@ncUO�eIVUª©eN!U
«
N!UopqN d NiIKJ Zedsf@Z nOS±POIKTR{�T8ncUoP d~Z �eIDPoIKT�d¦�%�@]nd ¨ kHIKJMLONPoI1���8�\���P�����0�e�����r���\�e�\�`�9�%���8�\ �¡£¢9¤¦¥��S�r�§�\ 
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Wellenlänge (nm)

���������������� "!�#�$&%(')��+*�,�-/.&0" 1,32+* +�&&4 -5* #56 2! 70/0¶0 4 *98�:<;9=?>� )@4 -A*z,?8�:B;C;C8�:q/� ) $�C9=?D 4 - 4  #56FE =HG*BJI ?

K  P�0�D¥ �9���r�§�\ ��S��noLOTMIVU��Vn Z `8L@J Z UO�eIKTMIK�eJ\IVU���p~Uo�!n d IKJ\Ju] ½ nobMJ*�Z UoPOIVU±�!Pop~I Z U}PoIKT��[Gcb\NeTM�oJMp~N!Uªp |]� d J\T Z ]
©�pqN d IKJ\J\IVU�G�IKJ\IVp d pq�eJ�bMp~UoP h t � t jgf _ �nOT�PopqIR�[Gcb\NeTM�cJMpqN!U1p | ��I d~d IVU d �Z UO�eIVU@G�IKT8IVp~`8L1©eN!Uª�e� w U | Gcp~b�� ¼ w
U | rDpqT�P ½ nob\J Z UcP�� � l<©eIKT Z U@J'rmNeTMJ d p�`8L3�eI | Z `8L@JK�±r �Z LOT8IVUoP�PopqI��DG:b\NeTM�oJMpqN!U�©eN!U	� ¼ w U | Gcp~b��e� w
U | Z nOS�PcpqI ½ nob\J �Z UoPoI W � �y�@� � lµnoUoP�� � ���VnOT �nc`Ma�eIKS �noLoTMJ¶rDpqT8P f ¿�GFIKT8L Zed Gy©eN!U@�e� w U | rmIKT8POIVU�PcpqI
½ nob\J �Z UoPOI t �8l®noUoPH�@�8� Z UO�eIKT8IK�eJ h t � t jgfF¨ UHPOIKT%�JMnoPopqI%©eN!U3«
N!UopqN d N�IKJ Zedsf r[pqT8P�POIVU Z UO�eIKTMIK�eJ\IVU
½ nob\J �Z UoPOIVU	IVp�U Z U@JMpqGcp~UoPoIVUoPOIKT�d¦L Z T Z aJ\IKTybMN*rmN!L d IVU@J d~Z UO�HPoIKT	d d ]�¿�]'lmp�UoPonoUO� Zed b Z nc`8L³IVU(J d~Z Uo�
PoIKT¤¿�]�¿[]'l¦p~UoPonoUo���VnO�eIVbM`�LOT8pqIKGFIVU h t � t jgf   Z �eIK�eIVU��KIVpq�eIVU�Pop~I�QDIVbMn d J Z J\I1IVp~UOIKT¤�JMnoPcpqIi©eN!U �J Z UO]
J\N!U}noUoP�l Z TMJ d IKJ\J�S��nOT�PopqI Z Uo�eIKTMIK�eJ\IVU ½ nob\J*�Z UoPoI Z nobMbM`�L d pqI� d p�`8L�IVp~UoIVUML	NOQPSR�T dzL Z T Z aJ\IKT h t �e� jgf  �p~I
�[Gcb\NeT8�oJMpqN!U§p | lmIKTMIVp~`�L�POIVb Z aJMp~Uop~b8`8LOIVU5_ d nob8b\IVbzPOIKTRnoU@J\IKTMIVUH�J\T Z J\N!bM�cL��Z TMIª�VUXW¯� v w U | ��S��noLoTMJ
�VnoT���LONeJ\N d k�b\I1r �Z LOTMIVUcP�POIVb��FN d~Z TMIVU3_OT �ncL d p~UO�!b f _ �nOT%PopqI� �p�bMb\Ne�Vp Z JMpqN!U�PoIVb Z Uo�eIKTMIK�eJ\IVU d d ¿i¿�d d
rmIKT8POIVU | IVLOTMIKTMI¤_oT Z � | IVU@J Z JMpqN!Uob\a Z U �Zed I�Pop~b\a�nOJMpqIKTMJ hcb jgf

d d ¿¤¿�d d hµL5w�x d d ¿ihyd d ¿ UZY tV¼ � �ªU | � WOf � w �

d d ¿¤¿�d d hµL5w�x d d ¿¤¿ihyd d UZY t � W(X U | � WOf � t �
d d ¿¤¿�d d hµLPw�x �9d d h�¿ � U[Y tet w!X U | � WOf �e�!�

� T8b\J\I � ²���IKT�p | IVU@J\Ii�VnOT���LONeJ\N�Pop~b8b\Ne�Vp Z JMpqN!U�©eN!U d d ¿¤¿�d d GFIVp\U ¬ � b W U | �KIVpq�eJ\IVU±�FP Z bMb�L Z no�oJu]
b �Z `8L d p�`8L Z J\N | Z TMIVb d¦L d NeT�S�T8IVpq�eIVb\IKJ\�KJ¦rDpqT8P h �*jgf  �pqIVbmrDnoT8POIRGFIVb\J �Z JMpq�eJ¦PonOT�`8L � U@J\IKT8bMno`�L@noUo�eIVU}©eN!U
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kHN d p~U Z noUoP k�pqJ Z TMGFIVpqJ\IKT8U���p~U·POIVUOIVU·IVp~UOI���n Z U@J\IVU Z nobMG�IVnoJ\I�©eN!U � �5S �nOTyPopqI�_OTMIVp�b\IKJ\�VnoUO��©eN!U
d d ]'�¦J\N | IVU5GFIVp�U ¬ � w!X U | IKT | pqJ\J\I d J¦rDnOT8PoI h X�jgf   Z �eIK�eIVUHrDpqIVb � G�IKT�b\J\IVp~U§P Z T Z nOS�Lop~U±��P Z bMbDPopqI
l¦p d PonoUO��©eN!U�d d ¿�]'Q Z Popqa Zed IVU}GFIVp�PoIKTR��LONeJ\N d k�b\I¤POIVb d d ¿[]' �p | IKT8bmIKGFIVUOS Zed~d b Z nOS-J\TMIKJ\IVU�b\N d~d J\I�ncUoP
GFIK�eT �ncUoPOIKJ\I�PopqIVb%noU@J\IKT Z UoPOIKT8I | PonOT8`�L�PopqI1« Z JMb Z `�LOIe�
P Z bMb%PopqIª¿[]�¿[]'l¦p~UcPonoUO�¥POIVb�d d ¿�]' �p | IKT8b
rmIVb\IVU@J d p~`�L3b8`8L@r �Z `8LOIKT¤p�b\J Zed b[Pop~I	d d ]�¿�]'lmp�UoPonoUO� h v jgf±¨ U�IVp~UOIKT�UOIVnOIKTMIVU��JMnoPop~I¤©eN!U k�NNeTMI�IKJ Zedsf
r[nOT8POI§PopqI¥I^²�FIKT8p | IVU(J\I d�d I � ©p~PoIVUO�}S �nOT1PopqI§��LONeJ\N d kb\I§�Vnµ�KrmIVp d d ¿[]'Q Z Popqa Zed IVU·�eIKS noUoPoIVU h t w�jgf
k�pqJ Y p d S-I[IVp~UoIVb�kHN d IKa�n d~Z T8bMJ\T Z L d ] � ²�FIKT8p | IVU(JMb�aeN!UoU(J\IVUHPopqI��[nOJ\NeT8IVU5b\N*rmN!L d PopqI� �p~bMb\Ne�Vp Z JMpqN!U§p~U
d d � h�¿ � Zed b Z no`8L¥p~U@d d ¿ h d d ¿ U Z `8L@r�IVp�b\IVU}ncUoP�GFIVb\JMp |ª| J\IVU}IVp~U���IKT8�Kr�IVpq�!ncUO�!b\©eIKT8L �Zed JMUop~b�©eN!U
ncUO�eIKS �Z LoT v f t GFIVp�U ¬ � W(X U | ncUoP[U ¬ � w!X U | f
lmIVp Z nob\T8IVp~`8LOIVUcPªLON!LOIVU¥«
I | �FIKT Z JMnOTMIVUªaeN!UOanoTMT8pqIKTMJ�POIKT�JMLoIKT | p~bM`�LOI ½ IKTMS Zed�d POIVb d d ¿¤¿�d d | pqJ�PoIKT
��LONeJ\N d k�b\I f   Z LOIKT�J\T8pqJ\J�POIKT+d d ¿�]' �p | IKT\] ½ ka d nob�UnOT�P Z UoU�I
	��VpqIVU@J�p~UyPoIKT���J\T Z J\N!b\�cL��Z T8I Z noS"��r�IVUcU
PoIKT�JMLoIKT | p~bM`�LOI ½ IKTMS Zed~d ©eN!UFd d ¿¤¿�d d � QDI Z a@JMp~N!U WOf t b �-G��\� d~Z UO�!b Z | p�b\J[p | ��IKTM� d IVp~`8L3�VnOT%��LoNeJ\Nx]
d kb\I·� ��TMNe�KIVbMb WOf tV¼ � f�� �noUO�eIKTMI5�[TMGFIVpqJ\IVU �KIVp~�eIVU � Ucb\JMp |�| p~�eaeIVpqJ\IVU �Kr[p~bM`8LoIVU PoI | Z nob�_OI d P | IVbu]
b8noUO�eIVU noUoP PoI | Z nob	kHNPOI d�d b\JMnoPop~IVU�IKT | pqJ\J\I d J\IVUzd d ¿[] kHp�bM`8LnoUO�!b\©eIKT�L �Zed JMUop~b%p�U POIKT Z TMaJMp~bM`8LoIVU
��J\T Z J\N!b\�cL �Z T8I Z nOS h t �S�� t � Wxjgf   Z �eIK�eIVU rDnOT8PoI�S �noT}PopqI��[U@J Z TMaJMp~bªIVp�UOI��!nOJ\I �� GFIKTMIVp�Uob\JMp |�| noUO�
�Kr[p~bM`8LoIVU d d ¿[] k�IVb8bMnoUO�eIVU ncUoP kHNPOI d�d b\JMnoPop~IVU �eIKS-noUcPOIVU h t � b jgf   Z T �nOGFIKT�Lop�U Z nob5�KIVpq�eIVU kHNx]
PoI d~d TMIV`�LoU@ncUO�eIVU³p | ��IKT8� d IVp~`8Lµ�Vn�_oI d Pob\JMnoPcpqIVU IVp�UOIVU �eIKT8p~UO�eIKTMIVU�¿��KN!U Z GoG Z nµp~UµPOIKT Z TMaJMp~bM`8LoIVU
��J\T Z J\N!b\�cL��Z T8I h t � ¼�±t � X�jgfo¨ | {�IK�eIVUob Z J\�iP Z �Vn¥rDnoT8POIVU¥b\N d `8LoI� �p~bMa@TMIK� Z UO�KIVU¥S��nOTzPop~I Z U@J Z TMaJMp~bM`8LoI
��J\T Z J\N!b\�cL �Z T8I¤Gcp~b
�\IKJ\�KJDUop~`�L(JDG�IKNeG Z `8L@J\IKJ h W � t � v � t � w�jgf
 �pqI}lmp�UoPonoUO�!bMIVUOIKTM�!pqI��	�gd d ¿[]�¿�d d �RPoIVb�d d ¿�]' �p | IKT8b�b\N*r[pqIªPopqI�b8p~`8L·P Z T Z nob%IKTM�eIKGFIVUoPoI}{ d IVp~`�L�]
�eIKr[p~`8L@JMb\aeN!Uob\J Z U@J\I¤S �nOT�PcpqI[QDI Z a@JMpqN!U WOf t b bMp~UcP�IVU@JMbM`8LOIVp�POIVUoPOI�� Z T Z | IKJ\IKTV�oPopqI[UOIKGFIVU}POIKT¦��LoNeJ\Nx]
d kb\IKT Z J\IiP Z b�d d ¿[] kHp�bM`8LnoUO�!b\©eIKT�L �Zed JMUop~b¦p~U5PoIKT[�J\T Z J\N!b\�cL �Z TMI¤aeN!U@J\TMN d~d pqIKT8IVU h t � Wxjgf  �pqIil¦p~UoPcnoUO�!bu]
IVUoIKTM�!pqI��3�gd d ¿[]�¿�d d �"rDnOT8POIRp�U | IVLoTMIKTMIVU¥I^²�FIKT8p | IVU(J\I d�d IVU§��JMnoPopqIVUªG�IVbMJMp |�| JK�POIKT8IVU � TM�eIKGcUop�bMb\I
©eN!UoIVp~U Z UoPOIKT Z Gr�IVp�`8LOIVU h � � t � t � t �e� jgf  �IKT Z aJMnOI d~d I[S �nOT k�N�POI d~d T8IV`8LoUnoUO�eIVU}I | �oS-N!L d IVUOI���IKTMJ¦GFI^]
J\T �Z �eJ��	�gd d ¿[]�¿�d d � ¬ � b�� ��� W a ��� | N d hcb �*jgf
  Z bir�IVb\IVU@J d p~`�LOI ½ p~I d PcpqIVb\IVb¤£ Z �:pqJ\I d b�GFIVb\J\IVL@J¤p~U�POIKT�d¦L Z T Z a@J\IKT�p~bMpqIKT8ncUO�¥PoIKT¤��LONeJ\N d k�b\I�noUcP�p~U
PoIKT�l�IVbMJMp |�| noUO��POIKT�lmp�UoPonoUO�!bMIVUOIKTM�!pqI��3�gd d ¿[]�¿�d d �±POIVb+d d ¿[]' �p | IKT8bK��P Z b
©eN!U1�KIVU@J\T Zed IKT�lmIVPOIVnO]
JMncUO�DS �nOT�Pop~I�¿��KN!UO�KIKT8b\J �NeT�noUO�[p�U¤POIKT�a Zed J\IVU1�J\T Z J\N!b\�cL �Z TMI�p~bMJ f  �pqI � U(J\IKT8b8no`8LnoUO�eIVU�bMp~UoP | NeJMpq©p~IKTMJ
PcnOT8`8L � Uob8p~`8LOIKT�LOIVpqJ\IVU±�±PopqI�b\N�r�N!L d p~U�POIVU	�oT�p | �Z TMIVU���n Z U(J\IVU Z ncb\GFIVnOJ\IVU	GFIVp�PoIKTi��LONeJ\N d kb\I Zed b
Z nc`8L�p~U3POIVU	  Z J\IVU��VnOT¤�J Z Gcp d p~J �Z J�POIVb�d d ¿[]' �p | IKT8bDG�IVbMJ\IVLOIVU	noUoP3P Z LOIKT%PopqI	k�N�POI d~d p~IKT8noUO�ªPoIVb
bMJ\T Z J\N!b\�cL �Z T�p~bM`8LoIVU}¿��KN!U Z GoG Z nob¶IKT8bM`�L(rmIKTMIVU f  �pqIRp | Q Z L | IVUªPopqIVb\IKT��[TMGFIVpqJ¶IKTM�VpqI d J\IVU � TM�eIKGcUop�bMb\I
rmIKT8POIVUHp | _ON d �eIVUcPOIVU5©eNeTM�eIVb\J\I d�d J f
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� b�rDnOT8POIy�VnoU �Z `�Lob\J%PopqI1��LONeJ\N!p~N!Uop~b Z JMpqN!U3POIVb�d d ¿[]' �p | IKT8b[noU(J\IKT�bMno`8L@J f  �pqIVb�p~b\J�UONeJ'rmIVUoPop~�O�Fn |
Z UcbM`8L d pqI� eIVUoP3PopqI1��LONeJ\N d k�b\IK�oT8NPon��@J\I�POIVb�d d ¿[]' �p | IKT�bDIVp~UcPOIVnOJMpq�¥p~POIVU@JMpq�o�VpqIKTMIVUH�Vn��F�N!UoUoIVU3ncUoP
lmIVpqJ\T �Z �eI��Vn���TMN�Pon��Ju]'£ Z JMpqN!UoIVUobMpq�!U Zed IVU±��PopqIHPcnOT8`8L�PopqIH��LONeJ\N!pqN!Uop�b Z JMpqN!U¯PoIVb@k�nOJ\J\IKT | N d I�� �n d b
IVU@JMb\J\IVLOIVU��oGFIKT �no`���bMp~`�L(JMp~�eIVU5�Vn	� �N!UoUOIVU f
 �pqI��DGcGcp d PoncUO� WOf tV¼ �KIVpq�eJz��LONeJ\N!p~N!Uop~b Z JMpqN!Ucbu] k Z b8b\IVUob\�FI��J\TMIVUª�VnoTR��kU@JMLOIVb\I�POIVb�d d ¿[]'Q Z Pop
� Zed b

ncUoPªb\IVp�UOIVb� �p | IKT8b%� bMpqIVLOI Z no`8L§�[GcbM`8LcUopqJ\J � f WOf �!���oPopqIDGFIVp�� ¬ t � f W b I�� Z nOS-�eIVUON |�| IVU¥rDnOT�POIVU f
 �pqI�QDI Z �@JMp~N!U·©eN!U Z J\N | Z TMI | d¦L d NeT | pqJ�d¦L d NeT8PopqN*²�p�P �g¿�d d ¿¤�[p | �J\T �N | noUO�!b8b\kbMJ\I | S �ncLOTMJ%GFIVp
Q Z n | J\I | �FIKT Z JMnOT¦�VnOTRl¦p d PoncUO�¤©eN!U�d d ¿[]'Q Z Pop� Zed IVU��@PopqI�PonOT�`8L§p~U@J\IVUobMpq©eI�d d ¿���]���pq�!U Zed I1������� ¬
b t � b ����� ¬ WOf b v�� bK� WOf ¼ X � b���p | ��LONeJ\N!p~N!Uop~b Z JMpqN!Ucbu] k Z b8b\IVUob\�FI��J\T8n | � bMpqIVLOI��DGcGcp d PoncUO� WOf tV¼ � Z �\�
U Z `8LO�eIKrDp~IVb\IVU3r�IKT8PoIVU f ¿�d d ¿ r[pqT8PHP Z G�IVp
©eN d~d bMJ*�Z UoPopq�ªn | �eIVb\IKJ\�KJ f  �nOT8`�L3PcpqIy£%N | Gcp~U Z JMpqN!UH©eN!U
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d d ¿[]'Q Z Pcp
� Zed IVU�p | �eI��
�ncL d J\IVU³�J\T��N | noUo�!bMb\k�b\J\I | ��� ¬ t ��w £y�[r[pqT8PFd d � ¿ � ������� ¬ t w �� t wxW �
t w ¼ ��� ¬<¼ f W(X � bV� ¼ f b W � bK� ¼ f ¼�t � b����eIKGcp d POIKJR� bMpqIVLOI[�DGoG:p d PonoUo� WOf tV¼ �-G��\� f   Z T �nOGFIKT�Lop~U Z nob�r�IKT8PoIVU
ncU(J\IKT�PopqIVb\IVU5lmIVPop~Uo�!noUO�eIVU5PopqI%£ Z JMp~N!UOIVU�d d ¿ � noUcP d d ¿ �� GFIKNeG Z `8L@J\IKJ f
� b±rDnOT�POIVU�� Z TMJMpqI d�d I���LONeJ\N!pqN!UOIVU Z nob\GFIVnOJ\IVU%POIKT�£ Z JMpqN!UOIVU�d d � ¿ �� �Nd d ¿ �� ncUoP�d d ¿ � GFIVp�� ¬ t ��w £
�eI | IVbMb\IVU±��n | Z nob�PoIVU ��nOS-J\T8pqJ\JMb\IVUoIKTM�!pqIVUµPOIKT�£ Z JMpqN!UOIVU���nobMb Z �eIVUµG�IK� �no� d p~`8L p~LOT8IVU � T8b\�cncUO�!b
J\T8ID��IVU¾�Vn � �N!UcUOIVU f  �pqIµ�[GoGcp d PcnoUO� WOf t � � Z ���KIVpq�eJ�PopqI ��LONeJ\N!p~N!UOIVU Z nob\GFIVnOJ\I³S �noT�d d � ¿ �� f  [IKT
� p~Uob Z J\��POIVb_d d � ¿ �� ]���p~�!U Zed b}rDpqT8P�GFIVp � ¬ tet � w ¼ � w � w(� I�� GFIKNeG Z `�L(J\IKJ f  �p~IVb\IKT§��IKTMJ�b\J\IVL@J
p�U��!nOJ\IKT �� GFIKTMIVp~Ucb\JMp |�| noUO� | pqJ}POIKT ¨ N!Uop~bMp~IKT8noUO�!b\IVUoIKTM�!pqI5POIVb@d d ¿[]' �p | IKT8bV��PopqI
	 �}�gd d � ¿ � � ¬
tet � w b � w � w b I��<GFIKJ\T��Z �eJ hcb Wxjgf d d � ¿ � rDnOT8POI[p~U�QRIKS-IKTMIVUO� hcb Wxj PonOT8`�L�PopqIDQDI Z �@JMp~N!Uª©eN!U Z J\N | Z TMI |
dzL d NeT | pqJª¿��KN!U �g¿}|*��p~UµIVp~UOI | �eI�� �noL d J\IVU¯�J\T �N | noUO�!bMbMkb\J\I | � « ¬¹tVv X £y�y�eIKG:p d POIKJK��POIVbMbMIVU
��nOS-G Z n�POI | p | Q Z L | IVU�Pop~IVb\IKTª�[TMGFIVpqJ�©eIKTMrmIVUoPOIKJ\IVU���J\T �N | ncUO�!bMb\k�b\J\I | IVU@JMb\�oT�p~`8L@J f ��nOS�PoIKT
{�T8noUoP d�Z �eIH©eN!U��������� ����� QDIV`8LoUnoUO�eIVU �eN!UoU@J\I3P Z b¥GFIKNeG Z `�L(J\IKJ\IFd d � ¿ �� ]���pq�!U Zed POI |  �p~`8L d NeT\]
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W�XSY[Z�\^]	_a`cbedgfhfhbed�ikj+lnm�XSZ�Y2_popXSqsr4XSY2_pX+o�tAuTvlnY7_�]:X�w�o�_nXSY[X+ox]MyzZ*{sXSY2X+o}|~XSY2��]Mop_pl�onm�X+o}_pX+y�bedM�SfV�
`cb�d�fhbed�f���bed�b�d�fV��i�r�]:Y2_�_pw�m�XSm�X+o���X+]	o�yzq[w���]MdMX+y���w�q[]:Z*oCXSY[rew�Y[qzXSq����?���ct&uIvlpY7_pw�y�bed�bedgfV�7r�lpYz�
_pX�_p]MX+y�]Moa�~\^W�XSY2]M{sX+o0qzX+oE{�]:qzqzX+dMyL��d:XS��qzY[Z*onX+o�yzqzZ*y[y��c� Z*op]My[w�q[]MZ*oE��X+yzq�vw�q[]:m�q����+���5�ct��Vw�yL]Moa ��p��]Md��
_�lponm��ntM�+¡n`g��i7��XSZ���w�¢2£0qzXSqzX�b�d � fk¤� � ¥n]:m*opw�d���w�opoE_�w�£nXSY�w�lpy[y2¢2£pdM]MXS¦*dM]M¢2£Ew�ln§k_p]:X©¨�£pZ�qzZ*]:Z*op]My[w�q[]MZ*o
ª Z*o�bed�fhfhb�d�j+lpY�vlp¢[��m�XS§$vlp£nY[q�r&XSY2_nX+o�t
�V]:XV¨�£pZ�qzZ*]:Z*onX+opw�lpy[��X+lpqzX ª Z*o©bed�fh¤� lpo0qzXSYe_pX+o�«&X+_p]	onm*lponm�X+o�_nX+y&m�XS�8vl�£pd:qzX+o©¥�qzY5vZ*{�lponm*y[y[¬�yzqzX+{�y
`�¯®°��±?²��³i³]My[q�]	o} I�p��]Md	_plponm©�ntM��±^`g��i�_pw�Y[m�X+yzqzX+dMdMqSt��TXSY��4]Mopy[w�qzjL_nX+y�bedgf ¤� � ¥^]Mm*opw�dMy�r�]:Y2_}��X+]
´Tµ `cb�d�fk¤� i¶®·����¸¹��º¼»½²^¸¾²-±�XS|·��XSZ���w�¢2£0qzXSqSt��V]:Xh«e]MdM_plpopm ª Z*o<bed�fh¤� r�]:Y$_�w�ln§A_p]:XV]:Z*op]My2¢2£nXkunY2w�m��
{7X+o-q[w�q[]:Z*o ª Z*o�be£pdMZ�Y[¬�d	¢2£pd:Z�Y$]M_�`cb�d�bed�fV�Qi&j+lnY*vl�¢[��m�XS§$vlp£pY[qS¿

bed�b�d�fV�AÀC£�Á�ÂÃbedgf ¤� ÀEbed-À�X�ÄÅ¸ `g�nt¹º��*i

 Tln§�_pXSY7ÆVY2lpop_pd	w�m�X ª Z*oCÇ^È7É�Ê�ÉcËÌÉÌÍ�Î�X+¢2£po�lponm�X+o�r�lpY2_nXL_p]:XL Iln§gqzY2]:qzq[y2yzX+onXSY[m*]:X�§ vlnYs_nX+ox¨¶Y[Z�jSX+y[y
�nt¹º��aj+lÏ����t¹�*±ÐXS|Ñ��X+yzq[]M{7{³q����+�?���ct��V]:X+yzXSYÓÒ�XSY[q½]	yzq�]	oponXSY2£pw�dM�Ô_nXSY�unX+£pdMXSY[m�Y[X+onjSX+oÕ]MoÖm*lnqzXSY
v× ��XSY[X+]Mopy[q[]M{7{�lponmI{�]:q~_nXSY¶£p]:XSY�XQ\^W�XSY$]M{sX+o0qzX+dMd�§�X+yzqzm�X+y[qzX+dMd:qzX+o7 Tln§gqzY2]:qzq[yzX+onXSY2m*]:Xe§$vlnY4b�d�f ¤� t* Iop_pXSY[X
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2. Potential energy curves for doublet states of BrO

In order to understand the mechanism of predissociation
for the A 2P excited state, the potential energy curves for the
ground state and several low-lying excited doublet states
were computed at the MRCI1Q/aug-cc-pVQZ level of
theory and are shown in Fig. 1.

The MRCI1Q/aug-cc-pVQZ calculations provide the
most consistent results about the potential energy curves of
the ground state, 1 2P , and the four low-lying excited states,
2 2P , 1 2D , 1 2S2, and 1 2S2. The ground state has a mini-
mum around 1.7 Å and dissociates to O(3P)1Br(2P). Com-
pared to the ground state, the first excited state (2 2P) has a
minimum at a larger Br–O distance around 2.0 Å, which is
consistent with the electronic transition 1p→2p . As previ-
ously discussed, 1p is the bonding molecular orbital between
the 4p orbital of Br and 2p of the O atom, while the 2p is
the corresponding antibonding molecular orbital. The elec-
tronic transition from 1p to 2p weakens the Br–O bond and
lengthens the Br–O distance. The bound 2 2P state diabati-
cally correlates to the dissociation limit that yields the prod-
ucts Br(2P)1O(1D); however, there are a total of five re-
pulsive doublet states, the 1 2D , 1 2S2, 1 2S1, 2 2S2, and
the 3 2P , that intersect the 2 2P state ~i.e., the A 2P! at
Br–O bond distances between 1.9 and 2.4 Å. Just as in the
case of ClO,33,34 these intersections result in predissociation

to products on the ground state surface, namely Br(2P)
1O(3P), and the predissociation characteristic of the A 2P

potential energy curve is the reason for the diffuse vibra-
tional structure of the X 2P→A 2P absorption spectrum.
While a detailed investigation of the predissociation mecha-
nism of the A 2P state of BrO is beyond the scope of the
present work, calculations are currently being carried out that
include both the accurate determination spin–orbit and nona-
diabatic derivative coupling matrix elements required for the
theoretical calculation of predissociation linewidths.

Spectroscopic constants for the A 2P state of BrO calcu-
lated at the MRCI1Q/aug-cc-pVQZ level of theory are also
shown in Table II. The effects of spin–orbit coupling on this
state are also relatively strong, with shifts of the equilibrium
excitation energy (Te), bond length, and harmonic frequency
of 20.06 eV, 10.002 Å, and 254 cm21 (A 2P→A 2P3/2).
Vertical excitation energies calculated at the same level of
theory ~without SO coupling! are also shown in Table IV and
are in good agreement with the previously discussed MRCI
calculations. The inclusion of SO effects, while increasing
the number of electronic states (10 L2S states
→15 V states), does not qualitatively change the ordering of
the electronic states.

C. Quartet excited states of BrO

Potential energy curves for the quartet states of BrO are
shown in Fig. 2. Similar to the case of ClO, all of the quartet
states are repulsive except for the low-lying 1 4S2 state,
which is bound and represents the first excited state of BrO
with a calculated vertical excitation energy at the
MRCI1Q/aug-cc-pVQZ level of theory of 2.88 eV. The
other quartet states all have vertical excitation energies above
5.7 eV. The 1 4S2 state has not been observed experimen-
tally, however while the X 2P→1 4S2 transition is formally
spin-forbiden the spin–orbit coupling in BrO may be suffi-
ciently strong to facilitate its observation.

IV. CONCLUSION

In this work, using high level ab initio methods
~CASSCF and MRCI!, we have computed the potential en-
ergy curves and vertical excitation energies for many of the
excited states of BrO, including the 2 2P , 1 2D , 1 2S2, and
1 2S1. The possible electronic states leading to the predis-
sociation of the 2 2P state has been uncovered. The 2 2P

FIG. 1. Potential energy curves for the doublet states of BrO states calcu-
lated at the MRCI1Q/aug-cc-pVQZ level of theory.

TABLE IV. The vertical excitation energies ~eV! for the excited states of BrO.a

ECP
TZ2P~2SP! cc-pVTZ

aug-cc-pVQZ
State MRCI MRCI MRCI1Q MRCI MRCI1Q MRCI1Q Expt.

1 2P 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 2P 4.07 3.82 3.81 3.97 3.94 3.89 3.67b

1 2D 4.19 4.02 3.88 4.12 4.04 4.01
1 2S2 4.35 4.12 3.93 4.21 4.10 4.06
1 2S1 4.70 4.64 4.65 4.64 4.64 4.45

aThe MRCI calculations with the TZ2P~2SP! and cc-pVTZ basis sets employed different reference spaces than
those with the aug-cc-pVQZ set. See the text.

bStrongest feature in the experimental absorption spectrum.
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