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�@?_*��U!i EjiG H��S iVc khG �f��S iVc �hG �2�fD iV �?_ �iG �.�Db iV� t�?_ ,_i*}@ti



��2� #W, �+��,��+����+�AW�� e�

�MM� ��2G Oiht|i**�?} _ih �}%ji� 5U��U�|i? 4�||i*t w@tih�ih_@4Tu�?} @�t de�o�

|h@?tT@hi?| M�t �? _i? NV��ihi�U��

#@ _�i �}��|L4i �? _ih ji��@|h� u��h b ' ��f ?4 i�?i? �L�i? �MtLhT|�L?t��h!�?}t�

^�ihtU�?�|| �L? ���f3�S U42 3i�}i?c �ih_i? Mi� _�iti4 , Tih�4i?| _��??i 5U��U�|i? 4�|

i�?ih ~�U�|h@|i �L? f�S � � >4%4�? �?_ i�?i4 ~�U�|_h�U! �L? U@� 2ff 4M@h }i3L}i?

de2o� #�i 5U��U�|_�U!i �@h��ih| 3��tU�i? �f >4 �?_ �D >4� #�i Vih_@4Tu�?} _it �}

�?_i| _�hi!| �? _ih �hLMi?!@44ih _�hU� 6L!�tt�ih�?} i�?it , U�4ih�w@tiht Eb ' �fH

?4c ,�B D� �5�c 6@� w@4M_@� @�u i�?i? D 44 _�U!i? �}�5|@M t|@|| de2ocde�o� #�i

��*ti?ih}�i? *�i}i? �4 �f 4a �?_ _�i +iTi|�|�L?th@|i Mi|h�@}| � O3� W? �MM� ��2 �t|

_�i 5U��U�|Th�@T@h@|�L? tU�i4@|�tU� _@h}it|i**|� #@t _�hU� w@tih�ih_@4Tui? i?|t|i�i?_i

!i�*i?u�Lh4�}i �}��*@t4@ �t| _�hU� i�? �i**itc }h��?it +i!L4M�?@|�L?t*i�U�|i? _ih �}�

�|L4i }i!i??3i�U�?i|� B*i�U�3i�|�} 4�| _i4 �hL3iy _it w@tih�ih_@4Tui?t t|h�L4| ��Mih

i�?i ��*|�!@?@*��*@||ic _�i t�U� �?|ih�@*M _it �}�5|@Mit Mi�?_i|c _@t ji?L? _Lt�ih| �?_

}*i�U�4�@y�} i�? �?_ !L?_i?t�ih| 4�| _i? �}��|L4i? @�u _i4 2 U4 i?|uih?|i? �?_ @�u

ef k }i!���*|i? w�6�5�Mt|h@|� #�i 4�| �}��|L4i? _L|�ih|i ji�5U��U�| Mit�|3| i�?i 3)*�?�

_h�tU�i 6Lh4 4�| i�?i4 #�hU�4ittih �L? U@� � U4 �?_ Mi_�?}| _�hU� _�i h�@�4*�U�i

�?Lh_?�?} Mi� _ih ~�U�| 3i�}| _�i 5U��U�| i�?i? Bh@_�i?|i? �? _ih �}�kL?3i?|h@|�L?�

#�i �}%ji�kL?3i?|h@|�L? !@?? _�hU� V@h�@|�L? _it ji�~�U�|_h�U!it 3��tU�i? �G�fff

�?_ �G�fff �@h��ih| �ih_i?�



e2 �� ,j�,+W�,�A,ww,+ �N6��N

��� #@t w@tiht)t|i4

#�i u��h _�i 3i�|@�u}i*�Lt|i? N?|iht�U��?} _ih #)?@4�! �?_ +i*@ @|�L? _ih �}��|L4i �?

_ih ji��@|h� Mi?�L|�}|i? �*|h@!�h3i? ��*ti �4 `i**i?*�@?}i?Mihi�U� �L? Sef ?4 M�t SHf

?4 M3�� �2f ?4 �?_ �ef ?4 �ih_i? �? i�?ih kL4M�?@|�L? @�t !L44ih3�i**i? N*|h@�

!�h3T�*t*@tiht)t|i4 �?_ ti*Mt|}iM@�|i4 6@hMt|Lg�iht|�@h!ih ih3i�}|�

����� #@t 6i4|Lti!�?_i?�w@tiht)t|i4

W? �MM� ��� �t| _@t ������w@tiht)t|i4 _ih 6@� �*@h!��j+ W?U� 3�h ,h3i�}�?} �L?

�*|h@!�h3i? ��*ti? _@h}it|i**|c �LMi� _�i �M!��h3�?} ��� EU��hTi_ T�*ti @4T*��U@|�L?�

u��h _@t �h�?3�T _ih Viht|�@h!�?} �L? uhi^�i?34L_�*�ih|i? E}iU��hT|i?� ��*ti? t|i�|�

�MM� ���G 5U�i4@|�tU�ih ��uM@� _it 6i4|Lti!�?_i?*@tiht)t|i4it _ih 6@� �*@h!��j+

W?U�� #�i ��*ti Mit�|3i? ?@U� Vih*@tti? _it kL4ThittLht Mi� i�?ih #@�ih �L? U@� �Hf ut

i�?i ,?ih}�i �L? f�S 4a�

#@t 5)t|i4 Mit|i�| 3�4 i�?i? @�t i�?i4 �t3�**@|Lh 4�| i�?i4 A�|@?�5@T��h EA�G5@��

kh�t|@**c _ih ��Mih i�?i? �h}L?�WL?i?�w@tih E�L_i** W??L�@ ��fc 6@� �L�ihi?|� @**�*�?i

!L?|�?��ih*�U� 4�| D ` }iT�4T| ��h_� #�i �*|h@!�h3i? ��*ti 4�| i�?ih #@�ih �L? �ff ut

�?_ i�?ih �@?_Mhi�|i �L? �f ?4 Mi� i�?ih ~i?|h@*�i**i?*�@?}i �L? Hff ?4 �ih_i? �4 �t�

3�**@|Lh _�hU� _@t �h�?3�T _it kihh�w�?ti?��L_i?!LTTi*?t ih3i�}| defo� #�i ,?ih}�i _ih

�*|h@!�h3i? ��*ti *�i}| �4 � ?a Mi� i�?ih +iTi|�|�L?th@|i �L? �ff �O3� #ih @?tU�*�iyi?_i



���� #�5 w�5,+5v5A,� e�

WtL*@|Lhc _ih �?t}it@4| _hi�4@* _�hU�*@�ui? ��h_c _�i?| 3�h LT|�tU�i? Ahi??�?} _ih

5|h@�*i?}�@?}i� N4 �itU��@_�}�?}i? _ih LT|�tU�i? kL4TL?i?|i? @�u}h�?_ _ih �L�i?

5T�|3i?�?|i?t�|�@|i? 3� �?|ihM�?_i?c �ih_i? �4 5|hiU!ih _�i ��*ti �Lh _ih @?tU�*�iyi?�

_i? Viht|�@h!�?} �? i�?ih w�||hL��B�||ih�5T�i}i*!L4M�?@|�L? _�hU� _�i `�?!i*_�tTih�

t�L? �L? �ff ut @�u �ff Tt �ih*�@?}ih| �?_ tL4�| _�i W?|i?t�|�@| _it ��*tit _�hU� _�i

3i�|*�U�i 5|hiU!�?} �4 i�?i? 6@!|Lh �fff �ihh�?}ih| d2�o� #�i _@h@�t hit�*|�ihi?_i Bh�T�

Ti?}itU���?_�}!i�|t_�tTiht�L? EBV#� Mi��h!| i�?i ��@ti?4L_�*@|�L? _it ��*titc _�i @*t

���hT Mi3i�U�?i| ��h_�

#�i }iU��hT|i? ��*ti �ih_i? ?@U� ih?i�|i4 #�hU�*@�ui? _it WtL*@|Lht @*t tii_ ���*t

�? _i? +itL?@|Lh _it hi}i?ih@|��i? Viht|�@h!ihtc _ih @*t Viht|�@h!�?}t4i_��4 iMi?u@**t

i�?i? A�G5@�kh�t|@** Mit�|3|c i�?}i!LTTi*|� #ih kh�t|@** ��h_ _�hU� i�?i? }��|i}itU�@*|i|i?

�_Gv�B�w@tih E�L_i** �+���fffc 6@� �*@h!��j+ W?U�� Mi� D�2 ?4 �?_ i�?ih wi�t|�?}

�L? H ` 4�| i�?ih ��*t_@�ih �L? �ff ?t Mi� i�?ih +iTi|�|�L?th@|i �L? � !O3 }iT�4T|�

#�i ,�?� �?_ ��t!LTT*�?} _it tii_���*tit �? _i? +itL?@|Lh ��h_ ��Mih i�?i �LU!i*t3i**i

}it|i�ih|� #�i N4*@�u3i�| _it ��*tit �4 +itL?@|Lh �t| tL i�?}it|i**|c _@y _ih ��*t LT|�4@*

Mi3��}*�U� _it �_Gv�B���4TThL3ittit �iht|�@h!| ��h_� #ih tii_ ���*t �ihM*i�M| u��h U@� �f

N4*�@�ui �4 Viht|�@h!ih�+itL?@|Lh �?_ ��h_ _@Mi� !L?|�?��ih*�U� �iht|�@h!|� #�i ,?ih}�i

_ih ��*ti *�i}| ?@U� Vih*@tti? _it hi}i?ih@|��i? Viht|�@h!iht �4 ��� 4a Mi� i�?ih +iTi|��

|�L?th@|i �L? � kO3� W4 �?tU�*�y _�hU�*@�ui? _�i tL �iht|�@h!|i? }iU��hT|i? ��*ti

?LU�4@*t _i? WtL*@|Lhc Mi�Lh t�i @MtU�*�iyi?_ �4 kL4ThittLh _�hU� i�?i w�||hL��

�?Lh_?�?} 3�i�ih B�||ih @�u U@� �Hf ut �ih!��h3| �ih_i?� #�i �*|h@!�h3i? ��*ti @�t _i4

A�G5@�w@tiht)t|i4 Mit�|3i? Mi� i�?ih +iTi|�|�L?th@|i �L? � kO3 i�?i ,?ih}�i �L? Sff >a�

W? i�?i4 �B�6+�B E�L*@h�3@|�L?�B@|i 6hi^�i?U) +itL*�i_ �T|�U@* B@|�?}����uM@�c

Mi� _i4 4�| O�*ui i�?it ?�U�|*�?i@hi? �hL3ittit �� �h_?�?} i�? ��|L!Lhhi*@|�L?tt�}?@*

ih3i�}| ��h_c !@?? _ih �*|h@!�h3i ��*t Mi3��}*�U� #@�ihc �@?_Mhi�|i �?_ ���hT U�@h@!�

|ih�t�ih| �ih_i?�

����2 �B�6+�B���uM@�

�i� _i4 ��ih �Lh}it|i**|i? ��uM@�c _ih �? �MM� qq tU�i4@|�tU� _@h}it|i**| �t|c ��h_ 3�h

,h3i�}�?} _it ��|L!Lhhi*@|�L?tt�}?@*it _ih LT|�tU�i kihh�,gi!| i�?}iti|3|�

#@3� ��h_ _ih 3� U�@h@!|ih�t�ihi?_i ��*t 4�| i�?i4 5|h@�*|i�*ih �? i�?i? t|@h!i? B@|i�

�?_ tU��@U�i? 5�}?@*t|h@�* @�u}itT@*|i? �?_ _�iti 4�| i�?ih 3i�|*�U�i? Vih3�L}ih�?} �?

i�?i4 kihh��i_��4 E5@T��hc � 44 _�U!� 3�4 �NMih*@TT }iMh@U�|� #�i �L*@h�t@|�L? _it

5�}?@*t|h@�*it ��h_ 4�| i�?i4 �L*@h�t@|Lh @�u f� i�?}it|i**|� #ih 3i�|*�U� �ih3�L}ih|i B@|i�



ee �� ,j�,+W�,�A,ww,+ �N6��N

�MM� ��eG �B�6+�B���uM@� 3�h ��@h@!|ih�t�ih�?} _ih �*|h@!�h3i? ��*ti @�t dSfo�

t|h@�*c _ih Mi3��}*�U� _ih 5�}?@*t|h@�*TL*@h�t@|�L? �4 eD� }i_hi�| �t|c Mi��h!| i�?i �?�

|i?t�|�@|t@M��@?}�}i ��?_ih�?} _it �hiU��?}t�?_i it �4 kihh��i_��4� �*t 6L*}i _itti?

!L44| it �4 3i�|*�U�i? �NMih*@TT 3� i�?ih #hi��?} _ih �L*@h�t@|�L? _it 5�}?@*T�*tit� #�i

�?Lh_?�?} _ih }i!hi�3|i? �L*@h�t@|Lhi? �4 5�}?@*t|h@�* _�i?| _@3�c _@t O�?|ih}h�?_�

tTi!|h�4 3� �?|ih_h��U!i?� #�i #i|i!|�L? _it �4 kihh��i_��4 ih3i�}|i? ��|L!Lhhi*@�

|�L?tt�}?@*it ihuL*}| �? i�?ih �?Lh_?�?} @�t �L?LU�hL4@|Lh �?_ ��#�k@4ih@ E6*@t�

�@4c 6@� ����� N4 i�? 3�i�_�4i?t�L?@*it �MM�*_ _it ��*tit 3� ih�@*|i?c �ih_i? 5Ti!�

|hi? u��h �ihtU��i_i?i Vih3�L}ih�?}t3i�|i? 3��tU�i? B@|i� �?_ 5�}?@*T�*t @�u}i?L44i?c

_�i _@?? _@t tL}i?@??|i 5Ti!|hL}h@44 M�*_i?� ��t _�iti4 5Ti!|hL}h@44 ih��@*| 4@?

W?uLh4@|�L?i? ��Mih ��@ti �?_ 6Lh4 _it �*|h@!�h3i? ��*tit� #@ it t�U� �4 i�?i? ?�U�|�

*�?i@hi? �hL3iy �� �h_?�?} �@?_i*|c Mi?�L|�}| 4@? }i?��}i?_ �L�i ��*t�?|i?t�|�@|i?c �4

i�? tL*U�it 6+�B�5Ti!|hL}h@44 @�u3�?i�4i?� W? �MM� ��D �t| _@t 5Ti!|hL}h@44 i�?it

U��hTuhi�i? A�G5@���*tit _ih ~i?|h@*�i**i?*�@?}i Hff ?4 4�| i�?ih tTi!|h@*i? �hi�|i �L?

�f ?4 �?_ i�?ih 3i�|*�U�i? #@�ih �L? �Sf ut _@h}it|i**|�



���� #�5 w�5,+5v5A,� eD

-400 -200 0 200 400
830

820

810

800

790

780

t
Verzögerung

 / fs

W
el

le
nl

än
ge

 / 
nm

�MM� ��DG 6+�B�5Ti!|L}h@44 i�?it A�G5@���*tit _ih ~i?|h@*�i**i?*�@?}i Hff ?4 4�|

i�?ih �@?_Mhi�|i �L? �f ?4 �?_ i�?ih ��*t_@�ih �L? �Sf ut�

����� #ih 2�t|��}i 6@hMt|Lg�iht|�@h!ih

#�i u��h _@t , Tih�4i?| Mi?�L|�}|i? �*|h@!�h3i? ��*ti 3��tU�i? Sef ?4 �?_ SHf ?4 ih��@*|

4@?c �?_i4 _�i A�G5@���*ti �4 @̀ttih i�? ì�y*�U�|!L?|�?��4 ih3i�}i?c @�t _i4 _�i
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_ih 6�?_@4i?|@*i? �4 SSf ?4 _�hU�_h�?}| �?@M}itU���@U�| _i? 5|h@�*|i�*ih 5A Et�i�i

�MM� ���2��

W? Mi�_i 5|h@�*i?}�@?}i t�?_ �L*@h�t@|Lhi? � i�?}iM@�| �?_ _�i w�?tic 4�| _ih _�i Ai�*�

t|h@�*i? @�u _�i �}%ji�5U��U�| uL!�tt�ih| �ih_i?c �t| �? _ih ��||i }i|i�*| �?_ _�iti Ai�*i

t�?_ �4 �Mt|@?_ �L? U@� � U4 4L?|�ih|c �4 _i? 6@hMui�*ih Mi� _ih �MM�*_�?} @�u�
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