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�F�a�k�u�l�t�a� �s�t�r�o�j�n�í�h�o� �i�n�~�e�n�ý�r�s�t�v�í�,� �V�y�s�o�k�é� �u�
�e�n�í� �t�e�c�h�n�i�c�k�é� �v� �B�r�n��� �/� �T�e�c�h�n�i�c�k�á� �2�8�9�6�/�2� �/� �6�1�6� �6�9� �/� �B�r�n�o

� 

�Z�a�d�á�n�í� �d�i�p�l�o�m�o�v�é� �p�r�á�c�e

�Ú�s�t�a�v�: �Ú�s�t�a�v� �f�y�z�i�k�á�l�n�í�h�o� �i�n�~�e�n�ý�r�s�t�v�í
� 

�S�t�u�d�e�n�t�: �B�c�.� �J�a�k�u�b� �H�r�u�b�ý
� 

�S�t�u�d�i�j�n�í� �p�r�o�g�r�a�m�: �A�p�l�i�k�o�v�a�n�é� �v���d�y� �v� �i�n�~�e�n�ý�r�s�t�v�í
� 

�S�t�u�d�i�j�n�í� �o�b�o�r�: �F�y�z�i�k�á�l�n�í� �i�n�~�e�n�ý�r�s�t�v�í� �a� �n�a�n�o�t�e�c�h�n�o�l�o�g�i�e
� 

�V�e�d�o�u�c�í� �p�r�á�c�e�: �I�n�g�.� �P�e�t�r� �N�e�u�g�e�b�a�u�e�r�,� �P�h�.�D�.
� 

�A�k�a�d�e�m�i�c�k�ý� �r�o�k�: �2�0�1�6�/�1�7
� 
� 
�X�e�d�i�t�e�l � �ú�s�t�a�v�u � �V�á�m � �v � �s�o�u�l�a�d�u � �s�e � �z�á�k�o�n�e�m � �
�.�1�1�1�/�1�9�9�8 � �o � �v�y�s�o�k�ý�c�h � �a�k�o�l�á�c�h � �a � �s�e � �S�t�u�d�i�j�n�í�m

�a� �z�k�u�a�e�b�n�í�m� �Y�á�d�e�m� �V�U�T� �v� �B�r�n��� �u�r�
�u�j�e� �n�á�s�l�e�d�u�j�í�c�í� �t�é�m�a� �d�i�p�l�o�m�o�v�é� �p�r�á�c�e�:

�P�Y�í�p�r�a�v�a� �a� �c�h�a�r�a�k�t�e�r�i�z�a�c�e� �h�y�b�r�i�d�n�í�c�h� �m�a�t�e�r�i�á�l�o� �n�a� �g�r�a�f�e�n�o�v�é� �b�á�z�i

�S�t�r�u�
�n�á� �c�h�a�r�a�k�t�e�r�i�s�t�i�k�a� �p�r�o�b�l�e�m�a�t�i�k�y� �ú�k�o�l�u�:

�H�l�a�v�n�í� �m�y�a�l�e�n�k�o�u� �t�o�h�o�t�o� �p�r�o�j�e�k�t�u� �j�e� �p�r�o�z�k�o�u�m�a�t� �m�o�~�n�o�s�t�i� �s�m�í�c�h�á�n�í� �g�r�a�f�e�n�u� �s� �k�o�m�p�l�e�x�y� �k�o�v�o�,� �c�o�~� �b�y

�m�o�h�l�o� �p�Y�i�n�é�s�t� �n�o�v�é� �p�Y�í�s�t�u�p�y� �v� �m�a�t�e�r�i�á�l�e�c�h� �z�a�l�o�~�e�n�ý�c�h� �n�a� �g�r�a�f�e�n�u� �a� �m�o�l�e�k�u�l�á�r�n�í�m� �m�a�g�n�e�t�i�z�m�u�.� �V�z�o�r�k�y

�j�s�o�u� �p�Y�i�p�r�a�v�e�n�y� �s�o�n�i�k�a�c�í� �g�r�a�f�i�t�u� �v� �k�a�p�a�l�n�é� �f�á�z�i�,� �k�t�e�r�á� �v�e�d�e� �k� �e�x�f�o�l�i�a�c�i� �g�r�a�f�e�n�u�.� �K�o�m�p�l�e�x�y� �k�o�v�o� �j�s�o�u

�s�m�í�c�h�á�n�y� �d�o�h�r�o�m�a�d�y� �s� �g�r�a�f�e�n�e�m�,� �k�t�e�r�ý� �m�á� �t�e�n�d�e�n�c�i� �k�e� �z�p���t�n�é� �a�g�r�e�g�a�c�i� �n�a� �g�r�a�f�i�t� �v� �p�r�o�b���h�u� �
�a�s�u

�v�l�i�v�e�m� �v�a�n� �d�e�r� �W�a�a�l�s�o�v�ý�c�h� �s�i�l�.� �T�e�n�t�o� �m�e�c�h�a�n�i�s�m�u�s� �b�y� �m�o�h�l� �b�ý�t� �v�y�u�~�i�t� �k� �i�n�t�e�r�k�a�l�a�c�i� �k�o�m�p�l�e�x�o� �k�o�v�o

�(�m�o�l�e�k�u�l�á�r�n�í�c�h � �m�a�g�n�e�t�o�) � �m�e�z�i � �v�r�s�t�v�y � �g�r�a�f�e�n�u�. � �M�a�g�n�e�t�i�c�k�é � �v�l�a�s�t�n�o�s�t�i � �n�o�v�ý�c�h � �h�y�b�r�i�d�n�í�c�h � �m�a�t�e�r�i�á�l�o

�b�u�d�o�u � �c�h�a�r�a�k�t�e�r�i�z�o�v�á�n�y � �v�y�s�o�k�o�f�r�e�k�v�e�n�
�n�í � �p�a�r�a�m�a�g�n�e�t�i�c�k�o�u � �r�e�z�o�n�a�n�c�í � �e�l�e�k�t�r�o�n�o � �(�a�n�g�l�. � �H�F�E�P�R�)

�a � �s�u�p�r�a�v�o�d�i�v�ý�m � �k�v�a�n�t�o�v�ý�m � �i�n�t�e�r�f�e�r�e�n�
�n�í�m � �z�a�Y�í�z�e�n�í�m � �(�a�n�g�l�. � �S�Q�U�I�D�)�, � �e�l�e�k�t�r�o�n�i�c�k�é � �v�l�a�s�t�n�o�s�t�i � �p�a�k

�m���Y�e�n�í�m�i� �t�r�a�n�s�p�o�r�t�u�.� �Z�í�s�k�a�n�é� �v�l�a�s�t�n�o�s�t�i� �b�u�d�o�u� �p�o�r�o�v�n�á�n�y� �s� �v�ý�c�h�o�z�í�m�i� �n�e�s�m�í�a�e�n�ý�m�i� �m�a�t�e�r�i�á�l�y�.

�C�í�l�e� �d�i�p�l�o�m�o�v�é� �p�r�á�c�e�:

�P�Y�i�p�r�a�v�i�t� �g�r�a�f�e�n� �z� �g�r�a�f�i�t�u� �e�x�f�o�l�i�a�c�í� �v� �k�a�p�a�l�n�é� �f�á�z�i

�S�m�í�c�h�a�t� �r�o�z�n�é� �k�o�m�p�l�e�x�y� �k�o�v�o� �s� �e�x�f�o�l�i�o�v�a�n�ý�m� �g�r�a�f�e�n�e�m

�C�h�a�r�a�k�t�e�r�i�z�o�v�a�t� �p�Y�i�p�r�a�v�e�n�é� �v�z�o�r�k�y� �v�h�o�d�n�ý�m�i� �m�e�t�o�d�a�m�i� �(�H�F�E�P�R�,� �S�Q�U�I�D�,� �S�E�M�,� �X�P�S�,� �a�t�d�.�)

�S�e�z�n�a�m� �d�o�p�o�r�u�
�e�n�é� �l�i�t�e�r�a�t�u�r�y�:

�W�e�i�l�, � �J�. � �a�n�d � �B�o�l�t�o�n�, � �J�.�, � �E�l�e�c�t�r�o�n � �P�a�r�a�m�a�g�n�e�t�i�c � �R�e�s�o�n�a�n�c�e�: � �E�l�e�m�e�n�t�a�r�y � �T�h�e�o�r�y � �a�n�d � �P�r�a�c�t�i�c�a�l

�A�p�p�l�i�c�a�t�i�o�n�s�,� �S�e�c�o�n�d� �E�d�i�.� �N�e�w� �J�e�r�s�e�y�:� �J�o�h�n� �W�i�l�e�y� �&� �S�o�n�s�,� �2�0�0�7�.

�R�i�e�g�e�r�,� �P�.� �H�.�,� �E�l�e�c�t�r�o�n� �S�p�i�n� �R�e�s�o�n�a�n�c�e�,� �F�i�r�s�t� �E�d�i�.� �C�a�m�b�r�i�d�g�e�:� �T�h�e� �R�o�y�a�l� �S�o�c�i�e�t�y� �o�f� �C�h�e�m�i�s�t�r�y�,� �2�0�0�7�.

�L�o�t�y�a�,� �M�.�,� �K�i�n�g�,� �P�.� �J�.�,� �K�h�a�n�,� �U�.�,� �D�e�,� �S�.� �a�n�d� �C�o�l�e�m�a�n�,� �J�.� �N�.�,� �H�i�g�h�-�C�o�n�c�e�n�t�r�a�t�i�o�n�,� �S�u�r�f�a�c�t�a�n�t�-�S�t�a�b�i�l�i�z�e�d

�G�r�a�p�h�e�n�e� �D�i�s�p�e�r�s�i�o�n�s�,� �A�C�S� �N�a�n�o�,� �v�o�l�.� �4�,� �n�o�.� �6�,� �p�p�.� �3�1�5�5 ��3�1�6�2�,� �J�u�n�.� �2�0�1�0�.



�F�a�k�u�l�t�a� �s�t�r�o�j�n�í�h�o� �i�n�~�e�n�ý�r�s�t�v�í�,� �V�y�s�o�k�é� �u�
�e�n�í� �t�e�c�h�n�i�c�k�é� �v� �B�r�n��� �/� �T�e�c�h�n�i�c�k�á� �2�8�9�6�/�2� �/� �6�1�6� �6�9� �/� �B�r�n�o

�P�a�t�o�n�,� �K�.� �R�.� �e�t� �a�l�.� �S�c�a�l�a�b�l�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �l�a�r�g�e� �q�u�a�n�t�i�t�i�e�s� �o�f� �d�e�f�e�c�t�-�f�r�e�e� �f�e�w�-�l�a�y�e�r� �g�r�a�p�h�e�n�e� �b�y� �s�h�e�a�r

�e�x�f�o�l�i�a�t�i�o�n� �i�n� �l�i�q�u�i�d�s�,� �N�a�t�.� �M�a�t�e�r�.�,� �v�o�l�.� �1�3�,� �n�o�.� �6�,� �p�p�.� �6�2�4 ��6�3�0�,� �2�0�1�4�.

� 
� 
�T�e�r�m�í�n� �o�d�e�v�z�d�á�n�í� �d�i�p�l�o�m�o�v�é� �p�r�á�c�e� �j�e� �s�t�a�n�o�v�e�n� �
�a�s�o�v�ý�m� �p�l�á�n�e�m� �a�k�a�d�e�m�i�c�k�é�h�o� �r�o�k�u� �2�0�1�6�/�1�7
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� 

�V� �B�r�n���,� �d�n�e
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� 

�L�.� �S�.
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� � � � � 

� 
�p�r�o�f�.� �R�N�D�r�.� �T�o�m�á�a� �`�i�k�o�l�a�,� �C�S�c�.

�Y�e�d�i�t�e�l� �ú�s�t�a�v�u
� 

�d�o�c�.� �I�n�g�.� �J�a�r�o�s�l�a�v� �K�a�t�o�l�i�c�k�ý�,� �P�h�.�D�.

�d���k�a�n� �f�a�k�u�l�t�y
� 
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���i�Q�K �B�M �i�?�2 �;�`���T�?�2�M�2 �H���i�i�B�+�2 �B�b �+�Q�M�M�2�+�i�2�/ �i�Q �i�?�`�2�2 �M�2�B�;�?�#�Q�m�`�B�M�; ���i�Q�K�b �#�v �b�i�`�Q�M�; �B�M�@�T�H���M�2
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3aC� C�- ���M�/
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�>���H�H �K�Q�#�B�H�B�i�B�2�b �2�p�2�M �?�B�;�?�2�` �i�?���M200 000 cm2 �o� 1�b� 1 �?���p�2 �#�2�2�M �`�2�T�Q�`�i�2�/ �7�Q�` �;�`���T�?�2�M�2
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�k�X�k�X �a�B�M�;�H�2�@�J�Q�H�2�+�m�H�2 �J���;�M�2�i�b �U�a�J�J�b�V

�h�?�B�b �+�?���T�i�2�` �B�b �r�`�B�i�i�2�M �i�Q �T�`�Q�p�B�/�2 ���M �B�M�i�`�Q�/�m�+�i�B�Q�M �i�Q �i�?�2 ���T�T�`�Q���+�? �Q�7 �K�Q�H�2�+�m�H���` �K���;�M�2�i�B�b�K
�#�v �/�2�b�+�`�B�#�B�M�; �+�?���`���+�i�2�`�B�b�i�B�+ �T�`�Q�T�2�`�i�B�2�b �Q�7 �a�J�J�b ���M�/ �#�v �Q�m�i�H�B�M�B�M�; �i�?�2 �K���;�M�2�i�B�+ �B�M�i�2�`���+�i�B�Q�M�b
�B�M �K�Q�H�2�+�m�H���` �b�v�b�i�2�K�b�X �h�?�2 �M�Q�i���i�B�Q�M �r���b �i���F�2�M �7�`�Q�K �i�?�2 �#�Q�Q�F�, �J�Q�H�2�+�m�H���` �L���M�Q�K���;�M�2�i�b
�(�k�e�) ���M�/ �`�2�p�B�2�r�, �A�M�i�`�Q�/�m�+�i�B�Q�M �i�Q �J�Q�H�2�+�m�H���` �J���;�M�2�i�B�b�K �(�k�d�)�X

�k�X�k�X�R�X �J�Q�H�2�+�m�H���` �J���;�M�2�i�B�b�K

�J�Q�H�2�+�m�H���` �K���;�M�2�i�B�b�K �B�b �`���i�?�2�` �M�2�r ���T�T�`�Q���+�?�- �7�m�H�H�v �/�2�p�2�H�Q�T�B�M�; �7�`�Q�K �R�N�N�y�b�- �/�2�b�+�`�B�#�B�M�;
�K���;�M�2�i�B�+ �#�2�?���p�B�Q�m�` ���i �i�?�2 �b�+���H�2 �Q�7 �B�M�/�B�p�B�/�m���H �K�Q�H�2�+�m�H�2�b ���M�/ �K�Q�H�2�+�m�H���` �+�H�m�b�i�2�`�b�X �A�i �+���M
�#�2 �/�2�b�+�`�B�#�2�/ ���b ���M �B�M�i�2�`�/�B�b�+�B�T�H�B�M���`�v �}�2�H�/�- �r�?�2�`�2 �+�?�2�K�B�b�i�b �/�2�b�B�;�M ���M�/ �b�v�M�i�?�2�b�B�b�2 �M�2�r �K���@
�i�2�`�B���H�b �r�B�i�? �B�M�+�`�2���b�B�M�; �+�Q�K�T�H�2�t�B�i�v �#���b�2�/ �Q�M �� �7�2�2�/�#���+�F �7�`�Q�K �T�?�v�b�B�+�B�b�i�b�- �i�?���i �T�2�`�7�Q�`�K ���M�/
�/�2�p�2�H�Q�T �2�t�T�2�`�B�K�2�M�i���H �K�2���b�m�`�2�K�2�M�i�b �B�M �Q�`�/�2�` �i�Q �K�Q�/�2�H �i�?�2 �M�Q�p�2�H �K���i�2�`�B���H �T�`�Q�T�2�`�i�B�2�b ���b�@
�b�Q�+�B���i�2�/ �r�B�i�? �K�Q�H�2�+�m�H���` �K���i�2�`�B���H�b�X �h�?�2 �`�B�b�2 �Q�7 �i�?�B�b ���T�T�`�Q���+�? �B�b ���H�b�Q �+�H�Q�b�2�H�v �`�2�H���i�2�/ �i�Q
�i�?�2 �`�B�b�B�M�; �B�M�i�2�`�2�b�i �B�M �M���M�Q�@�b�+�B�2�M�+�2 ���M�/ �M���M�Q�i�2�+�?�M�Q�H�Q�;�v�- �i�?���i �b�T���M�b �i�?�`�Q�m�;�?�Q�m�i �M���i�m�`���H
�b�+�B�2�M�+�2�b ���M�/ �B�M�/�m�b�i�`�B���H �M�2�2�/�b �Q�7 �K�B�M�B���i�m�`�B�b���i�B�Q�M �T�`�Q�+�2�b�b�2�b �+�Q�M�M�2�+�i�2�/ �i�Q �`���T�B�/ �/�2�p�2�H�Q�T�K�2�M�i
�Q�7 �+�Q�K�T�m�i�2�`�b�X ���H�Q�M�; �r�B�i�? �i�?�2 �M�2�2�/ �7�Q�` �b�K���H�H�2�` �+�Q�K�T�Q�M�2�M�i�b �B�M �/�2�p�B�+�2�b�- ���H�b�Q �i�?�2 �M�2�2�/
�7�Q�` �T�`�B�M�+�B�T�H�2�b �Q�7 �[�m���M�i�m�K �K�2�+�?���M�B�+�b �r�?�2�M �/�2�b�+�`�B�#�B�M�; �i�?�2�b�2�b �b�v�b�i�2�K�b �#�2�+�Q�K�2�b �`�2�H�2�p���M�i�X
�"�Q�i�? �i�?�2�Q�`�2�i�B�+���H ���M�/ �2�t�T�2�`�B�K�2�M�i���H �T���`�i�b ���`�2 �M�2�+�2�b�b���`�v �7�Q�` �m�M�/�2�`�b�i���M�/�B�M�; ���M�/ �+�Q�M�i�`�Q�H�H�B�M�;
�K���i�i�2�` ���i �i�?�2 �M���M�Q�@�b�+���H�2�X �A�M�p�2�b�i�B�;���i�B�Q�M �Q�7 �b�m�+�? �b�v�b�i�2�K�b �r���b �2�M���#�H�2�/ �#�v �T�`�Q�;�`�2�b�b �B�M �i�?�2
�}�2�H�/ �Q�7 �b�+���M�M�B�M�; �T�`�Q�#�2 �K�B�+�`�Q�b�+�Q�T�v �b�m�+�? ���b ���i�Q�K�B�+ �7�Q�`�+�2 �K�B�+�`�Q�b�+�Q�T�v�- �b�+���M�M�B�M�; �i�m�M�M�2�H�H�B�M�;
�K�B�+�`�Q�b�+�Q�T�v�- �b�+���M�M�B�M�; �2�H�2�+�i�`�Q�M �K�B�+�`�Q�b�+�Q�T�v�- �2�i�+�X

�6�B�;�m�`�2 �U�k�X�e�V �B�H�H�m�b�i�`���i�2�b �i�?�2 �i�`���M�b�B�i�B�Q�M �7�`�Q�K �i�?�2 �`�2�;�B�Q�M �Q�7 �T�2�`�K���M�2�M�i �K���;�M�2�i�b �r�B�i�?
�K���;�M�2�i�B�+ �/�Q�K���B�M�b �+�Q�M�i���B�M�B�M�; �?�m�;�2 �M�m�K�#�2�` �Q�7 �b�T�B�M�b �i�Q �K�Q�H�2�+�m�H���` �+�H�m�b�i�2�`�b �r�B�i�? �?�m�M�/�`�2�/�b
�Q�7 �b�T�B�M�b�X

�6�B�;�m�`�2 �k�X�e�, �h�?�2 �i�`���M�b�B�i�B�Q�M �7�`�Q�K �K���+�`�Q�b�+�Q�T�B�+ �i�Q �M���M�Q�b�+�Q�T�B�+ �K���;�M�2�i�b�X �.�B�z�2�`�2�M�i ���T�T�2���`���M�+�2
�Q�7 �?�v�b�i�2�`�2�b�B�b �H�Q�Q�T�b �7�Q�` �K�m�H�i�B�/�Q�K���B�M �U�H�2�7�i�V�- �b�B�M�;�H�2 �/�Q�K���B�M �U�K�B�/�/�H�2�V�- ���M�/ �B�M�/�B�p�B�/�m���H �K���;�M�2�i�B�+
�K�Q�K�2�M�i �U�`�B�;�?�i�V�X ���/���T�i�2�/ �7�`�Q�K �(�k�e�)�X
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���i �i�?�2 �K���+�`�Q�@�b�+���H�2�- �i�?�2 �T���`�i�B�+�H�2�b �+�Q�M�b�i�B�i�m�i�B�M�; �#�m�H�F �K���;�M�2�i �+�Q�M�i���B�M �#�B�H�H�B�Q�M�b �Q�7 �B�M�/�B�p�B�/�@
�m���H �b�T�B�M�b�- �i�?���i ���`�2 �+�Q�m�T�H�2�/ ���M�/ �`�2�b�T�Q�M�/ �+�Q�H�H�2�+�i�B�p�2�H�v �i�Q ���M �2�t�i�2�`�M���H �b�i�B�K�m�H�B�X �h�?�2 �K���;�M�2�i�B�+
�2�M�2�`�;�v �B�b �K�B�M�B�K�B�b�2�/ �#�v �7�Q�`�K�B�M�; �/�Q�K���B�M�b�- �`�2�;�B�Q�M�b �r�B�i�?�B�M ���H�H �i�?�2 �B�M�/�B�p�B�/�m���H �K���;�M�2�i�B�+ �K�Q�@
�K�2�M�i�b ���`�2 �T���`���H�H�2�H �U���M�i�B�@�T���`���H�H�2�H�V �i�Q �2���+�? �Q�i�?�2�`�X �h�?�2 �Q�`�B�2�M�i���i�B�Q�M �Q�7 �K���;�M�2�i�B�+ �K�Q�K�2�M�i �B�M
�K���;�M�2�i�B�+ �/�Q�K���B�M�b �B�b �`���M�/�Q�K �B�M �i�?�2 ���#�b�2�M�+�2 �Q�7 ���M �2�t�i�2�`�M���H �K���;�M�2�i�B�+ �}�2�H�/�- ���M�/ �i�?�m�b �i�?�2
�K���;�M�2�i�B�b���i�B�Q�M �Q�7 �i�?�2 �b���K�T�H�2 �B�b �x�2�`�Q�X �q�?�2�M �i�?�2 �b���K�T�H�2 �B�b �K���;�M�2�i�B�b�2�/�- ���H�H �i�?�2 �B�M�/�B�p�B�/�m���H
�K�Q�K�2�M�i�b �r�B�H�H �#�2 �T���`���H�H�2�H �i�Q �2���+�? �Q�i�?�2�` ���M�/ �i�?�2 �K���;�M�2�i�B�b���i�B�Q�M �`�2���+�?�2�b �B�i�b �b���i�m�`���i�B�Q�M �p���H�m�2�X
�A�7 �i�?�2 �}�2�H�/ �B�b �/�2�+�`�2���b�2�/�- �i�?�2 �K���;�M�2�i�B�b���i�B�Q�M �r�B�H�H �M�Q�i �#�2 �x�2�`�Q�- �H�B�F�2 �B�M �i�?�2 �M�Q�M�@�K���;�M�2�i�B�b�2�/
�+���b�2�- �#�m�i �B�i �r�B�H�H �2�t�?�B�#�B�i �b�Q�@�+���H�H�2�/ �`�2�K���M�2�M�i �K���;�M�2�i�B�b���i�B�Q�M�X �.�2�K���;�M�2�i�B�b���i�B�Q�M �Q�7 �i�?�2 �b���K�T�H�2
�B�b �T�Q�b�b�B�#�H�2 �#�v �;�Q�B�M�; �i�Q �M�2�;���i�B�p�2 �}�2�H�/�- �r�?�B�+�? �B�b �+���H�H�2�/ �+�Q�2�`�+�B�p�2 �}�2�H�/�X �h�?�B�b �B�b �m�b�2�/ �B�M �Q�`�/�2�`
�i�Q �+�H���b�b�B�7�v �i�?�2 �#�m�H�F �K���;�M�2�i�b�X �� �b�K���H�H �+�Q�2�`�+�B�p�2 �}�2�H�/ �B�b �i�v�T�B�+���H �7�Q�` �b�Q�7�i �K���;�M�2�i�b �U�B�X�2�X �i�?�2�v
�/�Q �M�Q�i �i�2�M�/ �i�Q �b�i���v �K���;�M�2�i�B�b�2�/�V�- ���M�/ �H���`�;�2 �B�M �i�?�2 �+���b�2 �Q�7 �?���`�/ �K���;�M�2�i�b �U�B�X�2�X �T�2�`�K���M�2�M�i�V�X
�h�?�2M=H �T�H�Q�i�- �b�?�Q�r�M �B�M �6�B�;�m�`�2 �U�k�X�e�V �Q�M �i�?�2 �H�2�7�i �b�?�Q�r�b �� �?�v�b�i�2�`�2�b�B�b �H�Q�Q�T�- �r�?�B�+�? �;�B�p�2�b
�m�b �B�M�7�Q�`�K���i�B�Q�M �i�?���i �i�?�2 �p���H�m�2 �Q�7 �K���;�M�2�i�B�b���i�B�Q�M �Q�7 �i�?�2 �b���K�T�H�2 �B�b �/�2�T�2�M�/���M�i �Q�M �B�i�b �?�B�b�i�Q�`�v�X
�h�?�B�b �B�b �i�?�2 �#���b�B�b �7�Q�` �i�?�2 �m�b�2 �Q�7 �K���;�M�2�i�b �7�Q�` �b�i�Q�`�B�M�; �B�M�7�Q�`�K���i�B�Q�M�X

�q�?�2�M �`�2�/�m�+�B�M�; �i�?�2 �b�B�x�2 �Q�7 �K���;�M�2�i�B�+ �T���`�i�B�+�H�2�b�- �K���;�M�2�i�B�+ ���M�B�b�Q�i�`�Q�T�vA �Q�7 �i�?�2 �b���K�T�H�2
�+�Q�K�2�b �B�M�i�Q �T�H���v
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�r�?�2�`�2V �B�b �i�?�2 �p�Q�H�m�K�2 �Q�7 �i�?�2 �T���`�i�B�+�H�2 ���M�/K �B�b �i�?�2 ���M�B�b�Q�i�`�Q�T�v �+�Q�M�b�i���M�i �Q�7 �i�?�2 �K���i�2�`�B���H�X
�6�B�;�m�`�2 �U�k�X�d�V �b�?�Q�r�b �i�?�2 �2�M�2�`�;�v �Q�7 �i�?�2 �b�v�b�i�2�K ���b �� �7�m�M�+�i�B�Q�M �Q�7 �i�?�2 �Q�`�B�2�M�i���i�B�Q�M �Q�7 �i�?�2

�K���;�M�2�i�B�+ �K�Q�K�2�M�i�X �h�?�2 ���M�B�b�Q�i�`�Q�T�v �Q�7 �i�?�2 �K���;�M�2�i�B�b���i�B�Q�M �B�b �Q�7 ���M �A�b�B�M�; �i�v�T�2 �U�B�X�2�X �i�?�2 �b�i���#�H�2
�Q�`�B�2�M�i���i�B�Q�M �Q�7 �i�?�2 �K���;�M�2�i�B�+ �K�Q�K�2�M�i �Q�7 �i�?�2 �T���`�i�B�+�H�2 �B�b �T���`���H�H�2�H �i�Q �� �;�B�p�2�Mz �/�B�`�2�+�i�B�Q�M�V�X

�6�B�;�m�`�2 �k�X�d�, �1�M�2�`�;�v �Q�7 ���M �A�b�B�M�; �U�2���b�v ���t�B�b�V ���b �� �7�m�M�+�i�B�Q�M �Q�7 �i�?�2 ���M�;�H�2 �Q�7 �i�?�2 �K���;�M�2�i�B�b���i�B�Q�M
�7�`�Q�K �i�?�2 �2���b�v ���t�B�b�X ���/���T�i�2�/ �7�`�Q�K �(�k�e�)�X

�h�?�2 �#�Q�i�i�Q�K�@�H�2�7�i �r�2�H�H �`�2�T�`�2�b�2�M�i�b �2�M�2�`�;�v �K�B�M�B�K�m�K �7�Q�` �K���;�M�2�i�B�b���i�B�Q�M �/�Q�r�M�- �i�?�2 �#�Q�i�i�Q�K�@
�`�B�;�?�i �r�2�H�H �2�M�2�`�;�v �K�B�M�B�K�m�K �7�Q�` �K���;�M�2�i�B�b���i�B�Q�M �m�T�- ���M�/ �i�?�2 �i�Q�T �#�2�i�r�2�2�M �r�2�H�H �`�2�T�`�2�b�2�M�i
�2�M�2�`�;�v �K���t�B�K�m�K �7�Q�` �i�?�2 �K���;�M�2�i�B�b���i�B�Q�M ���i �N�y �ê �7�`�Q�K �i�?�2 �2���b�v ���t�B�b�X �q�?�2�M �`�2�/�m�+�B�M�; �i�?�2 �b�B�x�2
�Q�7 �i�?�2 �b���K�T�H�2�- �i�?�2 �#���`�`�B�2�` �7�Q�` �i�?�2 �`�2�Q�`�B�2�M�i���i�B�Q�M �Q�7 �i�?�2 �K���;�M�2�i�B�b���i�B�Q�M �#�2�+�Q�K�2�b �+�Q�K�T���`���#�H�2 �i�Q
�i�?�2 �i�?�2�`�K���H �2�M�2�`�;�v�X �A�7 �i�?�2 �b���K�T�H�2 �B�b �T�`�2�T���`�2�/ �r�B�i�? �m�T �K���;�M�2�i�B�b���i�B�Q�M �U�`�B�;�?�i �r�2�H�H�V�- �b�Q�K�2 �Q�7
�i�?�2 �T���`�i�B�+�H�2�b �r�B�i�? �2�M�Q�m�;�? �2�M�2�`�;�v �+���M �D�m�K�T �Q�p�2�` �i�?�2 �#���`�`�B�2�` ���M�/ �`�2�p�2�`�b�2 �i�?�2�B�` �K���;�M�2�i�B�b���i�B�Q�M�X
���7�i�2�` �� �r�?�B�H�2�- �i�?�2 �2�[�m�B�H�B�#�`�B�m�K �#�2�i�r�2�2�M �m�T ���M�/ �/�Q�r�M �B�b �2�b�i���#�H�B�b�?�2�/ �U�B�X�2�X �?���H�7 �Q�7 �i�?�2�K �r�B�H�H �#�2
�B�M �i�?�2 �H�2�7�i ���M�/ �?���H�7 �B�M �i�?�2 �`�B�;�?�i �r�2�H�H�V�- �#�2�+���m�b�2 �i�?�2 �i�r�Q �K�B�M�B�K�� �?���p�2 �i�?�2 �b���K�2 �2�M�2�`�;�v�X �h�?�2
�b�v�b�i�2�K �r�B�H�H �M�Q �H�Q�M�;�2�` �#�2 �K���;�M�2�i�B�b�2�/ �B�M �x�2�`�Q �K���;�M�2�i�B�+ �}�2�H�/ ���b �� �T���`���K���;�M�2�i�X �A�7�- �?�Q�r�2�p�2�`�-
���M �2�t�i�2�`�M���H �K���;�M�2�i�B�+ �}�2�H�/ �B�b ���T�T�H�B�2�/�- �Q�M�2 �Q�7 �i�?�2 �i�r�Q �r�2�H�H�b �r�B�H�H �H�Q�r�2�` �B�i�b �2�M�2�`�;�v ���M�/ �i�?�2

�R�j



�k�X �h�>�1�P�_�u

�Q�i�?�2�` �r�B�H�H �B�M�+�`�2���b�2 �B�i�X �h�?�2 �i�r�Q �r�2�H�H�b �r�B�H�H �?���p�2 �/�B�z�2�`�2�M�i �T�Q�T�m�H���i�B�Q�M�b ���M�/ �i�?�2 �b�v�b�i�2�K
�#�2�?���p�2�b �H�B�F�2 �� �T���`���K���;�M�2�i�- �#�m�i �b�B�M�+�2 �i�?�2 �`�2�b�T�Q�M�b�2 �i�Q �i�?�2 �2�t�i�2�`�M���H �T�2�`�i�m�`�#���i�B�Q�M �Q�7 �i�?�2
�b�v�b�i�2�K �+�Q�K�2�b �7�`�Q�K ���H�H �i�?�2 �B�M�/�B�p�B�/�m���H �K���;�M�2�i�B�+ �+�2�M�i�`�2�b�- �B�i �r�B�H�H �#�2 �H���`�;�2�X �h�?�2�b�2 �T���`�i�B�+�H�2�b ���`�2
�+���H�H�2�/ �b�m�T�2�`�T���`���K���;�M�2�i�b �r�B�i�? �B�M�i�2�`�2�b�i�B�M�; ���T�T�H�B�+���i�B�Q�M�b �B�M �K���;�M�2�i�B�+ �/�`�m�; �/�2�H�B�p�2�`�v�- �K���;�M�2�i�B�+
�b�2�T���`���i�B�Q�M �Q�7 �+�2�H�H�b�- ���M�/ ���b �� �+�Q�M�i�`���b�i ���;�2�M�i �7�Q�` �K���;�M�2�i�B�+ �`�2�b�Q�M���M�+�2 �B�K���;�B�M�;�X �h�?�2 �b�B�x�2 �Q�7
�T���`�i�B�+�H�2�b �M�2�2�/�2�/ �i�Q �Q�#�b�2�`�p�2 �i�?�B�b �b�m�T�2�`�T���`���K���;�M�2�i�B�+ �#�2�?���p�B�Q�m�` �`���M�;�2�b �7�`�Q�K �k �i�Q30 nm�X

���M �B�K�T�Q�`�i���M�i �7�2���i�m�`�2 �Q�7 �i�?�2 �b�m�T�2�`�T���`���K���;�M�2�i �B�b �r�?�2�i�?�2�` �i�?�2 �Q�#�b�2�`�p���i�B�Q�M �Q�7 �2�B�i�?�2�`
�b�i���i�B�+ �Q�` �/�v�M���K�B�+ �K���;�M�2�i�B�+ �#�2�?���p�B�Q�m�` �/�2�T�2�M�/�b �Q�M �i�?�2 �i�B�K�2�@�b�+���H�2 �Q�7 �i�?�2 �2�t�T�2�`�B�K�2�M�i �m�b�2�/
�7�Q�` �b�m�+�? ���M �B�M�p�2�b�i�B�;���i�B�Q�M�X �6�Q�` �2�t���K�T�H�2�- �/�m�`�B�M�; ���* �K���;�M�2�i�B�+ �b�m�b�+�2�T�i�B�#�B�H�B�i�v �K�2���b�m�`�2�K�2�M�i
�r�B�i�? �Q�b�+�B�H�H���i�B�M�; �}�2�H�/ ���i� = 100 Hz�- �b�i���i�B�+ �#�2�?���p�B�Q�m�` �r�B�i�? �� �#�H�Q�+�F�2�/ �K���;�M�2�i�B�b���i�B�Q�M �B�b
�Q�#�b�2�`�p�2�/ �B�7 �i�?�2 �+�?���`���+�i�2�`�B�b�i�B�+ �i�B�K�2 �`�2�[�m�B�`�2�/ �7�Q�` �i�?�2 �T���`�i�B�+�H�2 �i�Q �Q�p�2�`�+�Q�K�2 �i�?�2 �#���`�`�B�2�` �B�b
�H�Q�M�;�2�` �i�?���M� m = (2 p� )� 1�X �P�M �i�?�2 �+�Q�M�i�`���`�v�- �/�v�M���K�B�+ �#�2�?���p�B�Q�m�` �B�b �Q�#�b�2�`�p�2�/ �7�Q�` �b�?�Q�`�i�2�`
� m �X �h�?�2 �+�?���`���+�i�2�`�B�b�i�B�+ �i�B�K�2 �7�Q�` �i�?�2 �`�2�Q�`�B�2�M�i���i�B�Q�M �Q�7 �i�?�2 �K���;�M�2�i�B�b���i�B�Q�M �+���M �#�2 �+���H�+�m�H���i�2�/�-
���b�b�m�K�B�M�; �i�?�2�`�K���H�H�v ���+�i�B�p���i�2�/ �T�`�Q�+�2�b�b�- ���b ���M �2�t�T�Q�M�2�M�i�B���H �/�2�T�2�M�/�2�M�+�2 �Q�M �i�?�2 �2�M�2�`�;�v �#���`�`�B�2�`
�r�B�i�? �b�Q�@�+���H�H�2�/ ���`�`�?�2�M�B�m�b �#�2�?���p�B�Q�m�`�- ���b �Q�#�b�2�`�p�2�/ �B�M �K���M�v �Q�i�?�2�` �i�?�2�`�K���H�H�v ���+�i�B�p���i�2�/ ���M�/
�+�?�2�K�B�+���H �T�`�Q�+�2�b�b�2�b

� N = � 0 exp
KV
kBT

�U�k�X�R�d�V

�r�?�2�`�2KV �B�b �K���;�M�2�i�B�+ ���M�B�b�Q�i�`�Q�T�v�-kB �"�Q�H�i�x�K���M�M �+�Q�M�b�i���M�i ���M�/T ���#�b�Q�H�m�i�2 �i�2�K�T�2�`���i�m�`�2�X
�h�?�2�`�2�7�Q�`�2�- �b�Q�@�+���H�H�2�/ �#�H�Q�+�F�B�M�; �i�2�K�T�2�`���i�m�`�2 �+���M �#�2 �/�2�}�M�2�/�- �r�?�B�+�? �+�Q�`�`�2�b�T�Q�M�/�b �i�Q �i�?�2

�i�2�K�T�2�`���i�m�`�2 ���i �r�?�B�+�? �i�?�2 �`�2�H���t���i�B�Q�M �i�B�K�2 �Q�7 �i�?�2 �K���;�M�2�i�B�b���i�B�Q�M� N = � m �- �i�?�2 �+�?���`���+�i�2�`�B�b�i�B�+
�i�B�K�2 �Q�7 �i�?�2 �2�t�T�2�`�B�K�2�M�i�X �h�?�2 �#�H�Q�+�F�B�M�; �i�2�K�T�2�`���i�m�`�2 �+���M �#�2 �Q�#�i���B�M�2�/ �7�`�Q�K �1�[�m���i�B�Q�M �U�k�X�R�d�V
�#�v �2�t�T�`�2�b�b�B�M�; �7�Q�` �i�2�K�T�2�`���i�m�`�2

TB =
KV

kB ln( � m
� 0

)
: �U�k�X�R�3�V

�h�?�2 �b�B�M�;�H�2�@�K�Q�H�2�+�m�H�2 �K���;�M�2�i �U�a�J�J�V ���H�b�Q �2�t�?�B�#�B�i�b �� �b�m�T�2�`�T���`���K���;�M�2�i�B�+ �#�2�?���p�B�Q�m�` �#�2�@
�H�Q�r �� �+�2�`�i���B�M �#�H�Q�+�F�B�M�; �i�2�K�T�2�`���i�m�`�2�X �h�?�2�v �+���M �#�2 �B�K���;�B�M�2�/ ���b �x�2�`�Q�@�/�B�K�2�M�b�B�Q�M���H �K���;�M�2�i�b�X
�A�M �Q�i�?�2�` �r�Q�`�/�b�- �2�p�2�`�v �K�Q�H�2�+�m�H�2 �B�M �a�J�J�b �+���M ���+�i ���b �� �M���M�Q�K���;�M�2�i�X �h�?�2 �T�`�2�T���`���i�B�Q�M �`�Q�m�i�2
�B�b �#�v �K�2���M�b �Q�7 �b�v�M�i�?�2�i�B�+ �+�?�2�K�B�b�i�`�v�X �h�?�2 �b�i�`�m�+�i�m�`�2 �Q�7 �b�m�+�? �a�J�J �B�b �7�Q�H�H�Q�r�B�M�;�, �i�?�2 �K�2�i���H�H�B�+
�+�2�M�i�`�2�- �m�b�m���H�H�v �i�`���M�b�B�i�B�Q�M �K�2�i���H�- �H���M�i�?���M�B�/�2�- �Q�` ���+�i�B�M�B�/�2�- �B�b �b�m�`�`�Q�m�M�/�2�/ �#�v �p���`�B�Q�m�b �Q�`�;���M�B�+
�H�B�;���M�/�b�X

���i �i�?�B�b �T�Q�B�M�i�- �B�i �B�b �+�Q�M�p�2�M�B�2�M�i �i�Q �b�m�K�K���`�B�b�2 �Q�T�i�B�K���H �+�Q�M�/�B�i�B�Q�M�b �i�Q �#�2 �K�2�i �#�v �� �b�v�b�i�2�K
�B�M �Q�`�/�2�` �i�Q �#�2 �+�Q�M�b�B�/�2�`�2�` ���b �� �b�B�M�;�H�2�@�K�Q�H�2�+�m�H�2 �K���;�M�2�i�- �r�?�B�+�? �B�b �;�2�M�2�`���H�H�v �� �+�H���b�b �Q�7 �K�2�i���H�@
�Q�`�;���M�B�+ �+�Q�K�T�Q�m�M�/�b �r�B�i�? �7�Q�H�H�Q�r�B�M�; �7�2���i�m�`�2�b�,

�R�X �A�i �B�b �� �K�Q�H�2�+�m�H�2 �i�?���i �2�t�?�B�#�B�i�b �b�H�Q�r �`�2�H���t���i�B�Q�M �Q�7 �i�?�2 �K���;�M�2�i�B�b���i�B�Q�M �Q�7 �T�m�`�2�H�v �K�Q�H�2�+�m�H���`
�Q�`�B�;�B�M�X

�k�X �A�i �+���M �#�2 �K���;�M�2�i�B�b�2�/ �B�M �� �K���;�M�2�i�B�+ �}�2�H�/�- ���M�/ �i�?���i �r�B�H�H �`�2�K���B�M �K���;�M�2�i�B�b�2�/ �2�p�2�M ���7�i�2�`
�b�r�B�i�+�?�B�M�; �Q�z �i�?�2 �K���;�M�2�i�B�+ �}�2�H�/�X

�j�X �A�i �B�b �B�M�?�2�`�2�M�i �K�Q�H�2�+�m�H���` �T�`�Q�T�2�`�i�v�- ���M�/ �M�Q �B�M�i�2�`���+�i�B�Q�M �#�2�i�r�2�2�M �K�Q�H�2�+�m�H�2�b �B�b �M�2�+�2�b�b���`�v
�7�Q�` �i�?�B�b �T�?�2�M�Q�K�2�M�Q�M �i�Q �Q�+�+�m�`�X

�9�X �A�i �+���M �#�2 �/�B�b�b�Q�H�p�2�/ �B�M �� �b�Q�H�p�2�M�i �Q�` �T�m�i �B�M �� �K���i�`�B�t �U�T�Q�H�v�K�2�`�V�- ���M�/ �B�i �r�B�H�H �b�i�B�H�H �2�t�?�B�#�B�i
�T�`�Q�T�2�`�i�B�2�b �H�B�b�i�2�/ ���#�Q�p�2�X
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�k�X�k�X �a�A�L�:�G�1�@�J�P�G�1�*�l�G�1 �J���:�L�1�h�a �U�a�J�J�a�V

�k�X�k�X�k�X �J���;�M�2�i�B�+ �A�M�i�2�`���+�i�B�Q�M�b �B�M �a�J�J�b

�J���;�M�2�i�B�+ �B�M�i�2�`���+�i�B�Q�M�b �B�M �� �K�Q�H�2�+�m�H���` �b�v�b�i�2�K ���`�2 �T�`�B�M�+�B�T���H�H�v �i�?�2 �b���K�2 ���b �+���M �#�2 �Q�#�b�2�`�p�2�/ �B�M
�+�Q�M�i�B�M�m�Q�m�b �H���i�i�B�+�2�b�X �h�?�2�`�2 ���`�2 �;�2�M�2�`���H�H�v �i�r�Q �B�M�i�2�`���+�i�B�Q�M�b �B�M�p�Q�H�p�2�/ �#�2�i�r�2�2�M �i�r�Q �K���;�M�2�i�B�+
�+�2�M�i�`�2�b �B�M �� �K�Q�H�2�+�m�H���` �b�v�b�i�2�K�X �P�M�2 �B�b �T�m�`�2�H�v �K���;�M�2�i�B�+ ���M�/ �i�?�2 �Q�i�?�2�` �B�b �2�H�2�+�i�`�Q�b�i���i�B�+�X �h�?�2
�2�H�2�+�i�`�Q�b�i���i�B�+ �B�M�i�2�`���+�i�B�Q�M �B�b �`�2�b�T�Q�M�b�B�#�H�2 �7�Q�` �i�?�2 �7�Q�`�K���i�B�Q�M �Q�7 �i�?�2 �+�?�2�K�B�+���H �#�Q�M�/�b ���M�/ �i�?�2
�K���;�M�2�i�B�+ �B�M�i�2�`���+�i�B�Q�M �7�Q�` �i�?�2 �7�Q�`�K���i�B�Q�M �Q�7 �� �r�2���F �+�?�2�K�B�+���H �#�Q�M�/ �#�2�i�r�2�2�M �i�r�Q �K���;�M�2�i�B�+
�+�2�M�i�`�2�b�X

�>�2�`�2�B�M�- �b�Q�@�+���H�H�2�/ �b�T�B�M �>���K�B�H�i�Q�M�B���M ���T�T�`�Q���+�? �U�a�>�V �r�B�H�H �#�2 �K�2�M�i�B�Q�M�2�/�- ���b �B�i �T�`�Q�p�2�/ �i�Q �#�2
�� �b�m�B�i���#�H�2 �B�M�i�2�`�T�`�2�i���i�B�Q�M ���M�/ �+�H���b�b�B�}�+���i�B�Q�M �7�Q�` �2�t�T�2�`�B�K�2�M�i���H�H�v �K�2���b�m�`�2�/ �b�T�2�+�i�`�� �r�B�i�?�Q�m�i
�i�?�2 �M�2�2�/ �7�Q�` �7�m�M�/���K�2�M�i���H �i�?�2�Q�`�B�2�b�X

�h�?�B�b �a�> ���T�T�`�Q���+�? �2�t�T�`�2�b�b�2�b �i�?�2 �>���K�B�H�i�Q�M�B���M �B�M �T�Q�r�2�`�b �Q�7 ���#�b�i�`���+�i �b�T�B�M�@�Q�T�2�`���i�Q�`�b�-
���#�b�Q�`�#�B�M�; �i�?�2 �/�B�z�2�`�2�M�i �U�b�T���i�B���H�H�v �/�2�T�2�M�/�2�M�i�V �B�M�i�2�`���+�i�B�Q�M�b �B�M �2�z�2�+�i�B�p�2 �T���`���K�2�i�2�`�b�- ���M�/
�i�?�m�b �`�2�/�m�+�B�M�; �i�?�2 �+�Q�K�T�H�2�t�B�i�v �Q�7 �i�?�2 �T�`�Q�#�H�2�K�X �A�M �i�?�2 �7�Q�H�H�Q�r�B�M�; �b�2�+�i�B�Q�M�- �7�Q�+�m�b �r�B�H�H �#�2 �;�B�p�2�M
�Q�M �b�v�b�i�2�K�b �r�B�i�? �Q�`�#�B�i���H�H�v �M�Q�M�@�/�2�;�2�M�2�`���i�2 �;�`�Q�m�M�/ �b�i���i�2�b �r�B�i�? �r�2���F �b�T�B�M�@�Q�`�#�B�i �+�Q�m�T�H�B�M�;
�U�2�X�;�X �i�`���M�b�B�i�B�Q�M �K�2�i���H �+�Q�K�T�H�2�t�2�b�V �i�?���i ���`�2 �i�`�2���i�2�/ �r�2�H�H �#�v �i�?�B�b ���T�T�`�Q���+�?�X

�� �K���;�M�2�i�B�+ �+�2�M�i�`�2 �r�B�i�?n �m�M�T���B�`�2�/ �2�H�2�+�i�`�Q�M�b �?���b �� �;�`�Q�m�M�/ �b�i���i�2 �+�?���`���+�i�2�`�B�b�2�/ �#�v
S = n=2�X �h�?�22S + 1 �b�T�B�M �H�2�p�2�H�b ���b�b�Q�+�B���i�2�/ �i�Q �i�?�B�b �K�m�H�i�B�T�H�2�i ���`�2 �b�T�H�B�i �#�v �H�Q�r�@�b�v�K�K�2�i�`�v
�+�Q�K�T�Q�M�2�M�i�b �Q�7 �i�?�2 �+�Q�`�`�2�b�T�Q�M�/�B�M�; �>���K�B�H�i�Q�M�B���M �U�+�`�v�b�i���H �}�2�H�/ �?���K�B�H�i�Q�M�B���M�V�- ���M�/ �#�v ���M ���T�@
�T�H�B�2�/ �K���;�M�2�i�B�+ �}�2�H�/ �U�w�2�2�K���M �>���K�B�H�i�Q�M�B���M�V�X �h�?�2 �i�2�`�K �ô�+�`�v�b�i���H �}�2�H�/�ô �`�2�7�2�`�b �i�Q �� �b�B�K�T�H�B�}�2�/
�i�`�2���i�K�2�M�i �Q�7 �i�?�2 �b�T�B�M �H�2�p�2�H�b �Q�7 �i�`���M�b�B�i�B�Q�M �K�2�i���H �+�Q�K�T�Q�m�M�/�b�- �r�?�2�`�2 �i�?�2 �2�z�2�+�i�b �Q�7 �i�?�2 ���i�Q�K�b
���`�Q�m�M�/ �i�?�2 �i�`���M�b�B�i�B�Q�M �K�2�i���H �B�Q�M�b �U�i�?�2 �H�B�;���M�/�b �Q�` �i�?�2 �/�Q�M�Q�` ���i�Q�K�b�V ���`�2 �+�Q�M�b�B�/�2�`�2�/ ���b �i�?�2
�Q�M�H�v �b�Q�m�`�+�2 �Q�7 �B�Q�M�B�+ �B�M�i�2�`���+�i�B�Q�M�b�X

�h�?�2 �w�2�2�K���M �>���K�B�H�i�Q�M�B���M �+���M �#�2 �r�`�B�i�i�2�M ���b

H Z = � H � m = � BB � g � S �U�k�X�R�N�V

�r�?�2�`�2� B �B�b �"�Q�?�` �K���;�M�2�i�Q�M�k�-B �B�b ���T�T�H�B�2�/ �K���;�M�2�i�B�+ �}�2�H�/�-g �B�b �� �i�2�M�b�Q�` �H�B�M�F�B�M�; �i�?�2 �K���;�M�2�i�B�+
�}�2�H�/ ���M�/ �i�?�2 �b�T�B�M �p�2�+�i�Q�`�b�- ���M�/S �B�b �� �b�T�B�M �Q�T�2�`���i�Q�`�X �h�?�2 �K���;�M�2�i�B�+ �K�Q�K�2�M�im �B�b �;�B�p�2�M �#�v

m = � � B � g � S: �U�k�X�k�y�V

���b �� �i�B�K�2�@�2�p�2�M�@�Q�T�2�`���i�Q�`�- �B�i �B�b �+�Q�M�p�2�M�B�2�M�i �i�Q ���b�b�m�K�2 �i�?�2 �+�`�v�b�i���H �}�2�H�/ �b�T�H�B�i�i�B�M�; �>���K�B�H�@
�i�Q�M�B���M �i�Q �#�2 �� �[�m���/�`���i�B�+ �7�Q�`�K �Q�7 �i�?�2 �b�T�B�M �Q�T�2�`���i�Q�`�b �/�2�}�M�2�/ �M�Q�r �B�M �i�?�2 �+�Q�Q�`�/�B�M���i�2 �b�v�b�i�2�K
�+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Q �i�?�2 �/�B���;�Q�M���H �7�Q�`�K �Q�7 �i�?�2 �.�@�i�2�M�b�Q�`�X

H CF = S � D � S �U�k�X�k�R�V

�r�?�2�`�2D �B�b �� �`�2���H�- �b�v�K�K�2�i�`�B�+ �i�2�M�b�Q�` �r�B�i�? �i�?�`�2�2 �Q�`�i�?�Q�;�Q�M���H �2�B�;�2�M�p�2�+�i�Q�`�b�X �A�7 �i�?�2 �+�Q�Q�`�/�B�M���i�2
���t�2�bx�-y�-z ���`�2 �+�?�Q�b�2�M �i�Q �#�2 �T���`���H�H�2�H �i�Q �i�?�2�b�2 �2�B�;�2�M�p�2�+�i�Q�`�b�-D �B�b �/�B���;�Q�M���H ���M�/ �1�[�m���i�B�Q�M
�U�k�X�k�R�V �+���M �#�2 �2�t�T�`�2�b�b�2�/ ���b

H CF = Dxx S2
x + DyyS2

y + DzzS2
z �U�k�X�k�k�V

�r�?�2�`�2Sx �-Sy �- ���M�/Sz ���`�2 �b�T�B�M �Q�T�2�`���i�Q�`�b�X
�h�?�2 �T�?�v�b�B�+���H �K�2���M�B�M�; �B�b �M�Q�i �+�?���M�;�2�/ �#�v �b�m�#�i�`���+�i�B�M�; �� �+�Q�M�b�i���M�i �7�`�Q�K �� �>���K�B�H�i�Q�M�B���M�X

�a�m�#�i�`���+�i�B�M�;(1=2)(Dxx + Dyy)(S2
x + S2

y + S2
z ) = (1 =2)(Dxx + Dyy)S(S + 1) �- �H�2���/�b �i�Q

H CF = DS2
z + E(S2

x � S2
y ) �U�k�X�k�j�V

�k�"�Q�?�` �K���;�M�2�i�Q�M �B�M �a�A �m�M�B�i�b�,� B =
e~

2me

:
= 9 :274� 10� 24J � T � 1�X

�R�8



�k�X �h�>�1�P�_�u

�r�?�2�`�2
D = Dzz �

1
2

Dxx �
1
2

Dyy and E =
1
2

(Dxx � Dyy): �U�k�X�k�9�V

�"�v �b�m�#�i�`���+�i�B�M�; �i�?�2 �+�Q�M�b�i���M�iDS(S + 1) =3 �7�`�Q�K �1�[�m���i�B�Q�M �U�k�X�k�j�V�- �i�?�2 �+�`�v�b�i���H �}�2�H�/
�>���K�B�H�i�Q�M�B���M �B�b

H CF = D
�

S2
z �

1
3

S(S + 1)
�

+ E(S2
x � S2

y ): �U�k�X�k�8�V

�h�?�2 ���/�p���M�i���;�2 �Q�7 �1�[�m���i�B�Q�M �U�k�X�k�8�V �B�b �i�?���i �h�`H CF = 0�- �r�?�2�`�2 �h�` �b�i���M�/�b �7�Q�` �i�?�2 �i�`���+�2
�Q�7 �i�?�2 �i�2�M�b�Q�`�X �A�M ���/�/�B�i�B�Q�M�- �#�Q�i�? �1�[�m���i�B�Q�M�b �U�k�X�k�j�V ���M�/ �U�k�X�k�8�V ���`�2�- �r�?�2�M �B�M�i�`�Q�/�m�+�B�M�; �2�B�;�2�M�@
�p�2�+�i�Q�`�bjmi �Q�7Sz�- �/�2�}�M�2�/ �#�vSzjmi = mjmi �- �r�?�2�`�2m = � s; � (s � 1);:::;(s � 1;);s�X �A�7
�i�?�2 �p�2�+�i�Q�`�bjmi ���`�2 �m�b�2�/ ���b �� �#���b�B�b�- �i�?�2 �b�2�+�Q�M�/ �i�2�`�K �Q�7 �1�[�m���i�B�Q�M�b �U�k�X�k�j�V �Q�` �U�k�X�k�8�V �?���b �M�Q
�/�B���;�Q�M���H �2�H�2�K�2�M�i�b�- �B�X�2�XhmjS2

x � S2
y jm0i = 0 �B�7m = m0�X �P�M �i�?�2 �+�Q�M�i�`���`�v�- �i�?�2 �}�`�b�i �i�2�`�K �Q�7

�i�?�2�b�2 �1�[�m���i�B�Q�M�b �U�k�X�k�j�V �Q�` �U�k�X�k�8�V �?���b �M�Q �Q�z�@�/�B���;�Q�M���H �2�H�2�K�2�M�i�b�X
�A�i �B�b ���T�T���`�2�M�i �7�`�Q�K �1�[�m���i�B�Q�M �U�k�X�k�9�V �i�?���iD = 0 �r�?�2�MDzz = Dxx = Dyy �U�B�X�2�X �+�m�#�B�+

�b�v�K�K�2�i�`�v�V�X �A�M ���t�B���H �b�v�K�K�2�i�`�v�-Dxx = Dyy �- ���M�/ �i�?�m�bE = 0�X �1�[�m���i�B�Q�M �U�k�X�k�j�V �B�b �i�?�2�M

H CF = DS2
z : �U�k�X�k�e�V

�h�?�2�`�2�7�Q�`�2�- �B�M ���t�B���H �b�v�K�K�2�i�`�v�- �Q�M�H�v �i�?�2D �T���`���K�2�i�2�` �B�b �M�2�2�/�2�/ �i�Q �2�t�T�`�2�b�b �i�?�2 �2�M�2�`�;�B�2�b
�Q�7 �i�?�2(2S + 1) �b�T�B�M �H�2�p�2�H�b �Q�7 �i�?�2S �K�m�H�i�B�T�H�2�i ���i �i�?�B�b ���T�T�`�Q�t�B�K���i�B�Q�M�X �h�?�2 �2�z�2�+�i �Q�7 �i�?�2
�>���K�B�H�i�Q�M�B���M �B�M �1�[�m���i�B�Q�M�b �U�k�X�k�j�V ���M�/ �U�k�X�k�8�V �B�b �i�?���i �Q�7 �b�T�H�B�i�i�B�M�; �i�?�2(2S + 1) �H�2�p�2�H�b �2�p�2�M �B�M
�i�?�2 ���#�b�2�M�+�2 �Q�7 ���M ���T�T�H�B�2�/ �K���;�M�2�i�B�+ �}�2�H�/�X �h�?�B�b �2�z�2�+�i �B�b �+���H�H�2�/ �x�2�`�Q�@�}�2�H�/ �b�T�H�B�i�i�B�M�; �U�w�6�a�V�X

�A�7jE j �B�b �b�m�{�+�B�2�M�i�H�v �b�K���H�H�2�` �i�?���MjD j�- �B�i �B�b �+�Q�K�K�Q�M �i�Q �H�B�K�B�i �B�i�b �p���`�B���i�B�Q�M ���b

� 1=3 � E=D � +1=3: �U�k�X�k�d�V

�6�`�Q�K �1�[�m���i�B�Q�M�b �U�k�X�k�j�V ���M�/ �U�k�X�k�9�V�- �B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �Q�#�i���B�M �7�Q�H�H�Q�r�B�M�; �2�t�T�`�2�b�b�B�Q�M�b

Dxx = � D=3 + E; Dyy = � D=3 � E; Dzz = 2D=3: �U�k�X�k�3�V

�6�Q�È=D = 1=3�-Dxx = 0�cDyy = � 2D=3�cDzz = 2D=3�- ���M�/ �i�?�2 �b�T�H�B�i�i�B�M�; ���K�Q�M�; �i�?�2�b�2
�i�?�`�2�2 �+�Q�K�T�Q�M�2�M�i�b �`�2���+�?�2�b �B�i�b �K���t�B�K�m�K �U�K���t�B�K�m�K �`�?�Q�K�#�B�+ �b�T�H�B�i�i�B�M�;�V�X ���iE=D = 1�-
Dxx = Dzz = 2D=3�cDyy = � 4D=3�X �h�?�2x ���M�/z �+�Q�K�T�Q�M�2�M�i�b ���`�2 �2�t���+�i�H�v �i�?�2 �b���K�2�- �i�?�B�b
�K�2���M�b �i�?���i �i�?�2 �b�v�b�i�2�K �B�b ���t�B���H �r�B�i�?y ���b �i�?�2 �m�M�B�[�m�2 ���t�B�b�X

�h�?�2 �2�B�;�2�M�p�2�+�i�Q�`�b �Q�7 �i�?�2 �>���K�B�H�i�Q�M�B���M �U�k�X�k�e�V �B�M ���t�B���H �b�v�K�K�2�i�`�v �U�B�7E = 0�V�- ���`�2 �i�?�2
�2�B�;�2�M�p�2�+�i�Q�`�bjmi �Q�7Sz�- ���M�/ �i�?�2 �2�B�;�2�M�p���H�m�2�b ���`�2

W(m) = Dm 2 � S(S + 1) =3: �U�k�X�k�N�V

���i �i�?�B�b ���T�T�`�Q�t�B�K���i�B�Q�M�-W(m) = W(� m)�X �A�M�+�H�m�/�B�M�; �� �M�Q�M�@�x�2�`�QE �U�B�X�2�X �`�2�/�m�+�B�M�; �i�?�2
�b�v�K�K�2�i�`�v �#�2�H�Q�r �i�?�2 ���t�B���H �Q�M�2�V �i�?�2jmi ���M�/j � mi �b�i���i�2�b �`�2�K�Q�p�2 �i�?�2�B�` �/�2�;�2�M�2�`���+�v �B�7S
�B�b �B�M�i�2�;�2�`�X �P�M �i�?�2 �+�Q�M�i�`���`�v�- �i�?�2�v �`�2�K���B�M �/�2�;�2�M�2�`���i�2 �B�M �T���B�`�b �B�7S �B�b �?���H�7�@�B�M�i�2�;�2�`�X �h�?�B�b �B�b
�+���m�b�2�/ �#�v �i�B�K�2�@�`�2�p�2�`�b���H �b�v�K�K�2�i�`�v�- ���M�/ �i�?�2 �T���B�`�b �Q�7 �/�2�;�2�M�2�`���i�2 �H�2�p�2�H�b ���`�2 �+���H�H�2�/ �E�`���K�2�`�b
�/�Q�m�#�H�2�i�b�X

D �+���M �#�2 �2�B�i�?�2�` �T�Q�b�B�i�B�p�2 �U�H�2�p�2�H�b �r�B�i�? �H�Q�r�2�b�ijmi ���`�2 �i�?�2 �K�Q�b�i �b�i���#�H�2�V �Q�` �M�2�;���i�B�p�2 �U�H�2�p�2�H�b
�r�B�i�? �i�?�2 �?�B�;�?�2�b�ijmi �H�B�2 �H�Q�r�2�b�i�V�X �S�Q�b�B�i�B�p�2D �+�Q�`�`�2�b�T�Q�M�/�b �i�Q �2���b�v�@�T�H���M�2 �K���;�M�2�i�B�+ ���M�B�b�Q�i�`�Q�T�v�-
�M�2�;���i�B�p�2D �i�Q �2���b�v�@���t�B�b �i�v�T�2 �K���;�M�2�i�B�+ ���M�B�b�Q�i�`�Q�T�v�X

�h�?�2 �>���K�B�H�i�Q�M�B���M �B�M �1�[�m���i�B�Q�M �U�k�X�k�R�V�- �r�?�B�+�? �B�b �[�m���/�`���i�B�+ �B�M �i�?�2S �+�Q�Q�`�/�B�M���i�2�b �U�b�T�B�M
�+�Q�K�T�Q�M�2�M�i�b�V�- �`�2�T�`�2�b�2�M�i�b �i�?�2 �b�B�K�T�H�2�b�i �T�Q�b�b�B�#�H�2 �+�`�v�b�i���H �}�2�H�/ �>���K�B�H�i�Q�M�B���M�X �S�`�B�M�+�B�T���H�H�v�- �B�i
�B�b �M�2�+�2�b�b���`�v �i�Q �B�M�+�H�m�/�2 ���H�b�Q �7�Q�m�`�i�?�- �b�B�t�i�?�- �2�i�+�X �Q�`�/�2�` �i�2�`�K�b �B�M �i�?�2 �>���K�B�H�i�Q�M�B���M �B�M �Q�`�/�2�`

�R�e



�k�X�k�X �a�A�L�:�G�1�@�J�P�G�1�*�l�G�1 �J���:�L�1�h�a �U�a�J�J�a�V

�i�Q �b�m�{�+�B�2�M�i�H�v �`�2�T�`�Q�/�m�+�2 �2�M�2�`�;�v �H�2�p�2�H�b�X �h�?�2 �2�t�T���M�b�B�Q�M �B�b ���T�T�H�B�+���#�H�2 �Q�M�H�v �7�Q�` �2�p�2�M�@�Q�`�/�2�`
�i�2�`�K�b �B�M �x�2�`�Q �}�2�H�/ �r�?�2�M �+���H�+�m�H���i�B�M�; �i�?�2 �2�z�2�+�i�b �Q�M �b�i���i�2�b �Q�7 �i�?�2 �b���K�2 �+�Q�M�}�;�m�`���i�B�Q�M�X �A�M
�7���+�i�- �B�M �i�?�B�b �+���b�2 �i�?�2 �T�`�Q�/�m�+�i �Q�7 �#�`�� ���M�/ �F�2�i �B�b �2�p�2�M�- ���M�/ �i�?�m�b �Q�M�H�v ���M �2�p�2�M �Q�T�2�`���i�Q�` �+���M
�;�B�p�2 �M�Q�M�@�x�2�`�Q �K���i�`�B�t �2�H�2�K�2�M�i�b�X �h�?�2�`�2�7�Q�`�2�- �B�i �B�b �m�M�M�2�+�2�b�b���`�v �i�Q �B�M�+�H�m�/�2 ���H�H �i�?�2 �i�2�`�K�b�- �B�i �B�b
�b�m�{�+�B�2�M�i �i�Q �B�M�+�H�m�/�2 �Q�M�H�v �i�2�`�K�b �Q�7 �Q�`�/�2�`

N = 2; 4; 6;:::; 2S: �U�k�X�j�y�V

�:�2�M�2�`���H�H�v�- �� �;�Q�Q�/ ���T�T�`�Q�t�B�K���i�B�Q�M �B�b �Q�#�i���B�M�2�/ �#�v �+�Q�M�b�B�/�2�`�B�M�; �i�?���i �?�B�;�?�2�` �Q�`�/�2�` �i�2�`�K�b
���`�2 �`�2�H���i�B�p�2�H�v �b�K���H�H�2�` �i�?���M �i�?�2 �H�Q�r�2�` �Q�`�/�2�` �i�2�`�K�b�X �6�Q�`�K���H�H�v�- �2�t���+�i �2�t�T���M�b�B�Q�M �+���M �#�2 �/�Q�M�2
�#�v �B�M�+�H�m�/�B�M�; �?�B�;�?�2�`�@�Q�`�/�2�` �Q�T�2�`���i�Q�`�b �b�m�+�? ���bS4

z �-S4
x �- �2�i�+�X �h�?�2 �#�2�b�i �r���v �i�Q �2�t�T�H�Q�B�i �T�Q�B�M�i

�;�`�Q�m�T �b�v�K�K�2�i�`�v �B�b �i�Q �m�b�2 �b�Q�@�+���H�H�2�/ �a�i�2�p�2�M�b �Q�T�2�`���i�Q�` �2�[�m�B�p���H�2�M�i�b

H HO =
X

N;k

B k
N Ok

N �U�k�X�j�R�V

�r�?�2�`�2 �i�?�2 �b�m�K �B�b �Q�p�2�` ���H�HN �p���H�m�2�b �/�2�}�M�2�/ �B�M �1�[�m���i�B�Q�M �U�k�X�j�y�V ���M�/ �i�?�2 �B�M�i�2�;�2�`k �b���i�B�b�}�2�b

� N � k � + N: �U�k�X�j�k�V

B k
N ���`�2 �T���`���K�2�i�2�`�b�- ���M�/Ok

N ���`�2 �b�Q�@�+���H�H�2�/ �a�i�2�p�2�M�b �Q�T�2�`���i�Q�`�b�X �h�?�2N �M�m�K�#�2�`�b ���`�2 �H�B�K�B�i�2�/
���+�+�Q�`�/�B�M�; �i�Q �1�[�m���i�B�Q�M �U�k�X�j�y�V�- �r�?�B�H�2 �i�?�2k �p���H�m�2�b �/�2�T�2�M�/ �Q�M �i�?�2 �T�Q�B�M�i �;�`�Q�m�T �b�v�K�K�2�i�`�v�X

�"�v �+�Q�K�#�B�M�B�M�; �1�[�m���i�B�Q�M�b �U�k�X�R�N�V�- �U�k�X�k�8�V�- ���M�/ �U�k�X�j�R�V�- �i�?�2 �}�M���H �b�T�B�M�@�>���K�B�H�i�Q�M�B���M �+���M �#�2
�Q�#�i���B�M�2�/

H = H Z+ H CF + H HO = � BB �g�S+ D
�

S2
z �

1
3

S(S + 1)
�

+ E(S2
x � S2

y )+
X

N;k

B k
N Ok

N : �U�k�X�j�j�V

�h�?�2 �b�T�B�M ���M�B�b�Q�i�`�Q�T�v �B�b �2�t�T�`�2�b�b�2�/ ���b �i�?�2 �2�M�2�`�;�v �#���`�`�B�2�` �i�?���i �b�T�B�M�b �K�m�b�i �Q�p�2�`�+�Q�K�2 �r�?�2�M
�i�?�2�v �b�r�B�i�+�? �7�`�Q�K �T���`���H�H�2�H �i�Q ���M�i�B�@�T���`���H�H�2�H ���H�B�;�M�K�2�M�i ���M�/ �+���M �#�2 �r�`�B�i�i�2�M ���bUe� = jD jS2 �7�Q�`
�B�M�i�2�;�2�` �b�T�B�M �M�m�K�#�2�`�- ���M�/Ue� = jD j(S2 � 1

4) �7�Q�` �?���H�7�@�B�M�i�2�;�2�` �b�T�B�M �M�m�K�#�2�` �(�k�3�)�X �*�Q�K�K�Q�M
�m�M�B�i�b �Q�7Ue� ���`�2 �`�2�+�B�T�`�Q�+���H �+�2�M�i�B�K�2�i�`�2�b �(�+�K� 1�)�X �A�M �� �b�B�K�T�H�2 ���T�T�`�Q�t�B�K���i�B�Q�M�- �i�?�2 �H���`�;�2�` �i�?�2
�p���H�m�2 �Q�7Ue� �- �i�?�2 �H�Q�M�;�2�` �i�?�2 �`�2�H���t���i�B�Q�M �i�B�K�2 �r�B�H�H �#�2�- ���M�/ �i�?�m�b �i�?�B�b �#���`�`�B�2�` �/�2�i�2�`�K�B�M�2�b �i�?�2
�Q�#�b�2�`�p���i�B�Q�M �Q�7 �b�B�M�;�H�2�@�K�Q�H�2�+�m�H�2 �K���;�M�2�i�B�b�K�X �h�?�2�`�2�7�Q�`�2�- �i�?�2�`�2 ���`�2 �i�r�Q �T���`���K�2�i�2�`�b �i�?���i �+���M
�#�2 �+�?���M�;�2�/ �B�M �;�2�M�2�`���H�- �i�Q�i���H �b�T�B�M �M�m�K�#�2�`S ���M�/ �x�2�`�Q�@�}�2�H�/ �b�T�H�B�i�i�B�M�; �T���`���K�2�i�2�`D �- �B�M �Q�`�/�2�`
�i�Q �B�M�+�`�2���b�2 �i�?�2 �#���`�`�B�2�`�X �A�i �r���b �/�2�K�Q�M�b�i�`���i�2�/�- �i�?���i �B�i �B�b �+�Q�M�p�2�M�B�2�M�i �i�Q �7�Q�+�m�b �Q�M �B�M�+�`�2���b�B�M�;
D �`���i�?�2�` �i�?���MS ���b �i�?�2�`�2 �B�b �� �7�m�M�/���K�2�M�i���H �+�Q�M�M�2�+�i�B�Q�M �#�2�i�r�2�2�MD ���M�/S ���T�T�`�Q�t�B�K���i�2�H�v
�;�B�p�2�M �#�vD / 1=S2 �(�k�N�)�X

�A�M �+�Q�M�+�H�m�b�B�Q�M�- �i�?�2 �a�> ���T�T�`�Q���+�? �T�`�Q�p�B�/�2�b �Q�M�H�v �p�2�`�v ���T�T�`�Q�t�B�K���i�B�p�2 �B�M�b�B�;�?�i �B�M�i�Q �/�2�b�+�`�B�T�@
�i�B�Q�M �Q�7 �K���;�M�2�i�B�+ �B�M�i�2�`���+�i�B�Q�M�b �r�B�i�?�B�M �K�Q�H�2�+�m�H���` �K���;�M�2�i�b�X �A�K�T�Q�`�i���M�i �x�2�`�Q�@�}�2�H�/ �b�T�H�B�i�i�B�M�;
�T���`���K�2�i�2�`�bD ���M�/E ���`�2 �+�`�m�+�B���H �7�Q�` �+�?���`���+�i�2�`�B�b���i�B�Q�M �Q�7 �b�B�M�;�H�2�@�K�Q�H�2�+�m�H�2 �K���;�M�2�i�b �#�v �b�T�2�+�@
�i�`�Q�b�+�Q�T�B�+ �K�2�i�?�Q�/�b �b�m�+�? ���b �T���`���K���;�M�2�i�B�+ �2�H�2�+�i�`�Q�M �`�2�b�Q�M���M�+�2�X

�R�d



�k�X �h�>�1�P�_�u

�k�X�j�X �G���M�;�K�m�B�`���"�H�Q�/�;�2�i�i �6�B�H�K�b

�h�?�2 �b�i�`�m�+�i�m�`�2 �Q�7 �i�?�B�b �b�2�+�i�B�Q�M �7�Q�H�H�Q�r�b �#�Q�Q�F�, �G���M�;�K�m�B�`���"�H�Q�/�;�2�i�i �6�B�H�K�b�, ���M �A�M�i�`�Q�/�m�+�i�B�Q�M
�(�j�y�)�- ���M�/ �S�?�. �i�?�2�b�B�b�, �� �J�Q�/�B�}�2�/ �G���M�;�K�m�B�`���a�+�?���2�7�2�` �J�2�i�?�Q�/ �6�Q�` �i�?�2 �*�`�2���i�B�Q�M �Q�7 �6�m�M�+�@
�i�B�Q�M���H �h�?�B�M �6�B�H�K�b �(�j�R�)�X �h�?�2 �?�B�b�i�Q�`�v �Q�7 �� �K�Q�M�Q�H���v�2�`�@�i�?�B�+�F �}�H�K �b�i���`�i�2�/ �?�m�M�/�`�2�/�b �Q�7 �v�2���`�b ���;�Q�X
���H�`�2���/�v ���M�+�B�2�M�i �"���#�v�H�Q�M�B���M�b �+�`�2���i�2�/ �T���i�i�2�`�M�b �#�v �b�T�`�2���/�B�M�; �Q�B�H �Q�M �r���i�2�` �b�m�`�7���+�2�X �h�?�2 �}�`�b�i
�i�2�+�?�M�B�+���H ���T�T�H�B�+���i�B�Q�M �Q�7 �~�Q���i�B�M�; �Q�`�;���M�B�+ �}�H�K�b �/���i�2�b �#���+�F �i�Q12th �+�2�M�i�m�`�v �r�?�2�M �+�Q�H�Q�m�`�2�/
�/�v�2�b �+�Q�K�T�Q�b�2�/ �Q�7 �b�m�#�@�K�B�+�`�Q�K�2�i�2�` �T���`�i�B�+�H�2�b �U�B�M�F�V �K�B�t�2�/ �r�B�i�? �T�`�Q�i�2�B�M�b �r�2�`�2 �b�T�`�2���/ �Q�M �� �r���@
�i�2�` �b�m�`�7���+�2 �i�Q �+�`�2���i�2 �T���i�i�2�`�M�b�X �a�m�#�b�2�[�m�2�M�i �?�Q�`�B�x�Q�M�i���H �/�B�T�T�B�M�; �Q�7 �� �T���T�2�` �Q�M�i�Q ���M ���B�`�@�r���i�2�`
�B�M�i�2�`�7���+�2 �+�`�2���i�2�/ �m�M�B�[�m�2 �/�`���r�B�M�;�b�j �X �.�2�i���B�H�2�/ �`�2�T�Q�`�i �Q�M �K�Q�H�2�+�m�H���` �H���v�2�`�b �r���b �;�B�p�2�M �#�v
�"�2�M�D���K�B�M �6�`���M�F�H�B�M �B�M �i�?�2 �}�`�b�i �b�+�B�2�M�i�B�}�+ �`�2�T�Q�`�i �Q�M �b�m�`�7���+�2 �+�?�2�K�B�b�i�`�v �B�M �R�d�d�9�X �.�m�`�B�M�; �?�B�b
�Q�#�b�2�`�p���i�B�Q�M�b �Q�7 �r���p�2 ���i�i�2�M�m���i�B�Q�M �Q�M �� �r���i�2�` �b�m�`�7���+�2 �U�i�?�Q�m�;�?�i �i�Q �#�2 �+���m�b�2�/ �#�v �H�2���F�B�M�; �Q�B�H
���`�Q�m�M�/ �b�?�B�T�b�V �?�2 �M�Q�i�B�+�2�/ �� �+���H�K�B�M�; �2�z�2�+�i �Q�7 �Q�B�H �Q�M �r���i�2�`�X ���7�i�2�` �/�2�T�Q�b�B�i�B�M�; �� �b�K���H�H ���K�Q�m�M�i
�Q�7 �Q�B�H �Q�M�i�Q �� �r���i�2�` �b�m�`�7���+�2 �?�2 �Q�#�b�2�`�p�2�/ �i�?���i ���`�2�� �+�Q�p�2�`�2�/ �#�v �Q�B�H �H���v�2�` �r���b �H�2�7�i �m�M���z�2�+�i�2�/
�#�v �r�B�M�/ ���M�/ �?���/ ���i�i�2�M�m���i�B�M�; �2�z�2�+�i �Q�M �i�?�2 �r���i�2�` �b�m�`�7���+�2�X �A�7 �6�`���M�F�H�B�M �?���/ �+���H�+�m�H���i�2�/ �i�?�2
�i�?�B�+�F�M�2�b�b �Q�7 �i�?�2 �Q�B�H �H���v�2�` �+�`�2���i�2�/ �7�`�Q�K �p�Q�H�m�K�2 �Q�7 �`�Q�m�;�?�H�v2 mL �b�T�`�2���/�B�M�; �Q�p�2�`2000 m2�- �?�2
�r�Q�m�H�/ �?���p�2 �7�Q�m�M�/ �i�?���i �i�?�2 �H���v�2�` �r���b ���T�T�`�Q�t�B�K���i�2�H�v1 nm �i�?�B�+�F�X

�h�?�2 �M�2�t�i �+�Q�M�i�`�B�#�m�i�Q�` �r���b �G�Q�`�/ �_���v�H�2�B�;�?�- �r�?�Q ���i�i�2�K�T�i�2�/ �i�Q �K�2���b�m�`�2 ���+�+�m�`���i�2�H�v �i�?�2
�[�m���M�i�B�i�v �Q�7 �Q�H�B�p�2 �Q�B�H�- �r�?�B�+�? �r���b �M�2�2�/�2�/ �i�Q �+�Q�p�2�` �� �r���i�2�` �b�m�`�7���+�2�X �>�2 �7�Q�m�M�/ �i�?���i0:81 mg
�Q�7 �Q�H�B�p�2 �Q�B�H �r���b �M�2�2�/�2�/ �i�Q �+�Q�p�2�` ���M ���`�2�� �Q�7555 cm2 �`�2�b�m�H�i�B�M�; �B�M ��16 Å �i�?�B�+�F �H���v�2�`�X �h�?�B�b
�H�2�M�;�i�? ���T�T�2���`�2�/ �i�Q �#�2 �� �K�Q�M�Q�K�Q�H�2�+�m�H���` �H���v�2�` �Q�7 �i�?�2 �i�`�B�Q�H�2�B�M �K�Q�H�2�+�m�H�2 �U�*57�>104�P6�V �r�?�B�+�?
�+�Q�M�b�i�B�i�m�i�2�b �Q�H�B�p�2 �Q�B�H�X �a�B�;�M�B�}�+���M�i �T�`�Q�;�`�2�b�b �r���b ���H�b�Q �K���/�2 �#�v �:�2�`�K���M �b�+�B�2�M�i�B�b�i ���;�M�2�b �S�Q�+�F�2�H�b
�r�?�Q �+�`�2���i�2�/ �i�?�2 �T�`�Q�i�Q�i�v�T�2 �Q�7 �i�Q�/���v �r�2�H�H�@�F�M�Q�r�M �b�Q�@�+���H�H�2�/ �G���M�;�K�m�B�`���"�H�Q�/�;�2�i�i �i�?�`�Q�m�;�?
�U�b�?���H�H�Q�r �+�Q�M�i���B�M�2�` �r�B�i�? �K�Q�p���#�H�2 �#���`�`�B�2�`�b �r�?�B�+�? ���`�2 �m�b�2�/ �i�Q �b�r�2�2�T �i�?�2 �b�m�`�7���+�2 �+�H�2���M ���M�/
�i�Q �+�Q�K�T�`�2�b�b �Q�` �`�2�H���t ���M�v �i�?�B�M �}�H�K�V�X

�6�B�M���H�H�v�- �i�?�2 �+�`�m�+�B���H �b�i�2�T �r���b �K���/�2 �#�v �A�`�p�B�M�; �G���M�;�K�m�B�` �r�?�Q �B�M�i�`�Q�/�m�+�2�/ �� �M�Q�p�2�H �+�Q�M�+�2�T�i
���#�Q�m�i �K�Q�H�2�+�m�H���` �+�Q�M�7�Q�`�K���i�B�Q�M ���i �i�?�2 ���B�`�f�r���i�2�` �B�M�i�2�`�7���+�2�9�X �>�2 ���H�b�Q �K�2�M�i�B�Q�M�2�/ �T�Q�b�b�B�#�B�H�B�i�v
�i�Q �i�`���M�b�7�Q�`�K �b�m�+�? �� �H���v�2�` ���i �i�?�2 ���B�`�f�r���i�2�` �B�M�i�2�`�7���+�2 �Q�M�i�Q �� �b�m�#�b�i�`���i�2�X �h�?�B�b �r���b�- �?�Q�r�2�p�2�`�-
�/�Q�M�2 ���7�i�2�`�r���`�/�b �#�v �E���i�?�2�`�B�M�2 �"�H�Q�/�;�2�i�i ���M�/ �T�m�#�H�B�b�?�2�/ �B�M �i�?�2 �C�Q�m�`�M���H �Q�7 �i�?�2 ���K�2�`�B�+���M
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�b�?�Q�r�b �i�?�2 �+���b�2 �7�Q�` �� �r���i�2�` �K�Q�H�2�+�m�H�2�X �1���+�? �Q�7 �i�?�2 �i�r�Q �?�v�/�`�Q�;�2�M ���i�Q�K�b �b�?���`�2 ���M �2�H�2�+�i�`�Q�M
�T���B�` �r�B�i�? �i�?�2 �Q�t�v�;�2�M ���i�Q�K�X �h�?�2 �;�2�Q�K�2�i�`�v �Q�7 �i�?�2 �b�?���`�2�/ �2�H�2�+�i�`�Q�M �T���B�`�b �B�M �i�?�2 �Q�m�i�2�` �b�?�2�H�H
�Q�7 �i�?�2 �Q�t�v�;�2�M �+���m�b�2�b �i�?�2 �o�@�b�?���T�2 �Q�7 �� �r���i�2�` �K�Q�H�2�+�m�H�2�X �h�?�2 �b�i�`�Q�M�; �2�H�2�+�i�`�Q�M�@�r�B�i�?�/�`���r�B�M�;
���#�B�H�B�i�v �Q�7 �Q�t�v�;�2�M �+���m�b�2�b �� �H�Q�+���H �M�2�;���i�B�p�2 �+�?���`�;�2�b �B�M �i�?�2 �p�B�+�B�M�B�i�v�X �1�p�2�M �i�?�Q�m�;�? �i�?�2 �r���i�2�`
�K�Q�H�2�+�m�H�2 ���b �� �r�?�Q�H�2 �B�b �2�H�2�+�i�`�B�+���H�H�v �M�2�m�i�`���H�- �B�i�b �T�Q�b�B�i�B�p�2 ���M�/ �M�2�;���i�B�p�2 �+�?���`�;�2�b ���`�2 �r�B�/�2�H�v
�b�2�T���`���i�2�/�X

�h�?�2 �b�Q�H�p�2�M�i �T�`�Q�T�2�`�i�B�2�b �Q�7 �r���i�2�` ���`�2 �+�H�Q�b�2�H�v �`�2�H���i�2�/ �i�Q �i�?�2 ���i�i�`���+�i�B�Q�M �#�2�i�r�2�2�M �B�i�b �2�H�2�+�i�`�B�+
�/�B�T�Q�H�2�b ���M�/ �i�?�2 �+�?���`�;�2�b ���b�b�Q�+�B���i�2�/ �r�B�i�? �i�?�2 �b�Q�H�m�i�2�X �h�?�2 �K�Q�H�2�+�m�H�2�b �Q�7 �K�Q�b�i �K�Q�M�Q�H���v�2�`�@
�7�Q�`�K�B�M�; �K���i�2�`�B���H�b ���`�2 �+�Q�K�T�Q�b�2�/ �Q�7 �i�r�Q �K���B�M �T���`�i�b�, �Q�M�2 �T���`�i �B�b �� �r���i�2�` �b�Q�H�m�#�H�2 �U�?�v�/�`�Q�T�?�B�H�B�+
�4 �r���i�2�`�@�H�Q�p�B�M�;�V ���M�/ �i�?�2 �Q�T�T�Q�b�B�i�2 �Q�M�2 �B�b �U�?�v�/�`�Q�T�?�Q�#�B�+ �4 �r���i�2�`�@�?���i�B�M�;�V�X �h�?�2�b�2 �K�Q�H�2�+�m�H�2�b
���`�2 �+���H�H�2�/ ���K�T�?�B�T�?�B�H�2�b�- �i�?�2 �K�Q�b�i �B�K�T�Q�`�i���M�i �`�2�T�`�2�b�2�M�i���i�B�p�2�b ���`�2 �b�Q���T�b ���M�/ �T�?�Q�b�T�?�Q�H�B�T�B�/�b�X

�q���i�2�` �B�b �Q�M�2 �Q�7 �i�?�2 �K�Q�b�i �r�B�/�2�@�b�T�`�2���/ ���M�/ �+�Q�K�K�Q�M �b�Q�H�p�2�M�i�b�- ���M�/ �i�?�m�b �B�i �B�b �B�K�T�Q�`�i���M�i �i�Q
�i�?�Q�`�Q�m�;�?�H�v �/�2�b�+�`�B�#�2 �B�i�b �T�`�Q�T�2�`�i�B�2�b�X �A�M ���/�/�B�i�B�Q�M�- �r���i�2�` �B�b ���H�b�Q �m�b�m���H�H�v �m�b�2�/ �B�M �G�" �i�?�`�Q�m�;�? ���b
�� �b�m�#�@�T�?���b�2 �U�B�X�2�X �K���D�Q�`�B�i�v �H�B�[�m�B�/ �r�?�B�+�? �i���F�2�b �T���`�i �B�M �� �/�2�T�Q�b�B�i�B�Q�M �T�`�Q�+�2�b�b�V�X �l�M�7�Q�`�i�m�M���i�2�H�v�-
�+�Q�Q�`�/�B�M���i�B�Q�M �K�2�i���H �+�Q�K�T�H�2�t�2�b�- ���b �r�2�H�H ���b �;�`���T�?�B�i�2�- ���`�2 �M�Q�i �b�Q�H�m�#�H�2 �B�M �r���i�2�`�X �h�?�2�`�2�7�Q�`�2�- �B�i
�B�b �M�2�+�2�b�b���`�v �i�Q �m�b�2 �b�T�2�+�B�}�+ �Q�`�;���M�B�+ �b�Q�H�p�2�M�i�b �U�2�X�;�X �+�?�H�Q�`�Q�7�Q�`�K�- �/�B�+�?�H�Q�`�Q�K�2�i�?���M�2�- �/�B�K�2�i�?�v�H�@
�7�Q�`�K���K�B�/�2�V �B�M �Q�`�/�2�` �i�Q �/�B�b�b�Q�H�p�2 �i�?�2�b�2 �+�Q�K�T�Q�m�M�/�b�X �q�?�2�M �b�m�+�? �� �K���i�2�`�B���H �B�b �}�`�b�i ���T�T�H�B�2�/
�Q�M�i�Q �i�?�2 �r���i�2�` �b�m�`�7���+�2�- �b�T�`�2���/�B�M�; �r�B�H�H �+�Q�M�i�B�M�m�2 �m�M�i�B�H �i�?�2 �b�m�`�7���+�2 �T�`�2�b�b�m�`�2 �`�2���+�?�2�b ���M �2�[�m�B�@
�H�B�#�`�B�m�K �p���H�m�2�X �h�?�B�b �?���T�T�2�M�b �b�T�Q�M�i���M�2�Q�m�b�H�v ���M�/ �;�2�M�2�`���H�H�v �i�?�2 �K���i�2�`�B���H �B�b �#�2�B�M�; ���/�/�2�/ ���b
�H�Q�M�; ���b �B�i �i�2�M�/�b �i�Q �b�T�`�2���/ �Q�#�b�2�`�p���#�H�v �Q�M �i�?�2 �r���i�2�` �b�m�`�7���+�2�X

�6�B�;�m�`�2 �k�X�N�, �P�`�B�;�B�M �Q�7 �2�H�2�+�i�`�B�+ �/�B�T�Q�H�2 �K�Q�K�2�M�i� �B�M �� �r���i�2�` �K�Q�H�2�+�m�H�2�X

�8�h�?�2 �a�A �m�M�B�i �Q�7 �2�H�2�+�i�`�B�+ �/�B�T�Q�H�2 �K�Q�K�2�M�i �B�b �(�*��K�)�- �B�i �B�b�- �?�Q�r�2�p�2�`�- �+�Q�K�K�Q�M �i�Q �m�b�2 �.�2�#�v�2 �m�M�B�i
�U1 D

:
= 3 :336� 10� 30C � m�V�- �2�H�2�+�i�`�B�+ �/�B�T�Q�H�2 �K�Q�K�2�M�i �Q�7 �r���i�2�` �B�b1:85 D�X
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�k�X�j�X �G���L�:�J�l�A�_���"�G�P�.�:�1�h�h �6�A�G�J�a

�q�?�2�M �i�?�2 �K�Q�M�Q�H���v�2�` �B�b �+�Q�K�T�`�2�b�b�2�/ �Q�M �i�?�2 �r���i�2�` �b�m�`�7���+�2�- �B�i �r�B�H�H �m�M�/�2�`�;�Q �T�?���b�2 �i�`���M�b�@
�7�Q�`�K���i�B�Q�M�b�X �h�?�2�b�2 �+�?���M�;�2�b �+���M �#�2 �Q�#�b�2�`�p�2�/ �#�v �K�Q�M�B�i�Q�`�B�M�; �i�?�2 �b�m�`�7���+�2 �T�`�2�b�b�m�`�2� ���b
�� �7�m�M�+�i�B�Q�M �Q�7 �i�?�2 ���`�2�� �Q�+�+�m�T�B�2�/ �#�v �i�?�2 �}�H�K�X �h�?�B�b �/�B���;�`���K �B�b �b�?�Q�r�M �B�M �6�B�;�m�`�2 �U�k�X�R�y�V ���M�/
�B�b �m�M�B�[�m�2 �7�Q�` �2�p�2�`�v �b�m�#�b�i���M�+�2 ���M�/ �;�B�p�2�b �B�M�7�Q�`�K���i�B�Q�M ���#�Q�m�i �7�Q�`�K���i�B�Q�M �Q�7 �i�?�2 �K�Q�M�Q�H���v�2�`�X
�h�?�2�`�2�7�Q�`�2�- �B�i �B�b �i�?�2 �p�2�`�v �}�`�b�i �b�i�2�T �B�M �i�?�2 �B�M�p�2�b�i�B�;���i�B�Q�M �Q�7 �� �M�2�r �K���i�2�`�B���H �+�`�2���i�2�/ ���i �i�?�2
���B�`�f�r���i�2�` �B�M�i�2�`�7���+�2�X �A�i �B�b �+�Q�K�K�Q�M�- �B�M �b�m�+�? �� �T�H�Q�i�- �i�Q �/�B�p�B�/�2 �i�?�2 �}�H�K ���`�2��A �#�v �i�?�2 �i�Q�i���H
�M�m�K�#�2�` �Q�7 �K�Q�H�2�+�m�H�2�bN �Q�M �i�?�2 �r���i�2�` �b�m�`�7���+�2 �i�Q �Q�#�i���B�M �i�?�2 ���`�2�� �T�2�` �K�Q�H�2�+�m�H�2
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�r�?�2�`�2n �B�b �i�?�2 ���K�Q�m�M�i �Q�7 �� �b�Q�H�m�i�2 �B�M �K�Q�H�2�b�-NA �B�b �i�?�2 ���p�Q�;���/�`�Q �+�Q�M�b�i���M�i�e�-m �B�b �K���b�b
�Q�7 �� �b�Q�H�m�i�2�-M �B�b �i�?�2 �K�Q�H�2�+�m�H���` �r�2�B�;�?�i �Q�7 �� �b�Q�H�m�i�2�-c �B�b �i�?�2 �b�T�2�+�B�}�+ �K�Q�H���` �+�Q�M�+�2�M�i�`���i�B�Q�M
�Q�7 �� �b�Q�H�m�i�B�Q�M�- ���M�/V �B�b �B�i�b �p�Q�H�m�K�2�X �A�i �B�b �+�Q�M�p�2�M�B�2�M�i �i�Q �Q�#�i���B�M �i�?�2 �H���b�i �2�t�T�`�2�b�b�B�Q�M �Q�M �i�?�2
�`�B�;�?�i �b�B�/�2 �Q�7 ���#�Q�p�2 �K�2�M�i�B�Q�M�2�/ �2�[�m���i�B�Q�M �U�k�X�9�y�V �7�Q�` �7�m�`�i�?�2�` �+���H�+�m�H���i�B�Q�M�b �B�M �i�?�2 �2�t�T�2�`�B�K�2�M�i���H
�b�2�+�i�B�Q�M �Q�7 �i�?�B�b �i�?�2�b�B�b �U�j�X�8�X�k�X �A�b�Q�i�?�2�`�K�b�V�X
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�6�B�;�m�`�2 �k�X�R�y�, �A�H�H�m�b�i�`���i�B�Q�M �Q�7 �b�m�`�7���+�2 �T�`�2�b�b�m�`�2 �p�2�`�b�m�b ���`�2�� �T�2�` �K�Q�H�2�+�m�H�2 �/�B���;�`���K�X

�1�[�m���i�B�Q�M �U�k�X�9�y�V �B�b �/�2�`�B�p�2�/ �7�`�Q�K �� �K�Q�/�2�H �#�v �m�b�B�M�; �i�r�Q�@�/�B�K�2�M�b�B�Q�M���H �p���`�B���i�B�Q�M �Q�7 �+�Q�M�p�2�M�@
�i�B�Q�M���H �F�B�M�2�i�B�+ �i�?�2�Q�`�v�X �h�?�2 �K�Q�H�2�+�m�H�2�b �B�M �i�?�2 �}�H�K �+���M �K�Q�p�2 �r�B�i�? ���M ���p�2�`���;�2 �i�`���M�b�H���i�B�Q�M���H
�F�B�M�2�i�B�+ �2�M�2�`�;�v �Q�7kBT=2 �7�Q�` �2���+�? �/�2�;�`�2�2 �Q�7 �7�`�2�2�/�Q�K�X �h�?�B�b �H�2���/�b �i�Q �i�?�2 �7�Q�H�H�Q�r�B�M�; �2�[�m���i�B�Q�M
�7�Q�` ���M �B�/�2���H �k�. �;���b

� a = NkBT �U�k�X�9�R�V

�r�?�2�`�2� �B�b �i�?�2 �b�m�`�7���+�2 �T�`�2�b�b�m�`�2�-a �B�b �i�?�2 ���`�2�� �T�2�` �K�Q�H�2�+�m�H�2�-N �B�b �M�m�K�#�2�` �Q�7 �K�Q�H�2�+�m�H�2�b�- ���M�/
kB �B�b �i�?�2 �"�Q�H�i�x�K���M�M �+�Q�M�b�i���M�i�d�- ���M�/T �B�b �i�?�2 ���#�b�Q�H�m�i�2 �i�2�K�T�2�`���i�m�`�2�X

�e���p�Q�;���/�`�Q �+�Q�M�b�i���M�i �B�M �a�A �m�M�B�i�b�,NA
:
= 6 :022� 1023mol� 1�X

�d�"�Q�H�i�x�K���M�M �+�Q�M�b�i���M�i �B�M �a�A �m�M�B�i�b�,kB
:
= 1 :381� 10� 23J � K � 1�X
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�k�X�j�X�9�X �a�m�`�7���+�2 �S�`�2�b�b�m�`�2 �J�2���b�m�`�2�K�2�M�i

�h�?�2 �b�m�`�7���+�2 �T�`�2�b�b�m�`�2� �B�b �m�b�m���H�H�v �K�2���b�m�`�2�/ �#�v �b�Q�@�+���H�H�2�/ �q�B�H�?�2�H�K�v �T�H���i�2�X �6�B�;�m�`�2 �U�k�X�R�R�V
�b�?�Q�r�b �i�?�2 �T�`�B�M�+�B�T�H�2 �r�?�B�+�? �B�b ���b �7�Q�H�H�Q�r�b�, �� �T�H���i�2�- �p�2�`�v �Q�7�i�2�M �K���/�2 �Q�m�i �Q�7 �T���T�2�`�- �B�b �T���`�i�B���H�H�v
�B�K�K�2�`�b�2�/ �B�M �r���i�2�`�X �h�?�2 �7�Q�`�+�2 ���+�i�B�M�; �Q�M �i�?�B�b �T�H���i�2 �B�b �b�m�K �Q�7 �i�?�`�2�2 �7�Q�`�+�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b�c �i�?�2
�;�`���p�B�i�vFG ���M�/ �i�?�2 �b�m�`�7���+�2 �i�2�M�b�B�Q�MFST �- �#�Q�i�? ���`�2 ���+�i�B�M�; �/�Q�r�M�r���`�/�b�- �r�?�2�`�2���b �i�?�2 �#�m�Q�v���M�+�v
FB �Q�7 �i�?�2 �T�H���i�2 �B�b ���+�i�B�M�; �m�T�r���`�/�X �h�?�B�b �+���M �#�2 �2�t�T�`�2�b�b�2�/ �#�v �7�Q�H�H�Q�r�B�M�; �2�[�m���i�B�Q�M�b

F = FG + FST � FB �U�k�X�9�k�V

F = mpg + 
 cos�P � mlg �U�k�X�9�j�V

�7�Q�` �� �`�2�+�i���M�;�m�H���` �T�H���i�2 �Q�7 �/�B�K�2�M�b�B�Q�M�blp�- wp�- tp�- �K���i�2�`�B���H �/�2�M�b�B�i�v%p�- ���M�/ �T�2�`�B�K�2�i�2�`P
�B�K�K�2�`�b�2�/ �i�Q �� �/�2�T�i�?h �B�M �� �H�B�[�m�B�/ �Q�7 �/�2�M�b�B�i�v%l �i�?�2 �M�2�i �7�Q�`�+�2 �B�b �;�B�p�2�M �#�v

F = %pglpwptp + 2
 (tp + wp) cos� � %lgtlwlh �U�k�X�9�9�V

�r�?�2�`�2
 �B�b �i�?�2 �b�m�`�7���+�2 �i�2�M�b�B�Q�M �Q�7 �i�?�2 �H�B�[�m�B�/�-� �B�b �i�?�2 �+�Q�M�i���+�i ���M�;�H�2 �Q�M �i�?�2 �b�Q�H�B�/ �T�H���i�2 ���M�/g
�B�b �i�?�2 �;�`���p�B�i���i�B�Q�M���H �+�Q�M�b�i���M�i�X �"�v �i�?�B�b ���T�T�`�Q���+�? �B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �K�2���b�m�`�2 �b�m�`�7���+�2 �T�`�2�b�b�m�`�2
�#�v �K�2���b�m�`�B�M�; �i�?�2 �+�?���M�;�2 �Q�7 �7�Q�`�+�2F ���+�i�B�M�; �Q�M �� �T�H���i�2 �r�B�i�? ���M�/ �r�B�i�?�Q�m�i �� �K�Q�H�2�+�m�H���` �}�H�K
���i �i�?�2 �b�m�`�7���+�2�X �.�m�`�B�M�; �� �/�2�T�Q�b�B�i�B�Q�M�- �q�B�H�?�2�H�K�v �T�H���i�2 �B�b �+�Q�K�T�H�2�i�2�H�v �r�2�i�i�2�/ ���7�i�2�` �� �r�?�B�H�2�-
�i�?���i �K�2���M�b� = 0 ���M�/cos 0 = 1�X �h�?�2 �b�m�`�7���+�2 �T�`�2�b�b�m�`�2 �+���M �#�2 �b�m�#�b�2�[�m�2�M�i�H�v �Q�#�i���B�M�2�/ �7�`�Q�K
�7�Q�H�H�Q�r�B�M�; �2�[�m���i�B�Q�M�b

F0 = FG + 2
 0(tp + wp) � FB �U�k�X�9�8�V

F = FG + 2
 (tp + wp) � FB �U�k�X�9�e�V

�;�B�p�B�M�; �i�?�2 �}�M���H �`�2�H���i�B�Q�M �7�Q�` �b�m�`�7���+�2 �T�`�2�b�b�m�`�2 �+�Q�M�M�2�+�i�B�M�; �i�?�2 �+�?���M�;�2 �B�M �7�Q�`�+�2 ���M�/ �i�?�2 �+�?���M�;�2
�B�M �b�m�`�7���+�2 �i�2�M�b�B�Q�M

� = 
 0 � 
 =
F0 � F

2(tp + wp)
: �U�k�X�9�d�V

�h�?�2 �b�2�M�b�B�i�B�p�B�i�v �+���M �#�2 �B�M�+�`�2���b�2�/ �#�v �m�b�B�M�; �� �p�2�`�v �i�?�B�M �T�H���i�2�- �b�Q �i�?���itp � wp�- ���M�/ �;�B�p�B�M�;
�i�?�2 �7�Q�H�H�Q�r�B�M�; �2�[�m���i�B�Q�M

� 
 =
� F
2wp

: �U�k�X�9�3�V

�h�?�2 �7�Q�`�+�2 �B�b �i�?�2�M �/�2�i�2�`�K�B�M�2�/ �#�v �K�2���b�m�`�B�M�; �i�?�2 �+�?���M�;�2�b �B�M �i�?�2 �K���b�b �Q�7 �i�?�2 �T�H���i�2�- �r�?�B�+�? �B�b
�/�B�`�2�+�i�H�v �+�Q�m�T�H�2�/ �i�Q �� �b�2�M�b�B�i�B�p�2 �K�B�+�`�Q�#���H���M�+�2�X

Air

wp
tp

�
Water

lp

h

to microbalance

�6�B�;�m�`�2 �k�X�R�R�, �� �q�B�H�?�2�H�K�v �T�H���i�2�, �i�?�2 �T�2�`�b�T�2�+�i�B�p�2 �p�B�2�r ���M�/ �i�?�2 �b�B�/�2 �p�B�2�r�X

�k�k



�k�X�9�X �1�G�1�*�h�_�P�L �S���_���J���:�L�1�h�A�* �_�1�a�P�L���L�*�1 �U�1�S�_�V

�k�X�9�X �1�H�2�+�i�`�Q�M �S���`���K���;�M�2�i�B�+ �_�2�b�Q�M���M�+�2 �U�1�S�_�V

�h�?�2 �+�?���T�i�2�` ���#�Q�m�i �2�H�2�+�i�`�Q�M �T���`���K���;�M�2�i�B�+ �`�2�b�Q�M���M�+�2 �U�1�S�_�V�- ���H�b�Q �b�Q�K�2�i�B�K�2�b �+���H�H�2�/ �2�H�2�+�i�`�Q�M
�b�T�B�M �`�2�b�Q�M���M�+�2 �U�1�a�_�V�- ���B�K�b �i�Q �T�`�Q�p�B�/�2 �#���b�B�+ �T�`�B�M�+�B�T�H�2�b �#�2�?�B�M�/ �i�?�B�b �b�T�2�+�i�`�Q�b�+�Q�T�B�+ �K�2�i�?�Q�/
�r�B�i�? ���M �B�H�H�m�b�i�`���i�B�p�2 �2�t���K�T�H�2 �Q�7 �2�t�T�2�`�B�K�2�M�i���H �b�2�i�@�m�T�X �h�?�2 �M�Q�i���i�B�Q�M �B�b �i���F�2�M �7�`�Q�K �i�?�2
�#�Q�Q�F�b�, �1�H�2�+�i�`�Q�M �S���`���K���;�M�2�i�B�+ �_�2�b�Q�M���M�+�2�, �h�?�2�Q�`�v ���M�/ �6�m�M�/���K�2�M�i���H ���T�T�H�B�+���i�B�Q�M�b �(�j�k�)
���M�/ �1�H�2�+�i�`�Q�M �a�T�B�M �_�2�b�Q�M���M�+�2 �(�j�j�)�X

�k�X�9�X�R�X �"���b�B�+ �S�`�B�M�+�B�T�H�2�b ���M�/ �>�B�b�i�Q�`�B�+���H �"���+�F�;�`�Q�m�M�/

�h�?�2 �+�Q�M�+�2�T�i �Q�7 �1�S�_ �B�b �b�B�K�B�H���` �i�Q �K�Q�`�2 �r�B�/�2�b�T�`�2���/ �M�m�+�H�2���` �K���;�M�2�i�B�+ �`�2�b�Q�M���M�+�2 �U�L�J�_�V�X
�"�Q�i�? �K�2�i�?�Q�/�b ���`�2 �#���b�2�/ �Q�M �B�M�i�2�`���+�i�B�Q�M �#�2�i�r�2�2�M �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �`���/�B���i�B�Q�M ���M�/ �K���;�M�2�i�B�+
�K�Q�K�2�M�i�b�X �>�Q�r�2�p�2�`�- �B�M �i�?�2 �+���b�2 �Q�7 �1�S�_�- �i�?�2 �K���;�M�2�i�B�+ �K�Q�K�2�M�i�b ���`�B�b�2 �7�`�Q�K �2�H�2�+�i�`�Q�M�b �`���i�?�2�`
�i�?���M �M�m�+�H�2�B�X �h�?�2 �b�i�`�m�+�i�m�`�2 �Q�7 �� �K���i�i�2�` �B�b �`�2�p�2���H�2�/ �#�v ���M���H�v�b�B�M�; ���#�b�Q�`�T�i�B�Q�M �b�T�2�+�i�`���X �h�?�2�v
���`�2 �Q�#�i���B�M�2�/ �#�v �K�2���b�m�`�B�M�; �Q�7 ���i�i�2�M�m���i�B�Q�M �p�2�`�b�m�b �7�`�2�[�m�2�M�+�v �U�r���p�2�H�2�M�;�i�?�V �Q�7 ���M �2�H�2�+�i�`�Q�K���;�@
�M�2�i�B�+ �`���/�B���i�B�Q�M �T���b�b�B�M�; �i�?�`�Q�m�;�? �� �b���K�T�H�2�X �G�B�M�2�b ���M�/ �#���M�/�b �B�M �b�T�2�+�i�`�� �`�2�T�`�2�b�2�M�i �i�`���M�b�B�i�B�Q�M�b
�#�2�i�r�2�2�M �2�M�2�`�;�v �H�2�p�2�H�b �Q�7 �i�?�2 ���#�b�Q�`�#�B�M�; �b���K�T�H�2�X

�6�B�;�m�`�2 �U�k�X�R�k�V �b�?�Q�r�b �T�`�Q�T���;���i�B�Q�M �Q�7 �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �`���/�B���i�B�Q�M ���b �+�Q�m�T�H�2�/ �2�H�2�+�i�`�B�+~E ���M�/
�K���;�M�2�i�B�+~B �}�2�H�/ �T�2�`�T�2�M�/�B�+�m�H���` �i�Q �i�?�2 �/�B�`�2�+�i�B�Q�M �Q�7 �T�`�Q�T���;���i�B�Q�M~k�X �"�Q�i�? �}�2�H�/�b �Q�b�+�B�H�H���i�2 ���i
�� �7�`�2�[�m�2�M�+�v� �X �A�M �1�S�_�- �+�Q�K�K�Q�M�H�v �7�`�2�[�m�2�M�+�B�2�b �Q�7109 � 1012 s� 1 �U1 � 1000 GHz�V ���`�2 �m�b�2�/�X

�6�B�;�m�`�2 �k�X�R�k�, �A�H�H�m�b�i�`���i�B�Q�M �Q�7 �T�`�Q�T���;���i�B�M�; �T�H���M�2�@�T�Q�H���`�B�b�2�/ ���M�/ �K�Q�M�Q�+�?�`�Q�K���i�B�+ �2�H�2�+�i�`�Q�K���;�@
�M�2�i�B�+ �r���p�2 �r�B�i�? �T�`�Q�T���;���i�B�Q�M �p�2�+�i�Q�`~k ���H�Q�M�;z�X

�h�?�2 �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �`���/�B���i�B�Q�M �+���M �#�2 �B�K���;�B�M�2�/ ���b �� �b�i�`�2���K �Q�7 �T�?�Q�i�Q�M�b�X �h�?�2 �2�M�2�`�;�v
�Q�7 �� �T�?�Q�i�Q�M �B�b �;�B�p�2�M �#�vh� �- �r�?�2�`�2h �B�b �S�H���M�+�F �+�Q�M�b�i���M�i�3�X �q�?�2�M �� �T�?�Q�i�Q�M �B�b ���#�b�Q�`�#�2�/
�Q�` �2�K�B�i�i�2�/ �#�v ���M �2�H�2�+�i�`�Q�M�- ���i�Q�K�- �Q�` �K�Q�H�2�+�m�H�2�- �i�?�2 �2�M�2�`�;�v ���M�/ ���M�;�m�H���` �K�Q�K�2�M�i�m�K �Q�7 �i�?�2
�b�v�b�i�2�K �K�m�b�i �#�2 �+�Q�M�b�2�`�p�2�/�X

�A�M �m�b�m���H �b�T�2�+�i�`�Q�b�+�Q�T�B�+ �b�i�m�/�B�2�b �B�i �B�b �i�?�2 �2�H�2�+�i�`�B�+ �}�2�H�/ �+�Q�K�T�Q�M�2�M�i �Q�` �i�?�2 �`���/�B���i�B�Q�M �r�?�B�+�?
�B�M�i�2�`���+�i�b �r�B�i�? �K�Q�H�2�+�m�H�2�b�X �h�?�2�`�2 ���`�2 �i�r�Q �+�Q�M�/�B�i�B�Q�M�b�- �i�?���i �K�m�b�i �#�2 �7�m�H�}�H�H�2�/ �7�Q�` ���#�b�Q�`�T�i�B�Q�M
�i�Q �Q�+�+�m�`�,

�R�X �h�?�2 �2�M�2�`�;�vE = h� �Q�7 �� �`���/�B���i�B�Q�M �[�m���M�i�m�K �K�m�b�i �+�Q�`�`�2�b�T�Q�M�/ �i�Q �i�?�2 �2�M�2�`�;�v �b�2�T���`���i�B�Q�M
�#�2�i�r�2�2�M �+�2�`�i���B�M �2�M�2�`�;�v �H�2�p�2�H�b �B�M �i�?�2 �K�Q�H�2�+�m�H�2�X

�k�X �h�?�2 �Q�b�+�B�H�H���i�B�M�; �2�H�2�+�i�`�B�+�@�}�2�H�/ �+�Q�K�T�Q�M�2�M�i �Q�7~E �Q�7 �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �`���/�B���i�B�Q�M �K�m�b�i �#�2
���#�H�2 �i�Q �B�M�i�2�`���+�i �r�B�i�? ���M �Q�b�+�B�H�H���i�B�M�; �2�H�2�+�i�`�B�+�@�/�B�T�Q�H�2 �U�Q�` �?�B�;�?�2�` �Q�`�/�2�`�V �K�Q�K�2�M�i�X

�G�B�F�2�r�B�b�2�- �� �K�Q�H�2�+�m�H�2 �r�B�i�? �� �K���;�M�2�i�B�+ �/�B�T�Q�H�2 �B�b �2�t�T�2�+�i�2�/ �i�Q �B�M�i�2�`���+�i �r�B�i�? �i�?�2 �Q�b�+�B�H�@
�H���i�B�M�; �K���;�M�2�i�B�+ �+�Q�K�T�Q�M�2�M�i �Q�7~B �Q�7 �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �`���/�B���i�B�Q�M�X �h�?�B�b �B�b �� �#���b�B�+ �+�Q�M�+�2�T�i
�7�Q�` �K���;�M�2�i�B�+�@�`�2�b�Q�M���M�+�2 �b�T�2�+�i�`�Q�b�+�Q�T�v�X �*�Q�K�K�Q�M�H�v�- �B�M �i�?�2 �+���b�2 �Q�7 �1�S�_�- �i�?�2�`�2 �B�b ���H�b�Q ���M
�2�t�i�2�`�M���H �K���;�M�2�i�B�+ �}�2�H�/~Bex ���T�T�H�B�2�/�X

�3�S�H���M�+�F �+�Q�M�b�i���M�i �B�M �a�A �m�M�B�i�b�,h
:
= 6 :626� 10� 34 J � s�X

�k�j



�k�X �h�>�1�P�_�u

�1�p�2�`�v �2�H�2�+�i�`�Q�M �T�Q�b�b�2�b�b�2�b �Q�r�M �B�M�i�`�B�M�b�B�+ �K���;�M�2�i�B�+�@�/�B�T�Q�H�2 �K�Q�K�2�M�i ���`�B�b�B�M�; �7�`�Q�K �B�i�b �b�T�B�M�X
�A�M �K�Q�b�i �b�v�b�i�2�K�b�- �2�H�2�+�i�`�Q�M�b ���`�2 �T���B�`�2�/ �B�M �b�m�+�? �� �r���v �i�?���i �i�?�2 �M�2�i �K�Q�K�2�M�i �B�b �x�2�`�Q�X �h�?�2�`�2�@
�7�Q�`�2�- �Q�M�H�v �b�v�b�i�2�K�b �r�B�i�? �Q�M�2 �Q�` �K�Q�`�2 �m�M�T���B�`�2�/ �2�H�2�+�i�`�Q�M�b �T�Q�b�b�2�b�b �M�Q�M�@�x�2�`�Q �M�2�i �b�T�B�M �K�Q�K�2�M�i�-
�r�?�B�+�? �B�b �M�2�+�2�b�b���`�v �7�Q�` �/�2�b�B�`�2�/ �B�M�i�2�`���+�i�B�Q�M �r�B�i�? ���M �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �}�2�H�/�X �� �K���;�M�2�i�B�+�@�/�B�T�Q�H�2
�K�Q�K�2�M�i �B�M ���M ���i�Q�K �Q�` �K�Q�H�2�+�m�H�2 �U�#�Q�i�? �M�2�m�i�`���H ���M�/ �+�?���`�;�2�/�V �+���M ���`�B�b�2 �7�`�Q�K �m�M�T���B�`�2�/ �2�H�2�+�@
�i�`�Q�M�b �Q�` �7�`�Q�K �K���;�M�2�i�B�+ �M�m�+�H�2�B�X �h�?�2 �K���;�M�2�i�B�+�@�/�B�T�Q�H�2 �K�Q�K�2�M�i�b �Q�7 �i�?�2�b�2 �T���`�i�B�+�H�2�b �Q�`�B�;�B�M���i�2
�7�`�Q�K �2�H�2�+�i�`�Q�M�B�+ �Q�` �M�m�+�H�2���` ���M�;�m�H���` �K�Q�K�2�M�i���X �h�?�m�b�- �B�i �B�b �B�K�T�Q�`�i���M�i �i�Q �m�M�/�2�`�b�i���M�/ �i�?�2
�M���i�m�`�2 ���M�/ �[�m���M�i�B�b���i�B�Q�M �Q�7 ���M�;�m�H���` �K�Q�K�2�M�i�� �r�?�2�M �/�2���H�B�M�; �r�B�i�? �1�S�_ �b�T�2�+�i�`�Q�b�+�Q�T�v�X

�h�?�2 �Q�`�B�;�B�M �Q�7 �1�S�_ �i�2�+�?�M�B�[�m�2 �+���M �#�2 �i�`�2���i�2�/ ���b ���M �2�t�i�2�M�b�B�Q�M �Q�7 �i�?�2 �7���K�Q�m�b �a�i�2�`�M��
�:�2�`�H���+�? �2�t�T�2�`�B�K�2�M�i�X �h�?�2�v �/�2�K�Q�M�b�i�`���i�2�/ �B�M �R�N�k�y�b�- �i�?���i ���M �2�H�2�+�i�`�Q�M �K���;�M�2�i�B�+ �K�Q�K�2�M�i
�B�M ���M ���i�Q�K �+���M ���+�[�m�B�`�2 �Q�M�H�v �/�B�b�+�`�2�i�2 �Q�`�B�2�M�i���i�B�Q�M�b �B�M �� �K���;�M�2�i�B�+ �}�2�H�/�- �B�M �b�T�B�i�2 �Q�7 �i�?�2
�b�T�?�2�`�B�+�B�i�v �Q�7 �i�?�2 ���i�Q�K�X �a�m�#�b�2�[�m�2�M�i�H�v�- �l�?�H�2�M�#�2�+�F ���M�/ �:�Q�m�/�b�K�B�i �+�Q�M�M�2�+�i�2�/ �i�?�2 �2�H�2�+�i�`�Q�M
�K���;�M�2�i�B�+ �K�Q�K�2�M�i �i�Q �i�?�2 �2�H�2�+�i�`�Q�M �b�T�B�M ���M�;�m�H���` �K�Q�K�2�M�i�m�K�X �h�?�2 �M�2�t�i �+�Q�M�i�`�B�#�m�i�Q�`�b �r�2�`�2
�"�`�2�B�i ���M�/ �_���#�B �i�?���i �/�2�b�+�`�B�#�2�/ �i�?�2 �2�M�2�`�;�v �H�2�p�2�H�b �Q�7 �� �?�v�/�`�Q�;�2�M ���i�Q�K �B�M �� �K���;�M�2�i�B�+ �}�2�H�/�X
�A�M �7���+�i�- �_���#�B �2�i ���H�X �b�i�m�/�B�2�/ �i�`���M�b�B�i�B�Q�M�b �#�2�i�r�2�2�M �H�2�p�2�H�b �B�M�/�m�+�2�/ �#�v ���M �Q�b�+�B�H�H���i�B�M�; �K���;�M�2�i�B�+
�}�2�H�/�X �h�?�B�b �r���b �i�?�2 �}�`�b�i �Q�#�b�2�`�p���i�B�Q�M �Q�7 �K���;�M�2�i�B�+ �`�2�b�Q�M���M�+�2�X

�6�B�M���H�H�v�- �i�?�2 �}�`�b�i �Q�#�b�2�`�p���i�B�Q�M �Q�7 ���M �2�H�2�+�i�`�Q�M �T���`���K���;�M�2�i�B�+ �`�2�b�Q�M���M�+�2 �T�2���F �r���b �K���/�2
�B�M �R�N�9�8 �#�v �w���p�Q�B�b�F�v �r�?�Q �/�2�i�2�+�i�2�/ �� �`���/�B�Q�7�`�2�[�m�2�M�+�v ���#�b�Q�`�T�i�B�Q�M �H�B�M�2 �7�`�Q�K �� �*�m�*�H2 � 2�>2�P
�b���K�T�H�2�X �>�2 �/�B�b�+�Q�p�2�`�2�/ �� �`�2�b�Q�M���M�+�2 ���i �i�?�2 �K���;�M�2�i�B�+ �}�2�H�/B = 4 :76 mT �7�Q�` �� �7�`�2�[�m�2�M�+�v
� = 133 MHz�X �6�Q�` �i�?�B�b �+���b�2�- �i�?�2 �w�2�2�K���M �7���+�i�Q�`g �B�b ���T�T�`�Q�t�B�K���i�2�H�v �k�X �G���i�2�H�v�- �6�`�2�M�F�2�H
�B�M�i�2�`�T�`�2�i�2�/ �w���p�Q�B�b�F�v�ö�b �`�2�b�m�H�i�b ���b �b�?�Q�r�B�M�; �T���`���K���;�M�2�i�B�+ �`�2�b�Q�M���M�+�2 ���#�b�Q�`�T�i�B�Q�M�X �a�m�#�b�2�[�m�2�M�i
�2�t�T�2�`�B�K�2�M�i�b �r�B�i�? �?�B�;�?�2�` �K���;�M�2�i�B�+ �}�2�H�/�b �Q�7100� 300 mT �/�2�K�Q�M�b�i�`���i�2�/ �i�?�2 ���/�p���M�i���;�2 �Q�7
�m�b�B�M�; �?�B�;�? �}�2�H�/�b ���M�/ �7�`�2�[�m�2�M�+�B�2�b�X

�h�?�2 �`���T�B�/ �/�2�p�2�H�Q�T�K�2�M�i �Q�7 �T���`���K���;�M�2�i�B�+ �`�2�b�Q�M���M�+�2 �b�i���`�i�2�/ ���7�i�2�` �q�Q�`�H�/ �q���` �A�A �U�2�M�/�2�/
�R�N�9�8�V �/�m�2 �i�Q �r�B�/�2�b�T�`�2���/ ���p���B�H���#�B�H�B�i�v �Q�7 �K�B�+�`�Q�r���p�2 �i�2�+�?�M�Q�H�Q�;�v �m�b�2�/ �7�Q�` �K�B�H�B�i���`�v �T�m�`�T�Q�b�2�b�X
�6�Q�` �B�M�b�i���M�+�2�- �i�2�+�?�M�Q�H�Q�;�v �7�Q�` �N�@�:�>�x �U�s �#���M�/�,8� 12 GHz�V �`�2�;�B�Q�M �r���b �r�B�/�2�H�v �m�b�2�/ �7�Q�`
�`���/���`�- ���M�/ �i�?�m�b �+�Q�K�T�Q�M�2�M�i�b �r�2�`�2 �2���b�v �i�Q �Q�#�i���B�M ���i �`�2���b�Q�M���#�H�2 �+�Q�b�i�X �L�Q�r���/���v�b�- �b�i���i�2�@
�Q�7�@�i�?�2�@���`�i �B�M�b�i�`�m�K�2�M�i�b �7�Q�` �1�S�_ �/�2�i�2�+�i�B�Q�M �#�2�M�2�}�i �7�`�Q�K �/�2�p�2�H�Q�T�K�2�M�i �Q�7 �`�2�H���i�2�/ �}�2�H�/ �b�m�+�?
���b �+�Q�K�T�m�i�2�`�b�- �K�B�+�`�Q�r���p�2 �b�Q�m�`�+�2�b�- �T�`�2�+�B�b�2 �K���+�?�B�M�B�M�;�- ���M�/ �/�2�i�2�+�i�B�Q�M �/�2�p�B�+�2�b�X ���H�H �Q�7 �i�?�B�b
�T�m�b�?�2�b �2�p�2�`�v �m�T�+�Q�K�B�M�; �1�S�_ �B�M�b�i�`�m�K�2�M�i �i�Q �� �?�B�;�?�2�` �H�2�p�2�H ���M�/ ���H�H�Q�r�b �� �/�2�2�T�2�`�- �[�m�B�+�F�2�`�-
���M�/ �K�Q�`�2 �b�Q�T�?�B�b�i�B�+���i�2�/ �B�M�p�2�b�i�B�;���i�B�Q�M �B�M�i�Q �� �K���i�i�2�`�X

�6�B�;�m�`�2 �U�k�X�R�j�V �b�?�Q�r�b �i�?�2 �b�B�K�T�H�2�b�i �2�M�2�`�;�v�@�H�2�p�2�H �/�B���;�`���K �B�M �+���b�2 �Q�7 �1�S�_ �b�i�m�/�B�2�b �7�Q�`
�� �T���`�i�B�+�H�2 �r�B�i�? �b�T�B�M1

2 �U�2�X�;�X �2�H�2�+�i�`�Q�M�V �B�M �� �K���;�M�2�i�B�+ �}�2�H�/�X

B = 0

E1 = + 1
2ge� BB

E2 = � 1
2ge� BB

Energy Increasing Magnetic Field B

ms = + 1
2

ms = � 1
2

�E = E 1 � E2 = h� = ge� BB

�6�B�;�m�`�2 �k�X�R�j�, �a�+�?�2�K�2 �Q�7 �2�M�2�`�;�v�@�H�2�p�2�H �/�B���;�`���K �7�Q�` �� �7�`�2�2 �2�H�2�+�i�`�Q�M ���b �� �7�m�M�+�i�B�Q�M �Q�7 ���T�T�H�B�2�/
�K���;�M�2�i�B�+ �}�2�H�/ �" �B�H�H�m�b�i�`���i�B�M�; �1�S�_ ���#�b�Q�`�T�i�B�Q�M�X �11 ���M�/ �12 ���`�2 �2�M�2�`�;�B�2�b �+�Q�`�`�2�b�T�Q�M�/�B�M�; �i�Q
m = � 1

2 �b�i���i�2�b�X �b �B�b �i�?�2 �+�?���`���+�i�2�`�B�b�i�B�+�b �Q�7 �� �T���`�i�B�+�H�2�- ���M �2�H�2�+�i�`�Q�M �B�M �i�?�B�b �+���b�2�X �;e
:= 2:00232

�B�b �i�?�2g �7���+�i�Q�` �7�Q�` ���M �2�H�2�+�i�`�Q�M�-� B �B�b �i�?�2 �"�Q�?�` �K���;�M�2�i�Q�M�- ���M�/h �B�b �i�?�2 �S�H���M�+�F �+�Q�M�b�i���M�i�X

�k�9



�k�X�9�X �1�G�1�*�h�_�P�L �S���_���J���:�L�1�h�A�* �_�1�a�P�L���L�*�1 �U�1�S�_�V

�"�v �p���`�v�B�M�; �i�?�2 �K���;�M�2�i�B�+ �}�2�H�/�- �B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �+�?���M�;�2 �i�?�2 �2�M�2�`�;�v�@�H�2�p�2�H �b�2�T���`���i�B�Q�M�X �_�2�b�@
�Q�M���M�i ���#�b�Q�`�T�i�B�Q�M �B�b �Q�#�b�2�`�p�2�/ �7�Q�` �i�?�2 �7�`�2�[�m�2�M�+�v �b���i�B�b�7�v�B�M�;E = h� �- �r�?�2�`�2� �B�b �i�?�2 �7�`�2�[�m�2�M�+�v
�Q�7 �B�M�+�B�/�2�M�i �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �`���/�B���i�B�Q�M �U�m�b�m���H�H�v �K�B�+�`�Q�r���p�2 �`�2�;�B�Q�M�V�X �h�?�2 �K���;�M�B�i�m�/�2 �Q�7 �i�?�2
�i�`���M�b�B�i�B�Q�M �2�[�m���H�b �i�Q �i�?�2 �2�M�2�`�;�v �i�?���i �K�m�b�i �#�2 ���#�b�Q�`�#�2�/ �7�`�Q�K �i�?�2 �`���/�B���i�B�Q�M �B�M �Q�`�/�2�` �i�Q �2�t�@
�+�B�i�2 �i�?�2 �H�Q�r�2�` �b�i���i�2 �i�Q �i�?�2 �m�T�T�2�` �b�i���i�2�X �l�b�m���H�H�v�- �K���M�v �b�B�K�T�H�2 �m�M�T���B�`�2�/�@�2�H�2�+�i�`�Q�M �b�v�b�i�2�K�b
�`�2�[�m�B�`�2 �}�2�H�/ �Q�7 ���T�T�`�Q�t�B�K���i�2�H�v0:3 T ���M�/� = 9 GHz �7�Q�` �i�?�2 �`�2�b�Q�M���M�+�2 �i�Q �Q�+�+�m�`�X

�k�X�9�X�k�X �a�+�Q�T�2 �Q�7 �1�S�_

�A�M �K���D�Q�`�B�i�v �Q�7 �1�S�_ �b�T�2�+�i�`�Q�b�+�Q�T�v�- �i�?�2 �2�H�2�+�i�`�Q�M �K���;�M�2�i�B�+ �/�B�T�Q�H�2 ���`�B�b�2�b �K���B�M�H�v �7�`�Q�K �b�T�B�M
���M�;�m�H���` �K�Q�K�2�M�i�m�K �r�B�i�? �Q�M�H�v �� �b�K���H�H �+�Q�M�i�`�B�#�m�i�B�Q�M �7�`�Q�K �Q�`�#�B�i���H �K�Q�i�B�Q�M�X �_�2�b�Q�M���M�i ���#�b�Q�`�T�@
�i�B�Q�M �Q�7 �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �`���/�B���i�B�Q�M �#�v �� �b�v�b�i�2�K �B�b �+���H�H�2�/ �ö�2�H�2�+�i�`�Q�M �T���`���K���;�M�2�i�B�+ �`�2�b�Q�M���M�+�2�ö
�Q�` �ö�2�H�2�+�i�`�Q�M �b�T�B�M �`�2�b�Q�M���M�+�2�ö�X �h�?�2 �i�2�`�K �`�2�b�Q�M���M�+�2 �/�2�b�+�`�B�#�2�b �2�t���+�i�H�v �r�?���i �?���T�T�2�M�b �b�B�M�+�2
�i�?�2 �r�2�H�H�@�/�2�}�M�2�/ �b�2�T���`���i�B�Q�M �Q�7 �2�M�2�`�;�v �H�2�p�2�H�b �K���i�+�?�2�b �i�Q �i�?�2 �2�M�2�`�;�v �Q�7 �� �[�m���M�i�m�K �Q�7 �B�M�@
�+�B�/�2�M�i �`���/�B���i�B�Q�M�X �h�?�2 �i�2�`�K �2�H�2�+�i�`�Q�M �T���`���K���;�M�2�i�B�+ �`�2�b�Q�M���M�+�2 �U�1�S�_�V �i���F�2�b �B�M�i�Q ���+�+�Q�m�M�i
�+�Q�M�i�`�B�#�m�i�B�Q�M�b �7�`�Q�K �2�H�2�+�i�`�Q�M �Q�`�#�B�i���H ���b �r�2�H�H ���b �b�T�B�M ���M�;�m�H���` �K�Q�K�2�M�i�m�K�X

�A�M ���M�v �b�v�b�i�2�K �+�Q�M�b�B�b�i�B�M�; �Q�7 ���i�Q�K�b �Q�` �K�Q�H�2�+�m�H�2�b�- �i�?�2�`�2 �B�b �� �i�`�2�K�2�M�/�Q�m�b ���K�Q�m�M�i �Q�7
�2�H�2�+�i�`�Q�M�B�+ �b�i���i�2�b �7�Q�` �b�i���M�/���`�/ �Q�T�i�B�+���H �b�T�2�+�i�`�Q�b�+�Q�T�v�X �A�M �i�?�2 �+���b�2 �Q�7 �1�S�_�- �?�Q�r�2�p�2�`�- �i�?�2
�2�M�2�`�;�v �Q�7 �T�?�Q�i�Q�M�b �B�b �p�2�`�v �H�Q�r �U�2�X�;�X9 GHz = 0:0372 meV�V�X �h�?�2�`�2�7�Q�`�2�- �B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �B�;�M�Q�`�2
�i�?�2 �T�H�2�i�?�Q�`�� �Q�7 �2�H�2�+�i�`�Q�M�B�+ �b�i���i�2�b �2�t�+�2�T�i �7�Q�` �i�?�2 �;�`�Q�m�M�/ �b�i���i�2 ���M�/ �M�2���`�#�v �2�t�+�B�i�2�/ �b�i���i�2�b�X �h�?�B�b
�m�M�B�[�m�2�M�2�b�b ���H�H�Q�r�b �i�?�B�b �i�2�+�?�M�B�[�m�2 �i�Q �#�2 �r�B�/�2�H�v ���T�T�H�B�+���#�H�2 �i�Q ���M�v �b�v�b�i�2�K �B�M �� �T���`���K���;�M�2�i�B�+
�b�i���i�2 �U�Q�` �b�v�b�i�2�K �i�?���i �+���M �#�2 �T�H���+�2�/ �B�M �b�m�+�? �� �b�i���i�2�V�- �K�2���M�B�M�; �i�?�2 �b�i���i�2 �?���p�B�M�; �M�2�i �2�H�2�+�i�`�Q�M
���M�;�m�H���` �K�Q�K�2�M�i�m�K �U�i�v�T�B�+���H�H�v �b�T�B�M ���M�;�m�H���` �K�Q�K�2�M�i�m�K�V�X �J���M�v �b�v�b�i�2�K�b ���H�`�2���/�v �2�t�B�b�i
�B�M �� �T���`���K���;�M�2�i�B�+ �;�`�Q�m�M�/ �b�i���i�2�- �i�?�2 �`�2�b�i �+���M �#�2 �2�t�+�B�i�2�/ �B�M�i�Q �� �T���`���K���;�M�2�i�B�+ �b�i���i�2�- �7�Q�`
�B�M�b�i���M�+�2�- �#�v �B�`�`���/�B���i�B�Q�M�X �S�`�B�M�+�B�T���H�H�v�- ���H�H ���i�Q�K�b ���M�/ �K�Q�H�2�+�m�H�2�b ���`�2 ���K�2�M�/���#�H�2 �i�Q �#�2 �b�i�m�/�B�2�/
�#�v �1�S�_ �b�T�2�+�i�`�Q�b�+�Q�T�v�X �G�B�b�i �Q�7 �i�v�T�B�+���H�H�v �2�t���K�B�M�2�/ �b�v�b�i�2�K�b �B�b ���b �7�Q�H�H�Q�r�b�,

�R�X �6�`�2�2 �`���/�B�+���H�b �B�M �i�?�2 �b�Q�H�B�/�- �H�B�[�m�B�/ �Q�` �;���b�2�Q�m�b �T�?���b�2�b�X �� �7�`�2�2 �`���/�B�+���H �+���M �#�2 ���M ���i�Q�K�-
�K�Q�H�2�+�m�H�2 �Q�` �B�Q�M �+�Q�M�i���B�M�B�M�; �Q�M�2 �m�M�T���B�`�2�/ �2�H�2�+�i�`�Q�M�X

�k�X �h�`���M�b�B�i�B�Q�M �B�Q�M�b �B�M�+�H�m�/�B�M�; ���+�i�B�M�B�/�2 �B�Q�M�b�X �*���M �+�Q�M�i���B�M �m�T �i�Q �}�p�2 �Q�` �b�2�p�2�M �m�M�T���B�`�2�/
�2�H�2�+�i�`�Q�M�b�X

�j�X �S�Q�B�M�i �/�2�7�2�+�i�b �U�H�Q�+���H�B�b�2�/ �B�K�T�2�`�7�2�+�i�B�Q�M�b�- �i�`���T�T�2�/ �2�H�2�+�i�`�Q�M�b�- �2�H�2�+�i�`�Q�M �p���+���M�+�B�2�b �@ �T�Q�b�B�@
�i�B�p�2 �?�Q�H�2�b�V�X

�9�X �a�v�b�i�2�K�b �r�B�i�? �K�m�H�i�B�T�H�2 �m�M�T���B�`�2�/ �2�H�2�+�i�`�Q�M�b�, �U���V �h�`�B�T�H�2�i �b�i���i�2�b �@ �b�v�b�i�2�K�b �r�B�i�? �b�i�`�Q�M�;
�B�M�i�2�`���+�i�B�Q�M �#�2�i�r�2�2�M �i�r�Q �m�M�T���B�`�2�/ �2�H�2�+�i�`�Q�M�b�X �U�#�V �"�B�`���/�B�+���H�b �@ �b�v�b�i�2�K�b �r�B�i�? �r�2���F
�B�M�i�2�`���+�i�B�Q�M �#�2�i�r�2�2�M �i�r�Q �m�M�T���B�`�2�/ �2�H�2�+�i�`�Q�M�b�X �U�+�V �J�m�H�i�B�`���/�B�+���H�b �@ �b�v�b�i�2�K�b �r�B�i�? �K�Q�`�2
�i�?���M �i�r�Q �m�M�T���B�`�2�/ �2�H�2�+�i�`�Q�M�b �B�M�i�2�`���+�i�B�M�;�X
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�h�Q �B�M�i�2�`�T�`�2�i �1�S�_ �b�T�2�+�i�`�� �T�`�Q�T�2�`�H�v�- �B�i �B�b �M�2�+�2�b�b���`�v �i�Q �+�Q�M�b�B�/�2�` �#���b�B�+�b �Q�7 �[�m���M�i�m�K �K�2�@
�+�?���M�B�+�b�- �2�b�T�2�+�B���H�H�v �i�?�2 �T���`�i ���b�b�Q�+�B���i�2�/ �r�B�i�? ���M�;�m�H���` �K�Q�K�2�M�i�m�K�X �h�?�2�`�2 ���`�2 �� �7�2�r �T�Q�B�M�i�b
�i�?���i ���`�2 �?�2�H�T�7�m�H �i�Q �#�2���` �B�M �K�B�M�/ �r�?�2�M �i�`�2���i�B�M�; �1�S�_ �b�T�2�+�i�`���- �B�i �B�b �M�2�+�2�b�b���`�v �i�Q�,

�R�X ���M���H�v�b�2 �i�?�2 �2�M�2�`�;�v �H�2�p�2�H�b �Q�7 �i�?�2 �b�v�b�i�2�K ���M�/ �i�?�2 �B�M�~�m�2�M�+�2 �Q�7 �i�?�2 �b�m�`�`�Q�m�M�/�B�M�; �2�M�p�B�`�Q�M�@
�K�2�M�i ���z�2�+�i�B�M�; �i�?�2�b�2 �H�2�p�2�H�b�, �U���V �h�?�2�Q�`�2�i�B�+���H �i�`�2���i�K�2�M�i�b ���M�/ ���T�T�`�Q�t�B�K���i�B�Q�M�b ���`�2 �Q�7�i�2�M
�M�2�+�2�b�b���`�v �i�Q �Q�#�i���B�M �T�H���m�b�B�#�H�2 �B�M�i�2�`�T�`�2�i���i�B�Q�M �Q�7 �i�?�2 �/���i�� �Q�7 �Q�`�;���M�B�+ �7�`�2�2 �`���/�B�+���H�b ���M�/
p�@�2�H�2�+�i�`�Q�M �7�`�2�2 �`���/�B�+���H�b�- �U�#�V �i�?�2 �F�M�Q�r�H�2�/�;�2 �Q�7 �i�?�2 �b�T�H�B�i�i�B�M�; �Q�7 �Q�`�#�B�i���H ���M�/ �b�T�B�M �2�M�2�`�;�v
�H�2�p�2�H�b �#�v �H�Q�+���H �2�H�2�+�i�`�B�+ �}�2�H�/�b �Q�7 �p���`�B�Q�m�b �b�v�K�K�2�i�`�B�2�b �B�b �B�K�T�Q�`�i���M�i �7�Q�` �B�M�p�2�b�i�B�;���i�B�Q�M �Q�7
�i�`���M�b�B�i�B�Q�M�@�B�Q�M �b�T�2�+�i�`���X

�k�X �_�2���H�B�b�2 �i�?���i �b�Q�K�2 �b�v�b�i�2�K�b �#�2�?���p�2 �B�b�Q�i�`�Q�T�B�+���H�H�v �U�i�?�2�B�` �T�`�Q�T�2�`�i�B�2�b ���`�2 �B�M�/�2�T�2�M�/�2�M�i
�Q�7 �K���;�M�2�i�B�+ �}�2�H�/ �Q�`�B�2�M�i���i�B�Q�M�V�X �L�2�p�2�`�i�?�2�H�2�b�b�- �K�Q�b�i �b�v�b�i�2�K�b �#�2�?���p�2 ���M�B�b�Q�i�`�Q�T�B�+���H�H�v
�U�i�?�2�B�` �2�M�2�`�;�v�@�H�2�p�2�H �b�2�T���`���i�B�Q�M�b ���M�/ �T�`�Q�T�2�`�i�B�2�b �/�2�T�2�M�/ �Q�M �Q�`�B�2�M�i���i�B�Q�M �B�M ���M ���T�T�H�B�2�/
�K���;�M�2�i�B�+ �}�2�H�/�V�X

�j�X �*�Q�M�b�B�/�2�` �i�B�K�2�@�/�2�T�2�M�/�2�M�i �T�?�2�M�Q�K�2�M���- �b�m�+�? ���b �/�2�+���v �Q�7 �T���`���K���;�M�2�i�B�+ �b�T�2�+�B�2�b�- �K�Q�H�2�+�@
�m�H���` �K�Q�i�B�Q�M�b�- �+�?���M�;�2�b �B�M �T�Q�T�m�H���i�B�Q�M �T�Q�H���`�B�b���i�B�Q�M �Q�7 �b�T�B�M �b�i���i�2�b�- �+�?�2�K�B�+���H�- ���M�/ �2�H�2�+�@
�i�`�Q�M �2�t�+�?���M�;�2 �H�2���/�B�M�; �i�Q �B�M�M�2�` �b���K�T�H�2 �F�B�M�2�i�B�+�b�X

�6�B�;�m�`�2 �U�k�X�R�9�V �b�?�Q�r�b �i�?�2 �M�2�i �2�M�2�`�;�v �~�Q�r �B�M �� �b���K�T�H�2 �/�m�`�B�M�; ���M �1�S�_ �2�t�T�2�`�B�K�2�M�i �#�2�@
�;�B�M�M�B�M�; �#�v �i�?�2 �2�t�+�B�i���i�B�Q�M �b�Q�m�`�+�2 ���M�/ �2�M�/�B�M�; �#�v �i�?�2 �i�?�2�`�K���H �K�Q�i�B�Q�M�b �Q�7 �i�?�2 ���i�Q�K�b ���i �i�?�2
�b�m�`�`�Q�m�M�/�B�M�;�b �Q�7 �i�?�2 �b���K�T�H�2�X �h�?�2 ���T�T�2���`���M�+�2 �Q�7 �1�S�_ �b�T�2�+�i�`���H �H�B�M�2�b ���M�/ �i�?�2 ���#�B�H�B�i�v �i�Q
�/�2�i�2�+�i �i�?�2�K �B�b �/�2�T�2�M�/�2�M�i �Q�M �i�?�2 �2�M�2�`�;�v �~�Q�r �i�?�`�Q�m�;�?�Q�m�i �i�?�2 �b�v�b�i�2�K�X
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Heat Heat

�6�B�;�m�`�2 �k�X�R�9�, �1�M�2�`�;�v �~�Q�r �B�M ���M �1�S�_ �2�t�T�2�`�B�K�2�M�i�X �h�?�2 �b�T�B�M �b�v�b�i�2�K �B�b �B�`�`���/�B���i�2�/ �#�v �B�M�+�B�@
�/�2�M�i �T�?�Q�i�Q�M�b ���i �7�`�2�[�m�2�M�+�v� �X �h�?�2 ���#�b�Q�`�#�2�/ �`���/�B���i�B�Q�M �B�b ���i �2�t�T�Q�M�2�M�i�B���H �`���i�2 �/�B�b�b�B�T���i�2�/
�#�v �/�B�z�m�b�B�Q�M �i�Q �i�?�2 �H���i�i�B�+�2�- �r�?�B�+�? ���H�H�Q�r�b �+�Q�M�i�B�M�m�Q�m�b ���#�b�Q�`�T�i�B�Q�M �Q�7 �T�?�Q�i�Q�M�b �#�v �� �b���K�T�H�2�X
�6�B�M���H�H�v�- �2�M�2�`�;�v �B�b �i�`���M�b�7�2�`�`�2�/ �7�`�Q�K �i�?�2 �b���K�T�H�2 �i�Q �i�?�2 �b�m�`�`�Q�m�M�/�B�M�; �2�M�p�B�`�Q�M�K�2�M�i�X

�h�?�2 �+�Q�m�T�H�B�M�; �#�2�i�r�2�2�M �i�?�2 �b�T�B�M�b �Q�7 �� �b�v�b�i�2�K ���M�/ �i�?�2 �H���i�i�B�+�2 �B�b �K�2���b�m�`�2�/ �#�v �� �+�?���`���+�i�2�`�@
�B�b�i�B�+ �b�T�B�M�@�H���i�i�B�+�2 �`�2�H���t���i�B�Q�M �i�B�K�2� 1�X �h�?�2 �K���;�M�B�i�m�/�2 �Q�7 �Q�#�b�2�`�p�2�/ �1�S�_ �b�B�;�M���H �B�b �T�`�Q�T�Q�`�i�B�Q�M���H
�i�Q �i�?�2 �T�Q�H���`�B�b���i�B�Q�M �Q�7 ���H�H �b�T�B�M �Q�`�B�2�M�i���i�B�Q�M�b �r�B�i�?�B�M �� �b���K�T�H�2�X �h�?�2 �b�v�b�i�2�K �B�b �+�Q�M�b�B�/�2�`�2�/ ���b
�b���i�m�`���i�2�/ �r�?�2�M �i�?�2 �`���i�2 �Q�7 �m�T�r���`�/ ���M�/ �Q�7 �/�Q�r�M�r���`�/ �i�`���M�b�B�i�B�Q�M�b �B�b �2�[�m���H�B�b�2�/�X �A�M �i�?�B�b �+���b�2
�M�Q �2�M�2�`�;�v �B�b �i�`���M�b�7�2�`�`�2�/ �#�2�i�r�2�2�M �B�M�+�Q�K�B�M�; �`���/�B���i�B�Q�M ���M�/ �i�?�2 �b�T�B�M �b�v�b�i�2�K�X �A�7 �i�?�2 �2�H�2�+�i�`�Q�M
�b�T�B�M�@�H���i�i�B�+�2 �`�2�H���t���i�B�Q�M �i�B�K�2� 1 �B�b �p�2�`�v �H�Q�M�;�- �B�i �B�b �M�2�+�2�b�b���`�v �i�Q �K���F�2 �Q�#�b�2�`�p���i�B�Q�M�b ���i �p�2�`�v
�H�Q�r �K�B�+�`�Q�r���p�2 �T�Q�r�2�` �i�Q ���p�Q�B�/ �b���i�m�`���i�B�Q�M �Q�7 �� �b�v�b�i�2�K�X �P�M �i�?�2 �+�Q�M�i�`���`�v�- �p�2�`�v �b�?�Q�`�i� 1�-
�H�B�7�2�i�B�K�2 �#�`�Q���/�2�M�B�M�; �K���v �;�2�i �p�2�`�v �H���`�;�2 �b�Q �i�?���i �i�?�2 �H�B�M�2 �B�b �#�`�Q���/�2�M�2�/ �i�Q�Q �K�m�+�?�- ���M�/ �i�?�m�b
�m�M�/�2�i�2�+�i���#�H�2�X �h�?�B�b �B�b�b�m�2 �Q�7 �Q�T�i�B�K���H �b�T�B�M�@�H���i�i�B�+�2 �`�2�H���t���i�B�Q�M �i�B�K�2 �B�b �m�b�m���H�H�v �b�Q�H�p�2�/ �#�v �K�2���@
�b�m�`�B�M�; ���i �p�2�`�v �H�Q�r �i�2�K�T�2�`���i�m�`�2�b �U�m�M�B�i�b �Q�7 �E�V�- �b�B�M�+�2 �i�?�2� 1 �i�2�M�/�b �i�Q �B�M�+�`�2���b�2 �`���T�B�/�H�v �r�B�i�?
�/�2�+�`�2���b�B�M�; �i�2�K�T�2�`���i�m�`�2�X
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�k�X�9�X �1�G�1�*�h�_�P�L �S���_���J���:�L�1�h�A�* �_�1�a�P�L���L�*�1 �U�1�S�_�V

�k�X�9�X�j�X ���M�;�m�H���` �J�Q�K�2�M�i�m�K ���M�/ �_�2�H���i�B�Q�M �i�Q �J���;�M�2�i�B�+ �J�Q�K�2�M�i

���b �K�2�M�i�B�Q�M�2�/ �B�M �i�?�2 �T�`�2�p�B�Q�m�b �b�2�+�i�B�Q�M�- �m�M�/�2�`�b�i���M�/�B�M�; �Q�7 �[�m���M�i�B�b���i�B�Q�M �Q�7 ���M�;�m�H���` �K�Q�K�2�M�i�m�K
�B�b �2�b�b�2�M�i�B���H �7�Q�` �1�S�_ �b�i�m�/�B�2�b�X �h�?�B�b �b�2�+�i�B�Q�M ���B�K�b �i�Q �T�`�Q�p�B�/�2 �#�`�B�2�7 �B�M�i�`�Q�/�m�+�i�B�Q�M �B�M�i�Q �i�?�2 �Q�`�B�;�B�M
�Q�7 �b�m�+�? �� �[�m���M�i�B�b���i�B�Q�M �b�i���`�i�B�M�; �r�B�i�? �� �+�H���b�b�B�+���H ���M�;�m�H���` �K�Q�K�2�M�i�m�K�X

�*�H���b�b�B�+���H�H�v�- ���M�;�m�H���` �K�Q�K�2�M�i�m�K �B�b �/�2�}�M�2�/ ���b

~L = ~r � ~p �U�k�X�9�N�V

�r�?�2�`�2~p= m~v �B�b �i�?�2 �K�Q�K�2�M�i�m�K �Q�7 �� �T���`�i�B�+�H�2 �r�B�i�? �K���b�bm ���M�/ �p�2�H�Q�+�B�i�v~v�X
�A�M �[�m���M�i�m�K �K�2�+�?���M�B�+�b�- �?�Q�r�2�p�2�`�- �i�?�2 �i�Q�i���H �U�Q�` �;�2�M�2�`���H�B�b�2�/�V ���M�;�m�H���` �K�Q�K�2�M�i�m�K �Q�T�2�`���@

�i�Q�`̂J �+���M �#�2 �r�`�B�i�i�2�M ���b
Ĵ = L̂ + Ŝ �U�k�X�8�y�V

�r�?�2�`�2̂L �B�b �Q�`�#�B�i���H ���M�;�m�H���`�@�K�Q�K�2�M�i�m�K �Q�T�2�`���i�Q�` ���M�/Ŝ �B�b �i�?�2 �b�T�B�M ���M�;�m�H���`�@�K�Q�K�2�M�i�m�K
�Q�T�2�`���i�Q�`�X

���i �i�?�B�b �T�H���+�2�- �B�i �B�b �B�K�T�Q�`�i���M�i �i�Q �M�Q�i�2 �i�?���i ���H�H �Q�7 �Q�T�2�`���i�Q�`�b �K�2�M�i�B�Q�M�2�/ �B�M �1�[�m���i�B�Q�M �U�k�X�8�y�V
���`�2 �[�m���M�i�B�b�2�/

L̂ = ~[L(L + 1)] 1=2 L = 0;1;2; � � � �U�k�X�8�R�V

Ŝ = ~[S(S + 1)] 1=2 S = 0;
1
2

;1;
3
2

; � � � �U�k�X�8�k�V

Ĵ = ~[J (J + 1)] 1=2 J = 0;
1
2

;1;
3
2

; � � � �U�k�X�8�j�V

�r�?�2�`�2~ = h
2p �B�b �i�?�2 �`�2�/�m�+�2�/ �S�H���M�+�F �+�Q�M�b�i���M�i�-J �B�b �i�?�2 ���M�;�m�H���`�@�K�Q�K�2�M�i�m�K �[�m���M�i�m�K

�M�m�K�#�2�`�- ���M�/S �i�?�2 �b�T�B�M �[�m���M�i�m�K �M�m�K�#�2�`�X �h�?�2 ���H�H�Q�r�2�/ �p���H�m�2�b �Q�7 �i�?�2 �+�Q�K�T�Q�M�2�M�i �Q�7Ĵ ���`�2
�`�2�b�i�`�B�+�i�2�/ �#�v �i�?�2 �[�m���M�i�m�K �M�m�K�#�2�`mJ �- �r�B�i�? �B�M�+�`�2�K�2�M�i�b �Q�7� J �i�Q+ J �X �h�?�B�b �;�B�p�2�b �B�M �i�Q�i���H
2J + 1 �T�Q�b�b�B�#�H�2 �+�Q�K�T�Q�M�2�M�i�b�X

�h�?�2 �[�m���M�i�B�b���i�B�Q�M �T�?�2�M�Q�K�2�M�� ���`�B�b�2 �7�`�Q�K �>�2�B�b�2�M�#�2�`�; �m�M�+�2�`�i���B�M�i�v �T�`�B�M�+�B�T�H�2�- ���b �B�i �+���M �#�2
�b�?�Q�r�M�- �i�?���i �B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �K�2���b�m�`�2 �Q�M�2 �T�`�Q�D�2�+�i�B�Q�M ���M�/ �i�?�2 �b�[�m���`�2 �Q�7 �i�?�2 �Q�T�2�`���i�Q�` ���i �i�?�2
�b���K�2 �i�B�K�2 �U�2�X�;�XL̂ z�-L̂2�V�X �h�?�B�b �B�b �#�2�b�i �m�M�/�2�`�b�i�Q�Q�/ �#�v �i�?�2 �Q�T�2�`���i�B�Q�M �Q�7 �+�Q�K�K�m�i���i�B�Q�M�X �h�r�Q
�Q�T�2�`���i�Q�`�b �+�Q�K�K�m�i�2 �B�7

[Â;B̂ ] = ÂB̂ � B̂ Â = 0: �U�k�X�8�9�V

�*�Q�K�K�m�i�B�M�; �[�m���M�i�B�i�B�2�b �+���M �#�2 �K�2���b�m�`�2�/ ���i �i�?�2 �b���K�2 �i�B�K�2�X �h�?�B�b �B�b�- �?�Q�r�2�p�2�`�- �M�Q�i �i�?�2 �+���b�2
�Q�7 �B�M�/�B�p�B�/�m���H �+�Q�K�T�Q�M�2�M�i�b �Q�7 ���M�;�m�H���` �K�Q�K�2�M�i�m�K�X

[L̂x; L̂y ] = i~L̂ z: �U�k�X�8�8�V

�h�?�2 �b���K�2 ���T�T�H�B�2�b �7�Q�` �Q�i�?�2�` �p���`�B���i�B�Q�M�b �Q�7 �+�Q�K�T�Q�M�2�M�i�b�X �h�?�2�v �/�Q �M�Q�i �+�Q�K�K�m�i�2�- ���M�/ �i�?�m�b
�i�?�2�v �+���M�M�Q�i �#�2 �K�2���b�m�`�2�/ ���i �i�?�2 �b���K�2 �i�B�K�2�X

�P�M �i�?�2 �+�Q�M�i�`���`�v�- ���M ���`�#�B�i�`���`�v �T�`�Q�D�2�+�i�B�Q�M ���M�/ �b�[�m���`�2

[L̂z;L̂2] = 0 �U�k�X�8�e�V

�+�Q�K�K�m�i�2�- ���M�/ �i�?�m�b �i�?�2�v �+���M �#�2 �K�2���b�m�`�2�/ ���i �i�?�2 �b���K�2 �i�B�K�2�X �h�?�2�`�2�7�Q�`�2�- �B�i �B�b �`�2�H�2�p���M�i �i�Q
�+�Q�M�b�B�/�2�` ���`�#�B�i�`���`�v �T�`�Q�D�2�+�i�B�Q�M �Q�` �b�[�m���`�2 �Q�7 �[�m���M�i�B�b�2�/ ���M�;�m�H���`�@�K�Q�K�2�M�i�m�K �+�Q�K�T�Q�M�2�M�i�b �(�j�k�)�-
�(�j�9�)�X

�k�d



�k�X �h�>�1�P�_�u

�6�B�;�m�`�2 �U�k�X�R�8�V �b�?�Q�r�b �� �T�`�Q�D�2�+�i�B�Q�M �Q�7 �i�r�Q �/�B�z�2�`�2�M�i �b�T�B�M ���M�;�m�H���` �K�Q�K�2�M�i�� �7�Q�` �U���VS = 1
2

���M�/ �U�#�VS = 1�X �a�i���i�2�b �r�B�i�?S = 1
2 ���`�2 �+���H�H�2�/ �/�Q�m�#�H�2�i �b�i���i�2�b�- �#�2�+���m�b�2 �i�?�2�B�` �K�m�H�i�B�T�H�B�+�B�i�v

2S + 1 �B�b �2�[�m���H �i�Q �k�X �h�?�B�b �}�`�b�i �2�t���K�T�H�2 �`�2�T�`�2�b�2�M�i�b ���H�b�Q �� �+���b�2 �7�Q�` �� �7�`�2�2 �`���/�B�+���H�X �a�i���i�2�b
�r�B�i�?S = 1 ���`�2 �+���H�H�2�/ �i�`�B�T�H�2�i �b�i���i�2�b�X �A�M �i�?�2 �+���b�2 �Q�7 �1�S�_�- �b�i���i�2�b �r�B�i�?S > 1

2 ���`�2 �+�Q�K�K�Q�M�X
�J�Q�`�2�Q�p�2�`�- �1�S�_ �i�`���M�b�B�i�B�Q�M�b �/�Q �M�Q�i �+�?���M�;�2 �i�?�2 �p���H�m�2 �Q�7S�X

+ 1
2

� 1
2

[1
2( 1

2 + 1)] 1=2

Ŝ = �h[S(S + 1)] 1=2

+1

� 1

[1(1 + 1)]1=2

Ŝ = �h[S(S + 1)] 1=2

0

Doublet States, S = 1
2

Triplet States, S = 1

(a) (b)

�6�B�;�m�`�2 �k�X�R�8�, �Z�m���M�i�B�b���i�B�Q�M �Q�7 �i�?�2 �i�Q�i���H �b�T�B�M ���M�;�m�H���` �K�Q�K�2�M�i�m�KŜ = ~[S(S+1)] 1=2 �B�M �m�M�B�i�b
�Q�7~ ���M�/ �B�i�b �+�Q�K�T�Q�M�2�M�imS �7�Q�` �U���VS = 1

2 �- ���M�/ �U�#�VS = 1�X

�h�?�2 �K���;�M�2�i�B�+ �K�Q�K�2�M�i ���M�/ ���M�;�m�H���` �K�Q�K�2�M�i�m�K ���`�2 �T�`�Q�T�Q�`�i�B�Q�M���H �i�Q �2���+�? �Q�i�?�2�`�- �B�M
�#�Q�i�? �+�H���b�b�B�+���H ���M�/ �[�m���M�i�m�K �K�2�+�?���M�B�+�b�X �A�M ���M���H�Q�;�v �Q�7 ���M �Q�`�#�B�i���H �K���;�M�2�i�B�+ �/�B�T�Q�H�2�- �+�H���b�b�B�+���H
�T���`�i�B�+�H�2 �r�B�i�? �K���b�bm ���M�/ �+�?���`�;�2q �`�Q�i���i�B�M�; �r�B�i�? �b�T�2�2�/v �B�M �� �+�B�`�+�H�2 �Q�7 �`���/�B�m�br �- �B�b �i���F�2�M �i�Q
�H�B�2 �B�M �i�?�2xy �T�H���M�2�X �h�?�2 �+�B�`�+�m�H���i�B�M�; �2�H�2�+�i�`�B�+ �+�m�`�`�2�M�ii �B�b �� �K���;�M�2�i�B�+ �}�2�H�/ �2�[�m�B�p���H�2�M�i �i�Q �i�?�2
�}�2�H�/ �T�`�Q�/�m�+�2�/ �#�v �� �T�Q�B�M�i �K���;�M�2�i�B�+ �/�B�T�Q�H�2�X �h�?�B�b �/�B�T�Q�H�2 �?���b �� �K�Q�K�2�M�iiA ���M�/ �B�b �M�Q�`�K���H
�i�Q �i�?�2 �T�H���M�2 �r�B�i�?A = pr 2 �#�2�B�M�; �i�?�2 ���`�2�� �Q�7 �i�?�2 �+�B�`�+�H�2�X �h�?�2 �+�?���`�;�2 �~�Q�r �T�2�` �m�M�B�i �i�B�K�2
�U�2�z�2�+�i�B�p�2 �+�m�`�`�2�M�i�V �B�bi = qv=2pr �X �h�?�2 �K���;�M�2�i�B�+ �K�Q�K�2�M�i �T�Q�B�M�i�B�M�; ���H�Q�M�;z �+���M �#�2 �i�?�2�M
�2�t�T�`�2�b�b�2�/ ���b

� z = iA = �
qvpr 2

2pr
= �

q
2m

mvr =
q

2m
lz �U�k�X�8�d�V

�r�?�2�`�2lz �B�b �i�?�2 �Q�`�#�B�i���H ���M�;�m�H���` �K�Q�K�2�M�i�m�K ���H�Q�M�; �i�?�2 ���t�B�bz ���M�/ �i�?�2 �b�B�;�M �+�?�Q�B�+�2 �/�2�T�2�M�/�b
�Q�M �i�?�2 �/�B�`�2�+�i�B�Q�M ���i �r�?�B�+�? �i�?�2 �T���`�i�B�+�H�2 �`�Q�i���i�2�b�X �h�?�2 �T�`�Q�T�Q�`�i�B�Q�M���H�B�i�v �+�Q�M�b�i���M�i �B�b
 = q=2m
�r�?�B�+�? �B�b �+���H�H�2�/ �i�?�2 �;�v�`�Q�K���;�M�2�i�B�+ �`���i�B�Q �U�m�M�B�i�b �B�M �a�A�,C � kg� 1 = s � 1T � 1�V�X �h�?�B�b �7���+�i�Q�`

�+�Q�M�p�2�`�i�b ���M�;�m�H���` �K�Q�K�2�M�i�m�K �i�Q �K���;�M�2�i�B�+ �K�Q�K�2�M�i�X �h�?�2�`�2�7�Q�`�2�- �2�p�2�`�v �B�M�i�2�;�`���H �K�m�i�B�T�H�2~ �Q�7
�Q�`�#�B�i���H ���M�;�m�H���` �K�Q�K�2�M�i�m�K �?���b ���M ���b�b�Q�+�B���i�2�/ �Q�`�#�B�i���H �K���;�M�2�i�B�+ �K�Q�K�2�M�i �r�B�i�? �K���;�M�B�i�m�/�2
� = jqj~=2m�X �h�?�B�b �B�b �i�?�2 �Q�`�B�;�B�M �Q�7 �i�?�2 �"�Q�?�` �K���;�M�2�i�Q�M �7�Q�` ���M �2�H�2�+�i�`�Q�M �r�?�B�+�? �B�b �;�B�p�2�M �#�v

� e = � B =
e~

2me

:= 9:274� 10� 24J � T � 1: �U�k�X�8�3�V

�h�Q �b�m�K �m�T�- �B�M �Q�`�/�2�` �i�Q �i�`�2���i �1�S�_ �/���i���- �B�i �B�b �M�2�+�2�b�b���`�v �i�Q �i���F�2 �B�M�i�Q ���+�+�Q�m�M�i �[�m���M�i�m�K
�K�2�+�?���M�B�+�b�- �;�Q�p�2�`�M�B�M�; �i�?�2 �M���M�Q�@�b�+���H�2�- �r�B�i�? �B�i�b �T�2�+�m�H�B���` ���M�/ �Q�7�i�2�M �b�i�`���M�;�2 �#�2�?���p�B�Q�m�` �B�M
�+�Q�K�T���`�B�b�Q�M �i�Q �Q�m�` �2�p�2�`�v�/���v �2�t�T�2�`�B�2�M�+�2�X �1�b�T�2�+�B���H�H�v�- �i�?�2g �7���+�i�Q�` �T�H���v�b �� �p�B�i���H �`�Q�H�2 �B�M �i�?�2
�1�S�_ �b�T�2�+�i�`�Q�b�+�Q�T�v�- �B�i �+���M �#�2 �B�K���;�B�M�2�/ ���b �� �/�B�K�2�M�b�B�Q�M�H�2�b�b �K���;�M�2�i�B�+ �K�Q�K�2�M�i�X �A�i �B�b �� �m�M�B�[�m�2
�+�?���`���+�i�2�`�B�b�i�B�+ �Q�7 �2�t���K�B�M�2�/ �K���i�2�`�B���H�X �6�Q�` ���M �2�H�2�+�i�`�Q�Mjgej = 2:00231930436182�- �B�i �B�b �Q�M�2 �Q�7
�i�?�2 �K�Q�b�i �T�`�2�+�B�b�2�H�v �/�2�i�2�`�K�B�M�2�/ �T�?�v�b�B�+���H �+�Q�M�b�i���M�i �m�T �i�Q �/���i�2 �(�j�8�)�X

�k�3



�k�X�9�X �1�G�1�*�h�_�P�L �S���_���J���:�L�1�h�A�* �_�1�a�P�L���L�*�1 �U�1�S�_�V

�k�X�9�X�9�X �1�S�_ �a�T�2�+�i�`�Q�K�2�i�2�`

�h�?�B�b �b�2�+�i�B�Q�M �B�b �/�2�p�Q�i�2�/ �i�Q �B�H�H�m�b�i�`���i�B�Q�M �Q�7 �?�Q�r �b�m�+�? ���M �1�S�_ �b�T�2�+�i�`�Q�K�2�i�2�` �+���M �H�Q�Q�F �H�B�F�2�X �A�i
�B�b �B�K�T�Q�`�i���M�i �i�Q �`�2���H�B�b�2�- �i�?���i �i�?�2�`�2 �B�b �� �H���`�;�2 �p���`�B�2�i�v �Q�7 �b�2�i�@�m�T�b ���M�/ �B�M�b�i�`�m�K�2�M�i�b �r�Q�`�H�/�r�B�/�2
�B�M �+�Q�K�T���`�B�b�Q�M �r�B�i�? �L�J�_ �b�T�2�+�i�`�Q�K�2�i�2�`�b�X �h�?�B�b �B�b �`�2�H���i�2�/ �i�Q �`�2�H���i�B�p�2�H�v �b�H�Q�r�2�` �/�2�p�2�H�Q�T�K�2�M�i
�Q�7 �1�S�_ �K�2�i�?�Q�/ �m�M�H�B�F�2 �L�J�_�- �i�?���i �;���B�M�2�/ �� �b�Q�H�B�/ �T�H���+�2 �B�M �K�2�/�B�+���H �7���+�B�H�B�i�B�2�b ���M�/ �#�2�+���K�2
�� �b�i���M�/���`�/ �B�M�b�i�`�m�K�2�M�i�X

�6�B�;�m�`�2 �U�k�X�R�e�V �b�?�Q�r�b ���M �1�S�_ �b�T�2�+�i�`�Q�K�2�i�2�`�X �h�?�B�b �`�2�T�`�2�b�2�M�i�b ���M�/ �2�t���K�T�H�2 �Q�7 �+�Q�M�i�B�M�m�Q�m�b�@
�r���p�2 �U�+�r�V ���`�`���M�;�2�K�2�M�i�X �h�?�2�`�2 ���`�2 �7�Q�m�` �K���B�M �T���`�i�b �Q�7 �b�m�+�? �b�2�i�@�m�T�- �K�B�+�`�Q�r���p�2 �b�Q�m�`�+�2�-
�`�2�b�Q�M���i�Q�`�- �K���;�M�2�i�B�+ �}�2�H�/�- ���M�/ �/�2�i�2�+�i�Q�`�X

Attenuator Directional
Coupler

Power
Monitor

Resonant

Cavity

Electromagnet

SampleMicrowave

Propagation - Quasi-Optics

Detector

Computer

Source

�6�B�;�m�`�2 �k�X�R�e�, �"�H�Q�+�F �/�B���;�`���K �Q�7 �T�Q�b�b�B�#�H�2 �1�S�_ �b�T�2�+�i�`�Q�K�2�i�2�` ���T�T�2���`���M�+�2�X

�J�B�+�`�Q�r���p�2 �b�Q�m�`�+�2�,�h�?�2 �?�B�;�?�@�T�Q�r�2�` �K�B�+�`�Q�r���p�2 �B�b �m�b�m���H�H�v �;�2�M�2�`���i�2�/ �B�M�b�B�/�2 �b�T�2�+�B���H�B�b�2�/
�p���+�m�m�K �i�m�#�2�X �h�?�2 �2�M�2�`�;�v �i�`���M�b�K�B�b�b�B�Q�M �B�b �i�v�T�B�+���H�H�v �`�2���H�B�b�2�/ �#�v �b�T�2�+�B���H �+�Q���t�B���H �+���#�H�2�b
�Q�` �#�v �r���p�2�;�m�B�/�2�b�X �h�?�2 �K�Q�b�i �+�Q�K�K�Q�M �Q�T�2�`���i�B�M�; �7�`�2�[�m�2�M�+�B�2�b �Q�7 �1�S�_ �b�T�2�+�i�`�Q�K�2�i�2�`�b
�7�Q�` �/�B�z�2�`�2�M�i �r���p�2�#���M�/�b ���`�2�, �s �� �#���M�/ �U9:5 GHz�V�- �Z �� �#���M�/ �U35 GHz�V�- �q �� �#���M�/
�U95 GHz�V�- ���M�/ ���H�b�Q �?�B�;�? �7�`�2�[�m�2�M�+�v �1�S�_ �U�>�6�1�S�_�V �r�B�i�?� > 100 GHz���`�2 �T�Q�b�b�B�#�H�2
�M�Q�r���/���v�b�X �6�`�2�[�m�2�M�+�B�2�b� > 100 GHz�+���M �#�2 �`�2���H�B�b�2�/ �#�v �K�B�+�`�Q�r���p�2 �b�v�M�i�?�2�b�B�b�2�` �r�B�i�?
�b�m�#�b�2�[�m�2�M�i ���K�T�H�B�}�+���i�B�Q�M ���M�/ �K�m�H�i�B�T�H�B�+���i�B�Q�M�X

�_�2�b�Q�M���i�Q�`�,�h�?�B�b �T���`�i �B�b �m�b�m���H�H�v �+�Q�M�b�i�`�m�+�i�2�/ ���b �� �`�2�b�Q�M���M�i �+���p�B�i�v �B�M �r�?�B�+�? �� �b���K�T�H�2 �B�b
�H�Q�+���i�2�/ �/�m�`�B�M�; ���M �2�t�T�2�`�B�K�2�M�i�X �h�?�2 �`�2�b�Q�M���M�i �7�`�2�[�m�2�M�+�v �B�b �/�2�}�M�2�/ �#�v �i�?�2 �/�B�K�2�M�b�B�Q�M�b
�Q�7 �+���p�B�i�v ���M�/ �i�?�2 �K�B�+�`�Q�r���p�2 �b�Q�m�`�+�2 �B�b �i�m�M�2�/ �i�Q �b���i�B�b�7�v �B�i�b �`�2�b�Q�M���M�+�2 �+�Q�M�/�B�i�B�Q�M�b�X
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�#�v �`�2�b�B�b�i�B�p�2 �K���;�M�2�i�b �+�Q�Q�H�2�/ �#�v �r���i�2�` �Q�` �#�v �b�m�T�2�`�+�Q�M�/�m�+�i�B�M�; �K���;�M�2�i�b �+�Q�Q�H�2�/ �#�v �H�B�[�m�B�/
�M�B�i�`�Q�;�2�M ���M�/ �?�2�H�B�m�K�X �A�i �B�b �2�b�b�2�M�i�B���H �i�Q �b�2�+�m�`�2 �b�i���#�B�H�B�i�v ���M�/ ���p�Q�B�/ �B�M�i�2�`�7�2�`�2�M�+�2 �r�B�i�?
�Q�i�?�2�` �/�2�p�B�+�2�b �B�M �Q�`�/�2�` �M�Q�i �i�Q �B�M�~�m�2�M�+�2 �� �K�2���b�m�`�2�K�2�M�i�- ���b �r�2�H�H ���b �T�`�2�p�2�M�i �B�M�i�2�`�7�2�`�2�M�+�2
�r�B�i�? �/�2�p�B�+�2�b �U�2�X�;�X �+���`�/�B�Q�b�i�B�K�m�H���i�Q�`�b ���M�/ �Q�i�?�2�` �2�H�2�+�i�`�Q�M�B�+ ���M�/ �K���;�M�2�i�B�+ �/�2�p�B�+�2�b�V�X
�h�?�B�b �+���M �#�2 �T���`�i�B���H�H�v �b�Q�H�p�2�/ �#�v �H�2�i�i�B�M�; �i�?�2 �K���;�M�2�i �B�M�i�Q �� �;�`�Q�m�M�/ �~�Q�Q�`�X

�.�2�i�2�+�i�Q�`�,�h�?�2�`�2 �B�b �� �r�B�/�2 �p���`�B�2�i�v �Q�7 �b�Q�H�B�/�@�b�i���i�2 �/�2�i�2�+�i�Q�`�b �b�2�M�b�B�i�B�p�2 �i�Q �K�B�+�`�Q�r���p�2 �2�M�2�`�;�v
�r�Q�`�F�B�M�; ���b �T���M �D�m�M�+�i�B�Q�M�X ���#�b�Q�`�T�i�B�Q�M �H�B�M�2�b �B�M �i�?�2 �1�S�_ �b�T�2�+�i�`�m�K ���`�2 �Q�#�b�2�`�p�2�/ �r�?�2�M
�i�?�2 �b�2�T���`���i�B�Q�M �Q�7 �i�r�Q �2�M�2�`�;�v �H�2�p�2�H�b �B�b �2�[�m���H �i�Q �U�Q�` �p�2�`�v �+�H�Q�b�2 �i�Q�V �i�?�2 �[�m���M�i�m�K �Q�7 ���M
�B�M�+�B�/�2�M�i �K�B�+�`�Q�r���p�2 �T�?�Q�i�Q�M�-E = h� �X �h�?�2 ���#�b�Q�`�T�i�B�Q�M �Q�7 �b�m�+�? �T�?�Q�i�Q�M�b �#�v �� �b���K�T�H�2
�B�b �i�?�2�M �B�M�/�B�+���i�2�/ ���b �� �+�?���M�;�2 �B�M �i�?�2 �/�2�i�2�+�i�Q�` �+�m�`�`�2�M�i�X �A�i �B�b ���H�b�Q �T�Q�b�b�B�#�H�2 �i�Q �m�b�2
�� �#�Q�H�Q�K�2�i�2�`�- �r�?�B�+�? �B�b �� �/�2�p�B�+�2 �7�Q�` �K�2���b�m�`�B�M�; �2�H�2�+�i�`�Q�K���;�M�2�i�B�+ �`���/�B���i�B�Q�M �p�B�� �b�K���H�H
�?�2���i�B�M�; �Q�7 �� �K���i�2�`�B���H �r�B�i�? �� �i�2�K�T�2�`���i�m�`�2�@�/�2�T�2�M�/���M�i �2�H�2�+�i�`�B�+���H �`�2�b�B�b�i���M�+�2�- �7�`�Q�K �r�?�B�+�?
�+�m�`�`�2�M�i �+���M �#�2 �Q�#�i���B�M�2�/�X
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�h�?�2 �7�Q�H�H�Q�r�B�M�; �b�2�+�i�B�Q�M ���#�Q�m�i �_���K���M �b�T�2�+�i�`�Q�b�+�Q�T�v �T�`�Q�p�B�/�2�b �i�?�2�Q�`�2�i�B�+���H �K�B�M�B�K�m�K �B�M �Q�`�/�2�`
�i�Q �2�t�T�H���B�M �2�t�T�2�`�B�K�2�M�i���H �`�2�b�m�H�i�b�- �r�?���i �B�b �K�2���b�m�`�2�/�- ���M�/ �?�Q�r�X �h�?�B�b �b�T�2�+�i�`�Q�b�+�Q�T�v �r���b�- ���b
�i�?�2 �i�B�i�H�2 �b�m�;�;�2�b�i�- �+�Q�K�T�`�2�?�2�M�b�B�p�2�H�v �B�M�p�2�b�i�B�;���i�2�/ ���M�/ �/�2�b�+�`�B�#�2�/ �#�v �i�?�2 �A�M�/�B���M �b�+�B�2�M�i�B�b�i �*�X �o�X
�_���K���M �B�M �R�N�k�3�N�X

�6�B�;�m�`�2 �U�k�X�R�d�V �b�?�Q�r�b �b�+�?�2�K���i�B�+���H�H�v �i�?�2 �#���b�B�+�b �Q�7 �_���K���M �b�+���i�i�2�`�B�M�;�X �� �b���K�T�H�2 �B�b �B�`�`���/�B�@
���i�2�/ �#�v �B�M�+�B�/�2�M�i �K�Q�M�Q�+�?�`�Q�K���i�B�+ �b�Q�m�`�+�2 �U�H���b�2�`�V�X �h�?�B�b �H�B�;�?�i �B�b ���#�b�Q�`�#�2�/ �#�v �i�?�2 �b���K�T�H�2 ���M�/
�H�2���/�b �i�Q �2�M�2�`�;�v �i�`���M�b�B�i�B�Q�M�b �U�2�t�+�B�i���i�B�Q�M�V �B�M �i�?�2 �b���K�T�H�2 �r�B�i�? �b�m�#�b�2�[�m�2�M�i �/�2�@�2�t�+�B�i���i�B�Q�M�- �H�B�;�?�i
�2�K�B�b�b�B�Q�M�X �h�?�2 �Q�`�B�;�B�M �Q�7 �_���K���M �b�+���i�i�2�`�B�M�; �B�b �B�M�2�H���b�i�B�+ �b�+���i�i�2�`�B�M�; �Q�7 ���M �B�M�+�B�/�2�M�i �T�?�Q�i�Q�M�X
�A�i �B�b �� �i�r�Q�@�T�?�Q�i�Q�M �T�`�Q�+�2�b�b �/�m�`�B�M�; �r�?�B�+�? ���M ���M�M�B�?�B�H���i�B�Q�M ���M�/ �+�`�2���i�B�Q�M �Q�7 �T�?�Q�i�Q�M �Q�+�+�m�`�b�X
�J�Q�H�2�+�m�H���` �K�Q�/�2�b �Q�#�b�2�`�p�2�/ �#�v �i�?�B�b �K�2�i�?�Q�/ ���`�2 �2�b�T�2�+�B���H�H�v �K�Q�H�2�+�m�H���` �p�B�#�`���i�B�Q�M�b �i�?���i ���`�2
�+�?���`���+�i�2�`�B�b�2�/ �#�v �7�`�2�[�m�2�M�+�v
 �X �1�p�2�`�v �K�Q�H�2�+�m�H�2 �?���b �B�i�b �Q�r�M �b�T�2�+�i�`�� �Q�`�B�;�B�M���i�B�M�; �7�`�Q�K �/�B�7�@
�7�2�`�2�M�i �p�B�#�`���i�B�Q�M���H �K�Q�/�2�b�- ���M�/ �i�?�m�b �_���K���M �b�+���i�i�2�`�B�M�; �+���M �#�2 �B�K���;�B�M�2�/ ���b �� �+�?�2�K�B�+���H
�}�M�;�2�`�T�`�B�M�i �Q�7 �� �K�Q�H�2�+�m�H�2 �(�j�e�)�X
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Molecular Vibration

Ef = �h! i � �h
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�6�B�;�m�`�2 �k�X�R�d�, �a�+�?�2�K�2 �Q�7 �_���K���M �b�+���i�i�2�`�B�M�; �B�M �� �b���K�T�H�2�X �6�Q�` �i�?�2 �+���b�2 �Q�7 �2�H���b�i�B�+ �b�+���i�i�2�`�B�M�;�-
�_���v�H�2�B�;�? �H�B�M�2 �B�b �Q�#�b�2�`�p�2�/�X �A�M�2�H���b�i�B�+ �b�+���i�i�2�`�B�M�; �;�B�p�2�b �Q�`�B�;�B�M �i�Q �_���K���M �b�B�;�M���H�- �i�?�2�`�2 ���`�2 �i�r�Q
�Q�#�b�2�`�p���#�H�2 �H�B�M�2�b�X �h�?�2 �}�`�b�i ���`�2 ���M�i�B�@�a�i�Q�F�2�b �H�B�M�2�b �i�?���i �?���p�2 �?�B�;�?�2�` �2�M�2�`�;�v ���M�/ �i�?�2 �b�2�+�Q�M�/
���`�2 �a�i�Q�F�2�b �H�B�M�2�b �r�B�i�? �H�Q�r�2�` �2�M�2�`�;�v�X

�A�M �� �i�v�T�B�+���H �_���K���M �b�T�2�+�i�`�Q�b�+�Q�T�v �K�2���b�m�`�2�K�2�M�i�- �b�T�2�+�i�`�� �b�?�Q�r �p�B�#�`���i�B�Q�M���H �7�`�2�[�m�2�M�+�v
�B�M �r���p�2�M�m�K�#�2�`�b �(�+�K� 1�)�X �S�2���F�b �B�M�/�B�+���i�2 �b�T�2�+�B�}�+ �+�?�2�K�B�+���H �ô�;�`�Q�m�T�b�ô �U�B�X�2�X �i�v�T�2�b �Q�7 �#�Q�M�/�b�V�X
�l�b���#�H�2 �2�M�2�`�;�v �`���M�;�2 �7�Q�` �i�?�2 �_���K���M �b�+���i�i�2�`�B�M�; �B�b �i�v�T�B�+���H�H�v200� 4000 cm� 1�X �h�?�2 �2�z�2�+�i ���b
�b�m�+�? �B�b �p�2�`�v �r�2���F�- ���T�T�`�Q�t�B�K���i�2�H�v �Q�M�H�v �R �B�M �R�y7 �Q�7 �B�M�+�B�/�2�M�i �T�?�Q�i�Q�M�b �B�b �B�M�2�H���b�i�B�+���H�H�v �b�+���i�i�2�`�2�/
���M�/ �+�Q�M�i�`�B�#�m�i�2�b �i�Q �_���K���M �b�B�;�M���H�X �A�i �B�b ���H�b�Q �+�Q�K�K�Q�M �i�Q �+�Q�M�b�B�/�2�` �Q�M�H�v �a�i�Q�F�2�b �H�B�M�2�b�- ���b �i�?�2�v
�?���p�2 �?�B�;�?�2�` �T�`�Q�#���#�B�H�B�i�v �Q�7 �Q�+�+�m�`�`�2�M�+�2 �+�Q�K�T���`�2�/ �i�Q ���M�i�B�@�a�i�Q�F�2�b �H�B�M�2�b�X �h�?�B�b �B�b �;�B�p�2�M �#�v
�"�Q�H�i�x�K���M�M �/�B�b�i�`�B�#�m�i�B�Q�M
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�r�?�2�`�2pi �B�b �i�?�2 �T�`�Q�#���#�B�H�B�i�v �Q�7 �b�i���i�2�bi �-" i �i�?�2 �2�M�2�`�;�v �Q�7 �b�i���i�2i �-kB �i�?�2 �"�Q�H�i�x�K���M�M �+�Q�M�b�i���M�i�-
T �i�?�2 ���#�b�Q�H�m�i�2 �i�2�K�T�2�`���i�m�`�2 �Q�7 �i�?�2 �b�v�b�i�2�K�- ���M�/M �B�b �i�?�2 �M�m�K�#�2�` �Q�7 �b�i���i�2�b ���+�+�2�b�b�B�#�H�2 �i�Q
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�T�`�Q�#���#�B�H�B�i�v �Q�7 �Q�+�+�m�`�`�2�M�+�2�X �h�?�2 �b�T�2�+�i�`�� ���`�2 �m�b�m���H�H�v �T�H�Q�i�i�2�/ ���b �B�M�i�2�M�b�B�i�v �Q�` �+�Q�m�M�i�b �T�2�`
�b�2�+�Q�M�/ �U�T�?�Q�i�Q�M�b �?�B�i�i�B�M�; �� �/�2�i�2�+�i�Q�`�V ���;���B�M�b�i �_���K���M �b�?�B�7�i �;�B�p�2�M �B�M �r���p�2�M�m�K�#�2�`�b �(�+�K� 1�) ���b
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�r�?�2�`�2� incident �B�b �i�?�2 �r���p�2�H�2�M�;�i�? �Q�7 �B�M�+�B�/�2�M�i �H�B�;�?�i ���M�/� scattered �B�b �i�?�2 �r���p�2�H�2�M�;�i�? �Q�7 �B�M�@
�2�H���b�i�B�+���H�H�v �b�+���i�i�2�`�2�/ �H�B�;�?�i �;�Q�B�M�; �i�Q �i�?�2 �/�2�i�2�+�i�Q�`�- �r�?�B�+�? �B�b �m�b�m���H�H�v �� �+�?���`�;�2�@�+�Q�m�T�H�2�/ �/�2�p�B�+�2
�U�*�*�.�V �+���K�2�`���X

�h�?�2 �+�?�Q�B�+�2 �Q�7 �r���p�2�M�m�K�#�2�`�b �B�b ���T�T���`�2�M�i ���b �B�i �+���M �#�2 �i���F�2�M ���b �� �m�M�B�i �Q�7 �2�M�2�`�;�v�X �6�B�;�m�`�2
�U�k�X�R�3�V �B�H�H�m�b�i�`���i�2�b ���M �2�t���K�T�H�2 �Q�7 �a�B�f�a�B�P2 �b�m�#�b�i�`���i�2 �r�B�i�? �?�B�;�?�H�B�;�?�i�2�/ �#���M�/�b�X �h�?�2 �H�Q�r �b�B�;�M���H
�M�2���` �x�2�`�Q �+�Q�K�2�b �K���B�M�H�v �7�`�Q�K �i�?�2 �H���b�2�` �b�Q�m�`�+�2 ���M�/ �2�H���b�i�B�+ �_���v�H�2�B�;�? �b�+���i�i�2�`�B�M�;�X �h�?�2�b�2
�b�B�;�M���H�b ���`�2�- �?�Q�r�2�p�2�`�- �p�2�`�v �b�i�`�Q�M�; �B�M �+�Q�K�T���`�B�b�Q�M �r�B�i�? �a�i�Q�F�2�b �H�B�M�2�b�- ���M�/ �i�?�m�b �i�?�2�v ���`�2
�}�H�i�2�`�2�/ �Q�m�i �B�M �i�?�2 �_���K���M �b�2�i�@�m�T�- �m�b�m���H�H�v �#�v �b�Q�@�+���H�H�2�/ �M�Q�i�+�? �}�H�i�2�` �r�?�B�+�? �B�b �� �#���M�/�@�b�i�Q�T
�}�H�i�2�` �7�Q�` �2�H�B�K�B�M���i�B�M�; �i�?�B�b �?�m�;�2 �b�B�;�M���H�X �h�?�2 �K���B�M �b�B�H�B�+�Q�M �T�?�Q�M�Q�M �#���M�/ ���i ���T�T�`�Q�t�B�K���i�2�H�v
520 cm� 1 �B�b �+�m�i �Q�z �B�M �Q�`�/�2�` �i�Q �B�M�+�H�m�/�2 �Q�i�?�2�` �H�2�b�b �B�M�i�2�M�b�2 �b�B�;�M���H�b �7�`�Q�K �i�`���M�b�p�2�`�b���H ���+�Q�m�b�i�B�+
�U�h���V ���M�/ �i�`���M�b�p�2�`�b���H �Q�T�i�B�+ �U�h�P�V �T�?�Q�M�Q�M �#���M�/�b �(�j�3�)�X

�6�B�;�m�`�2 �k�X�R�3�, �1�t���K�T�H�2 �Q�7 �_���K���M �b�T�2�+�i�`�� �7�Q�` �a�B�f�a�B�P2 �b�m�#�b�i�`���i�2�X �>�2�`�2 ���`�2 �Q�M�H�v �a�i�Q�F�2�b �H�B�M�2�b
�p�B�b�B�#�H�2�- �#�2�+���m�b�2 �i�?�2�v �T�`�Q�/�m�+�2 �b�i�`�Q�M�;�2�` �b�B�;�M���H �B�M �+�Q�K�T���`�B�b�Q�M �r�B�i�? ���M�i�B�@�a�i�Q�F�2�b �H�B�M�2�b�X

�A�M �b�m�K�K���`�v�- �_���K���M �b�T�2�+�i�`�Q�b�+�Q�T�v �B�b �� �p�2�`�v �b�2�M�b�B�i�B�p�2 �b�T�2�+�i�`�Q�b�+�Q�T�B�+ �K�2�i�?�Q�/ �2�M���#�H�B�M�;
�B�M�p�2�b�i�B�;���i�B�Q�M �Q�7 �+�?�2�K�B�+���H �#�Q�M�/�b �B�M �� �b���K�T�H�2 �#���b�2�/ �Q�M �i�`���M�b�B�i�B�Q�M �7�`�Q�K �i�?�2 �;�`�Q�m�M�/ �b�i���i�2
�p�B�#�`���i�B�Q�M���H �2�M�2�`�;�v �H�2�p�2�H ���M�/ �2�M�/�B�M�; ���i �� �?�B�;�?�2�` �p�B�#�`���i�B�Q�M���H �2�M�2�`�;�v �H�2�p�2�H �U�a�i�Q�F�2�b �b�+���i�i�2�`�B�M�;�V�X
�A�i �T�`�Q�p�B�/�2�b �� �b�T�2�+�B�}�+ �+�?�2�K�B�+���H �}�M�;�2�`�T�`�B�M�i �Q�7 �� �K���i�2�`�B���H �r�B�i�? �7���b�i �b�T�2�+�i�`�� ���+�[�m�B�b�B�i�B�Q�M �B�M
�i�?�2 �Q�`�/�2�` �Q�7 �K�B�M�m�i�2�b ���H�Q�M�; �r�B�i�? �2���b�v �b���K�T�H�2 �T�`�2�T���`���i�B�Q�M�X �P�M�2 �Q�7 �i�?�2 �K���B�M ���/�p���M�i���;�2
�B�b �i�?�2 �T�Q�b�b�B�#�B�H�B�i�v �i�Q �2�t���K�B�M�2 �+���`�#�Q�M�@�#���b�2�/ �b���K�T�H�2�b �U�2�X�;�X �Q�`�;���M�B�+ �K�Q�H�2�+�m�H�2�b�- �;�`���T�?�2�M�2�V�X
�h�?�2�`�2�7�Q�`�2�- �B�i �B�b �r�B�/�2�H�v �m�b�2�/ �7�Q�` �+�Q�M�}�`�K���i�B�Q�M �Q�7 �T�`�2�T���`�2�/ �K�Q�H�2�+�m�H���` �b�i�`�m�+�i�m�`�2�- ���b �r�2�H�H ���b
�2�t���K�B�M�B�M�; �i�?�2 �/�2�;�`�2�2 �Q�7 �+�`�v�b�i���H�H�B�M�B�i�v �B�M �b�Q�H�B�/�@�b�i���i�2 �K���i�2�`�B���H�b �Q�` �2�b�i�B�K���i�B�M�; �i�?�2 �[�m���H�B�i�v �Q�7
�T�`�2�T���`�2�/ �b�i�`�m�+�i�m�`�2 �U�/�2�7�2�+�i�b�V�- �i�?���i ���`�2 ���H�b�Q �p�B�b�B�#�H�2 �B�M �i�?�2 �b�T�2�+�i�`���X

�j�R



�k�X �h�>�1�P�_�u

�k�X�e�X �a�+���M�M�B�M�; �1�H�2�+�i�`�Q�M �J�B�+�`�Q�b�+�Q�T�v �U�a�1�J�V

�h�?�B�b �H���b�i �b�2�+�i�B�Q�M �Q�7 �i�?�2�Q�`�2�i�B�+���H �+�?���T�i�2�` �B�b �r�`�B�i�i�2�M �i�Q �T�`�Q�p�B�/�2 �#�`�B�2�7 �B�M�i�`�Q�/�m�+�i�B�Q�M �B�M�i�Q �i�?�2 �b�+���M�@
�M�B�M�; �2�H�2�+�i�`�Q�M �K�B�+�`�Q�b�+�Q�T�v �7�Q�` �m�M�/�2�`�b�i���M�/�B�M�; �B�K���;�2�b �b�?�Q�r�M �B�M �2�t�T�2�`�B�K�2�M�i���H �T���`�i�X �S�`�B�K���`�B�H�v�-
�r�?�v �B�b �B�i �+�Q�M�p�2�M�B�2�M�i �i�Q �m�b�2 �� �7�Q�+�m�b�2�/ �2�H�2�+�i�`�Q�M �#�2���K �7�Q�` �i�?�2 �K���i�2�`�B���H �+�?���`���+�i�2�`�B�b���i�B�Q�M�X

�h�?�2 �K���B�M ���/�p���M�i���;�2 �Q�7 �a�1�J �B�b �i�?�2 �m�b�2 �Q�7 �2�H�2�+�i�`�Q�M�b �B�M�b�i�2���/ �Q�7 �H�B�;�?�i �B�M �+�Q�M�p�2�M�i�B�Q�M���H
�Q�T�i�B�+���H �K�B�+�`�Q�b�+�Q�T�v�X �h�?�2 �T�?�v�b�B�+���H �B�M�i�2�`�T�`�2�i���i�B�Q�M �Q�7 �B�i�b �T�`�B�M�+�B�T���H ���/�p���M�i���;�2 �Q�p�2�` �H�B�;�?�i �B�b
�K�Q�b�i �2�H�2�;���M�i�H�v �/�2���H�i �r�B�i�? �#�v �i���F�B�M�; �B�M�i�Q ���+�+�Q�m�M�i �[�m���M�i�m�K �K�2�+�?���M�B�+�b�- �2�b�T�2�+�B���H�H�v �i�?�2 �/�2
�"�`�Q�;�H�B�2 �?�v�T�Q�i�?�2�b�B�b�- �r�?�B�+�? �B�M�i�`�Q�/�m�+�2�b �r���p�2�@�T���`�i�B�+�H�2 �/�m���H�B�i�v �U�B�X�2�X �2�p�2�`�v �T���`�i�B�+�H�2 �+���M �#�2 ���H�b�Q
�+�Q�M�b�B�/�2�`�2�/ ���b �� �r���p�2�V�X �h�?�2�`�2�7�Q�`�2�- �p�B�b�B�#�H�2 �H�B�;�?�i �m�b�2�/ �7�Q�` �Q�#�b�2�`�p���i�B�Q�M�b �B�M �Q�T�i�B�+���H �K�B�+�`�Q�b�+�Q�T�2
�?���b �r���p�2�H�2�M�;�i�? �Q�7 ���T�T�`�Q�t�B�K���i�2�H�v� = 360� 700 nm�X �a�m�+�? ���M �Q�T�i�B�+���H �b�v�b�i�2�K �B�b ���H�b�Q �H�B�K�B�i�2�/
�#�v �/�B�z�`���+�i�B�Q�M�- ���M�/ �i�?�m�b �B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �/�B�b�i�B�M�;�m�B�b�? �i�r�Q �T�Q�B�M�i�b �r�B�i�? �/�B�b�i���M�+�2 �#�2�i�r�2�2�M �i�?�2�K
�Q�7 ���T�T�`�Q�t�B�K���i�2�H�vd � �= 2�X �h�?�B�b �7���+�i�- �?�Q�r�2�p�2�`�- �H�B�K�B�i�b �T�`�B�M�+�B�T���H�H�v �i�?�2 �Q�T�i�B�+���H �K�B�+�`�Q�b�+�Q�T�v
�i�Q �2�t�T�2�`�B�2�M�+�2 �i�?�2 �K���t�B�K���H �`�2�b�Q�H�m�i�B�Q�M �Q�7 ���T�T�`�Q�t�B�K���i�2�H�v �R�8�y �M�K�X

�h�?�2�`�2�7�Q�`�2�- �#�v �+�Q�M�b�B�/�2�`�B�M�; �2�H�2�+�i�`�Q�M ���b �i�?�2 �K���i�i�2�` �r���p�2 �r�B�i�? �i�?�2 �/�2 �"�`�Q�;�H�B�2 �r���p�2�H�2�M�;�i�?

� =
h
p

�U�k�X�e�R�V

�r�?�2�`�2h �B�b �i�?�2 �S�H���M�+�F �+�Q�M�b�i���M�i�- ���M�/p �B�b �i�?�2 �K�Q�K�2�M�i�m�K �Q�7 �� �T���`�i�B�+�H�2�b �r�B�i�? �K���b�bm ���M�/
�b�T�2�2�/v�X �a�m�+�? ���M �2�H�2�+�i�`�Q�M �B�b ���+�+�2�H�2�`���i�2�/ �B�M �i�?�2 �a�1�J �+�?���K�#�2�` �#�v �U�?�B�;�?�V �p�Q�H�i���;�2U�X �E�B�M�2�i�B�+
�2�M�2�`�;�v �Q�7 ���M �2�H�2�+�i�`�Q�M �+���M �#�2 �2�t�T�`�2�b�b�2�/ ���b

1
2

mev2 = eU: �U�k�X�e�k�V

�q�?�2�M �+�Q�M�b�B�/�2�`�B�M�; �� �i�v�T�B�+���H ���+�+�2�H�2�`���i�B�M�; �p�Q�H�i���;�2U = 30 keV�- �i�?�2 �b�T�2�2�/ �Q�7 ���+�+�2�H�2�`���i�2�/
�2�H�2�+�i�`�Q�M �B�b �Q�#�i���B�M�2�/ �#�v �2�t�T�`�2�b�b�B�M�; �7�`�Q�K �i�?�2 �1�[�m���i�B�Q�M �U�k�X�e�k�V �7�Q�`v

v =

s
2eU
me

:= 1 � 108 ms� 1: �U�k�X�e�j�V

�h�?�2 �b�T�2�2�/v �Q�#�i���B�M�2�/ �#�v �i�?�2�b�2 �+�Q�M�b�B�/�2�`���i�B�Q�M�b �+���M �#�2 �M�Q�r �T�m�i �B�M�i�Q �1�[�m���i�B�Q�M �U�k�X�e�R�V

� =
h
p

=
h

mev
:= 0:0073 nm: �U�k�X�e�9�V

�h�?�B�b �B�b �Q�7 �+�Q�m�`�b�2 �� �K�2�`�2 �2�b�i�B�K���i�B�Q�M�- �i�?�2�`�2 ���`�2 �b�2�p�2�`���H �M�2�;�H�B�;�2�M�+�2�b �K���/�2 �/�m�`�B�M�; �i�?�B�b
�/�2�/�m�+�i�B�Q�M�X �h�?�2 �}�`�b�i �Q�M�2 �B�b �i�?���i �i�?�2 �b�T�2�2�/v � c=3�- �B�b �p�2�`�v �+�H�Q�b�2 �i�Q �i�?�2 �b�T�2�2�/ �Q�7 �H�B�;�?�ic�X
�h�?�2�`�2�7�Q�`�2�- �M�Q�`�K���H�H�v �B�i �r�Q�m�H�/ �#�2 �M�2�+�2�b�b���`�v �i�Q �+�Q�M�b�B�/�2�` �`�2�H���i�B�p�B�b�i�B�+ �2�z�2�+�i�b�X �>�Q�r�2�p�2�`�- �r�?�2�M
�+���H�+�m�H���i�B�M�; �7�Q�` �+�Q�`�`�2�+�i�2�/ �2�H�2�+�i�`�Q�M �r���p�2�H�2�M�;�i�?�- �i�?�2�`�2 �B�b �� �M�2�;�H�B�;�B�#�H�2 �/�B�b�+�`�2�T���M�+�v �B�M �p���H�m�2
�7�Q�` �i�?�B�b �+���b�2�X �h�?�2 �M�2�t�i ���T�T�`�Q�t�B�K���i�B�Q�M �B�b �K���/�2 �#�v �Q�K�B�i�i�B�M�; ���#�2�`�`���i�B�Q�M�b �b�m�+�? ���b �b�T�?�2�`�B�+���H�-
�+�?�`�Q�K���i�B�+�- �/�B�z�`���+�i�B�Q�M�- ���M�/ ���b�i�B�;�K���i�B�b�K�X ���H�H �Q�7 �i�?�2�b�2 ���#�2�`�`���i�B�Q�M�b ���`�2 �K���F�B�M�; �i�?�2 �}�M���H
�`�2�b�Q�H�m�i�B�Q�M �H�B�K�B�i �r�Q�`�b�2�X �L�Q�r���/���v�b�- �B�M�b�i�`�m�K�2�M�i�b �+�Q�K�2 �r�B�i�? �b�v�b�i�2�K�b �/�2�b�B�;�M�2�/ �i�Q �+�Q�`�`�2�+�i
���#�2�`�`���i�B�Q�M�b �i�Q �b�Q�K�2 �2�t�i�2�M�i ���M�/ �Q�`�/�2�`�X

�.�2�b�T�B�i�2 �Q�7 �K���F�B�M�; �b�2�p�2�`���H ���T�T�`�Q�t�B�K���i�B�Q�M�b ���M�/ �M�2�;�H�B�;�2�M�+�2�b�- �i�?�2 �2�z�2�+�i�B�p�2 �`�2�b�Q�H�m�i�B�Q�M
�H�B�K�B�i �Q�7 �a�1�J �+���M �#�2 �i���F�2�M ���b< 1 nm�- �r�?�B�+�? �B�b�- �+�Q�K�T���`�2�/ �i�Q �Q�T�i�B�+���H �K�B�+�`�Q�b�+�Q�T�v�- �b�i�B�H�H �R�8�y
�i�B�K�2�b �;�`�2���i�2�` �(�j�N�)�X

�j�k



�k�X�e�X �a�*���L�L�A�L�: �1�G�1�*�h�_�P�L �J�A�*�_�P�a�*�P�S�u �U�a�1�J�V

�6�B�;�m�`�2 �U�k�X�R�N�V �b�?�Q�r�b �b�+�?�2�K���i�B�+���H�H�v �b�+���M�M�B�M�; �2�H�2�+�i�`�Q�M �K�B�+�`�Q�b�+�Q�T�2 �B�M�b�i�`�m�K�2�M�i �r�B�i�? �B�K���;�2
���+�[�m�B�b�B�i�B�Q�M ���M�/ �B�K���;�B�M�; ���+�+�2�b�b�Q�`�B�2�b�X �h�?�2 �r�?�Q�H�2 �T�`�Q�+�2�b�b �7�`�Q�K �2�H�2�+�i�`�Q�M �#�2���K �+�`�2���i�B�Q�M �m�M�i�B�H
�a�1�J �B�K���;�2 �+���M �#�2 �B�H�H�m�b�i�`���i�B�p�2�H�v �/�B�p�B�/�2�/ �B�M�i�Q �}�p�2 �b�i�2�T�b �i�?���i ���`�2 �B�K�T�Q�`�i���M�i �i�Q �K�2�M�i�B�Q�M�X

�6�B�;�m�`�2 �k�X�R�N�, �a�+�?�2�K�2 �Q�7 �a�1�J �K�2���b�m�`�2�K�2�M�i �m�M�B�i�X ���/���T�i�2�/ �7�`�Q�K �(�j�N�)

�h�?�2 �p�2�`�v �}�`�b�i �b�i�2�T �B�b �i�?�2 �7�Q�`�K���i�B�Q�M �Q�7 ���M �2�H�2�+�i�`�Q�M �#�2���K�- �i�?�B�b �B�b �m�b�m���H�H�v �`�2���H�B�b�2�/ �#�v �B�Q�M
�b�Q�m�`�+�2 �T�H���+�2�/ �B�M �� �p���+�m�m�K �+�?���K�#�2�`�X �h�?�2�`�2 ���`�2 �i�r�Q �K���B�M �;�`�Q�m�T�b �Q�7 �b�Q�m�`�+�2�b�, �i�?�2�`�K�B�Q�M�B�+
�;�m�M�b ���M�/ �}�2�H�/�@�2�K�B�b�b�B�Q�M �;�m�M�b�X �h�?�2 �}�`�b�i �;�`�Q�m�T �B�b �`�2�T�`�2�b�2�M�i�2�/ �#�v �i�?�2 �i�m�M�;�b�i�2�M �Q�` �G���"6

�}�H���K�2�M�i�X �h�?�2�b�2 �b�Q�m�`�+�2�b �?���p�2 �H�B�7�2�i�B�K�2 �B�M �?�m�M�/�`�2�/�b �Q�7 �?�Q�m�`�b ���M�/ �Q�7�i�2�M �r�Q�`�F �B�M �?�B�;�? �p���+�m�m�K
�`�2�;�B�K�2 �Up = 10� 3 � 105 Pa�V�- ���M�/ �H���`�;�2�` �2�M�2�`�;�v �b�T�`�2���/ �+�Q�K�T���`�2�/ �i�Q �i�?�2 �H���i�i�2�`�- �}�2�H�/ �2�K�B�b�b�B�Q�M
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�H���v�2�`�b�V�X

�j�e



�j�X�R�X �S�_�1�S���_���h�A�P�L �P�6 �:�_���S�>�1�L�1�@�"���a�1�. �>�u�"�_�A�. �J���h�1�_�A���G�a

�6�B�;�m�`�2 �U�j�X�R�V �b�?�Q�r�b �2�t�T�2�`�B�K�2�M�i���H �b�2�i�@�m�T �7�Q�` �K�Q�/�B�}�2�/ �G���M�;�K�m�B�`���a�+�?���2�7�2�` �/�2�T�Q�b�B�i�B�Q�M
�r�?�B�+�? �b�i���`�i�2�/ �#�v �B�M�D�2�+�i�B�M�; �i�?�2 �6�G�: �b�m�b�T�2�M�b�B�Q�M �Q�M�i�Q �� �b�m�#�@�T�?���b�2 �U�/�2�B�Q�M�B�b�2�/ �r���i�2�` �B�M �i�?�B�b
�+���b�2�V �b�m�`�7���+�2 �U�R�V�X �h�?�2 �K�Q�p���#�H�2 �#���`�`�B�2�`�b �U�k�V �r�2�`�2 �b�H�Q�r�H�v �+�H�Q�b�2�/ ���M�/ �`�2�/�m�+�2�/ �i�?�2 �b�m�`�7���+�2 ���`�2��
�Q�7 �� �i�?�`�Q�m�;�? �i�Q�T �U�R�V�X �h�?�2 �T�`�Q�+�2�b�b �Q�7 �� �H���v�2�` �7�Q�`�K���i�B�Q�M �r���b �Q�#�b�2�`�p�2�/ �#�v �Q�T�i�B�+���H �K�B�+�`�Q�b�+�Q�T�2
�U�j�V �r�B�i�? �p�B�b�m���H �Q�m�i�T�m�i �U�9�V �i�Q �� �K�Q�M�B�i�Q�`�X �� �q�B�H�?�2�H�K�v �T�H���i�2 �U�8�V�- �m�b�m���H�H�v �� �T�B�2�+�2 �Q�7 �}�H�i�`���i�B�Q�M
�T���T�2�`�- �r���b �m�b�2�/ �i�Q �K�2���b�m�`�2 �i�?�2 �b�m�`�7���+�2 �T�`�2�b�b�m�`�2�X �U�e�V �B�b �i�?�2 �a�B�f�a�B�P2 �b�m�#�b�i�`���i�2 �Q�M �r�?�B�+�?
�i�?�2 �6�G�: �/�2�T�Q�b�B�i�B�Q�M �i�Q�Q�F �T�H���+�2�X ���M�/ �}�M���H�H�v�- �i�?�2 �b�m�+�i�B�Q�M �T�m�K�T �U�d�V�- �#�v �r�?�B�+�? �i�?�2 �r���i�2�`
�r���b �b�m�+�F�2�/ �Q�m�i�- ���M�/ �i�?�m�b �i�?�2 �r���i�2�` �H�2�p�2�H �r���b �H�Q�r�2�`�2�/ ���M�/ �i�?�2 �/�2�T�Q�b�B�i�B�Q�M �r���b �/�Q�M�2�X �h�?�2
�i�2�`�K �K�Q�/�B�}�2�/ �b�i���M�/�b �7�Q�` �i�?�2 �/�2�T�Q�b�B�i�B�Q�M �+���`�`�B�2�/ �Q�m�i �#�v �2�H�2�p���i�B�M�; ���M�/ �i�B�i�H�B�M�; �i�?�2 �b�m�#�b�i�`���i�2�X
�h�?�B�b �r���b �/�Q�M�2 �#�v �T�H���+�B�M�; �K�2�i���H �M�m�i�b �Q�7 �/�B�z�2�`�2�M�i �b�B�x�2�b �m�M�/�2�`�M�2���i�? �i�?�2 �b�m�#�b�i�`���i�2�b�X

�6�B�;�m�`�2 �j�X�R�, �A�K���;�2 �Q�7 �G���M�;�K�m�B�`���a�+�?���2�7�2�` �b�2�i�@�m�T �7�Q�` �6�G�: �/�2�T�Q�b�B�i�B�Q�M�X �L�m�K�#�2�`�b �B�M�/�B�+���i�2 �B�M�@
�/�B�p�B�/�m���H �+�Q�K�T�Q�M�2�M�i�b �Q�7 �i�?�2 �r�?�Q�H�2 �b�Q�@�+���H�H�2�/ �ö�i�?�`�Q�m�;�?�ö�X �U�R�V �h�?�`�Q�m�;�? �i�Q�T �r�B�i�? �B�M�D�2�+�i�2�/ �6�G�:
�b�m�b�T�2�M�b�B�Q�M�- �U�k�V �K�Q�p���#�H�2 �#���`�`�B�2�`�b�- �U�j�V �Q�T�i�B�+���H �K�B�+�`�Q�b�+�Q�T�2�- �U�9�V �p�B�b�m���H �Q�m�i�T�m�i�- �U�8�V �b�m�`�7���+�2
�T�`�2�b�b�m�`�2 �b�2�M�b�Q�`�- �U�e�V �a�B�f�a�B�P2 �b�m�#�b�i�`���i�2�b �7�Q�` �/�2�T�Q�b�B�i�B�Q�M�- ���M�/ �U�d�V �b�m�+�i�B�Q�M �T�m�K�T�X

���7�i�2�` �i�?�2 �}�`�b�i �6�G�: �/�2�T�Q�b�B�i�B�Q�M �r���b �K���/�2�- �b���K�T�H�2�b �r�2�`�2 ���M�M�2���H�2�/ ���i �3�y�y �ê�* �7�Q�` �j�y
�K�B�M�m�i�2�b�X �h�?�B�b �b�i�2�T �?�2�H�T�2�/ �i�Q �;�2�i �`�B�/ �Q�7 �i�?�2 �`�2�K���B�M�B�M�; �r���i�2�` �7�`�Q�K �i�?�2 �/�2�T�Q�b�B�i�B�Q�M ���M�/
�i�Q �b�i���#�B�H�B�b�2 �H���v�2�` �Q�M �i�?�2 �b�m�#�b�i�`���i�2�X �6�B�M���H�H�v�- �a�B�f�a�B�P2 �r�B�i�? �� �/�2�T�Q�b�B�i�2�/ �6�G�: �r���b �T�`�2�T���`�2�/
�U�;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�V �#�v �i�?�B�b �}�`�b�i �K�Q�/�B�}�2�/ �G���M�;�K�m�B�`���a�+�?���2�7�2�` �/�2�T�Q�b�B�i�B�Q�M�X �h�?�2
�K���B�M ���/�p���M�i���;�2 �Q�7 �i�?�B�b �K�2�i�?�Q�/ �B�b ���T�T���`�2�M�i�- �B�i �B�b �T�Q�b�b�B�#�H�2 �i�Q �m�b�2 �K���M�B�7�Q�H�/ �Q�7 �p���`�B�Q�m�b
�b�m�#�b�i�`���i�2�b ���i �i�?�2 �b���K�2 �i�B�K�2 �/�m�`�B�M�; �i�?�2 �/�2�T�Q�b�B�i�B�Q�M�X

�j�d



�j�X �1�s�S�1�_�A�J�1�L�h

�j�X�R�X�k�X �J�Q�H�2�+�m�H���` �.�2�T�Q�b�B�i�B�Q�M

�h�?�2 �b�2�+�Q�M�/�- �K�Q�H�2�+�m�H���`�- �/�2�T�Q�b�B�i�B�Q�M �r���b �?�2�H�/ �`�B�;�?�i ���7�i�2�` �i�?�2 �}�`�b�i �6�G�: �/�2�T�Q�b�B�i�B�Q�M �r���b �/�Q�M�2�X
�6�B�`�b�i�H�v�- �B�i �r���b �M�2�+�2�b�b���`�v �i�Q �/�B�b�b�Q�H�p�2 �K�2�i���H �+�Q�K�T�H�2�t�2�b �i�?���i �r�2�`�2 �T�`�2�T���`�2�/ �B�M �i�?�2 �7�Q�`�K �Q�7 �+�`�v�b�@
�i���H�b�X �h���#�H�2 �U�j�X�R�V �b�?�Q�r�b �b�Q�H�m�#�B�H�B�i�v �Q�7 �K�2�i���H �+�Q�K�T�H�2�t�2�b �B�M ���T�T�`�Q�T�`�B���i�2 �b�Q�H�p�2�M�i�b�, �+�?�H�Q�`�Q�7�Q�`�K�-
�*�>�*�H3���U�*�G�V�- �/�B�+�?�H�Q�`�Q�K�2�i�?���M�2�- �*�>2�*�H2���U�.�*�J�V�- ���M�/ �/�B�K�2�i�?�v�H�7�Q�`�K���K�B�/�2�- �U�*�>3�V2�L�*�U�P�V�>��
�U�.�J�6�V�X

�h���#�H�2 �j�X�R�, �a�Q�H�m�#�B�H�B�i�v �Q�7 �m�b�2�/ �K�2�i���H �+�Q�K�T�H�2�t�2�b �B�M �Q�`�;���M�B�+ �b�Q�H�p�2�M�i�b�X

�J�Q�H�2�+�m�H�2�*�m�U�/�#�K�V2 �L�B�U�b���H�2�M�V�.�J�R�8�L �.�J�R�3�L �1�`�S�+2

�a�Q�H�p�2�M�i �*�G �.�*�J �.�*�J �.�*�J �.�J�6
�a�Q�H�m�#�B�H�B�i�v�J�Q�/�2�`���i�2 �>�B�;�? �>�B�;�? �>�B�;�? �>�B�;�?

�6�B�;�m�`�2 �U�j�X�k�V �b�?�Q�r�b �2�t�T�2�`�B�K�2�M�i���H �b�2�i�@�m�T �7�Q�` �i�?�2 �b�2�+�Q�M�/ �K�Q�/�B�}�2�/ �G���M�;�K�m�B�`���a�+�?���2�7�2�`
�/�2�T�Q�b�B�i�B�Q�M �r�?�B�+�? �b�i���`�i�2�/ �#�v �B�M�D�2�+�i�B�M�; �/�B�b�b�Q�H�p�2�/ �K�2�i���H �+�Q�K�T�H�2�t�2�b �Q�M�i�Q �� �b�m�#�@�T�?���b�2 �U���H�b�Q
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�6�B�;�m�`�2 �U�j�X�d�V �B�H�H�m�b�i�`���i�2�b �i�?�2 �}�M���H �T�`�Q�/�m�+�i �Q�7 �/�2�T�Q�b�B�i�B�Q�M�X �h�?�2 �#���b�2 �Q�7 �i�?�2�b�2 �K�m�H�i�B�H���v�2�`
�b���K�T�H�2�b �B�b �#�Q�`�Q�M �/�Q�T�2�/ �a�B�U�R�y�y�V �b�m�#�b�i�`���i�2 �r�B�i�? �i�?�2 �i�?�B�+�F�M�2�b�b �Q�7 �8�y�y� �K�X �P�M �i�Q�T �Q�7 �i�?�B�b
�H���v�2�` �H�B�2�b �i�?�2 �a�B�P2 �r�B�i�? �i�?�2 �i�?�B�+�F�M�2�b�b �Q�7500 nm�X �h�?�2 �6�G�: �H���v�2�` �/�2�T�Q�b�B�i�2�/ �#�v �i�?�2 �}�`�b�i
�K�Q�/�B�}�2�/ �G���M�;�K�m�B�`���a�+�?���2�7�2�` �/�2�T�Q�b�B�i�B�Q�M �r���b5 � 10 nm �i�?�B�+�F�X �h�?�2 �}�M���H �H���v�2�` �B�b �+�Q�K�T�Q�b�2�/
�Q�7 �/�B�z�2�`�2�M�i �K�2�i���H �+�Q�K�T�H�2�t�2�b �/�2�T�Q�b�B�i�2�/ �Q�M�i�Q �i�?�2 �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�X

Si

SiO2

Few Layer Graphene (FLG)

Deposited Compounds

5 { 10 nm

500 nm

500 � m

�6�B�;�m�`�2 �j�X�d�, �a�+�?�2�K�2 �Q�7 �i�?�2 �T�`�2�T���`�2�/ �;�`���T�?�2�M�2�@�#���b�2�/ �?�v�#�`�B�/ �K���i�2�`�B���H�X

�h���#�H�2 �j�X�k�, �a�m�K�K���`�v �Q�7 ���H�H �T�`�2�T���`�2�/ �b���K�T�H�2�b �#�v �i�?�2 �K�m�H�i�B�T�H�2 �K�Q�/�B�}�2�/ �G���M�;�K�m�B�`���a�+�?���2�7�2�`
�/�2�T�Q�b�B�i�B�Q�M�X �h�?�2 �}�`�b�i �`�Q�r �B�M�/�B�+���i�2�b �i�?�2 �b�m�#�b�i�`���i�2 �U�H���v�2�` �B�M �+�Q�M�i���+�i �r�B�i�? �+�Q�K�T�Q�m�M�/�b�V �m�b�2�/�X

�J�Q�H�2�+�m�H�2�a�B�f�a�B�P2 �U�R�V�6�G�: �U�k�V �*�o�. �U�j�V �J�Q�a2 �@ �a �U�9�V�J�Q�a2 �@ �* �U�8�V
�*�m�U�/�#�K�V2 X X X �@ �@
�L�B�U�b���H�2�M�V X X X �@ �@
�.�J�R�8�L X X X �@ �@
�.�J�R�3�L X X X X X
�1�`�S�+2 X X X X X

�h���#�H�2 �U�j�X�k�V �b�m�K�K���`�B�b�2�b ���H�H �b���K�T�H�2�b �T�`�2�T���`�2�/ �#�v �i�?�2 �K�m�H�i�B�T�H�2 �K�Q�/�B�}�2�/ �G���M�;�K�m�B�`�@
�a�+�?���2�7�2�` �/�2�T�Q�b�B�i�B�Q�M�X �h�?�2�`�2 �r�2�`�2 �T�`�2�T���`�2�/ �`�2�7�2�`�2�M�+�2 �b���K�T�H�2�b �+�Q�M�b�B�b�i�B�M�; �Q�7 �#���`�2 �a�B�f�a�B�P2

�b�m�#�b�i�`���i�2�b �Y �+�Q�K�T�Q�m�M�/�b �U�R�V�X �h�?�2 �M�2�t�i �b�2�i �Q�7 �b���K�T�H�2�b �r���b �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�b
�U�k�V�- �i�?���i �r�2�`�2 �K���B�M�H�v �B�M�p�2�b�i�B�;���i�2�/�X �A�M ���/�/�B�i�B�Q�M�- �i�?�2�`�2 �r�2�`�2 ���H�b�Q ���/�/�B�i�B�Q�M���H �K�Q�H�2�+�m�H���`
�/�2�T�Q�b�B�i�B�Q�M�b �K���/�2�- �b�m�+�? ���b �Q�M�i�Q �� �*�o�.�@�T�`�2�T���`�2�/ �;�`���T�?�2�M�2 �U�j�V�- ���M�/ �Q�M�i�Q �i�r�Q �i�`���M�b�B�i�B�Q�M
�K�2�i���H �/�B�+�?���H�+�Q�;�2�M�B�/�2�b �U�9�V ���M�/ �U�8�V�X �h�?�2 �}�`�b�i �Q�M�2 �U�9�V �J�Q�a2 �@ �a �r���b �T�`�2�T���`�2�/ ���i �i�?�2 �a�H�Q�p���F
���+���/�2�K�v �Q�7 �a�+�B�2�M�+�2�b�- �"�`���i�B�b�H���p���X �h�?�2 �b�2�+�Q�M�/ �Q�M�2 �U�8�V �J�Q�a2 �@ �* �r���b �+�Q�K�K�2�`�+�B���H�H�v ���p���B�H�@
���#�H�2�X �h�?�B�b �J�Q�a2 �K���i�2�`�B���H �#�2�H�Q�M�;�b �i�Q �b�Q�@�+���H�H�2�/ �ö�k�.�ö �K���i�2�`�B���H�b ���H�Q�M�; �r�B�i�? �;�`���T�?�2�M�2�X �h�?�2�v
�r�2�`�2�- �?�Q�r�2�p�2�`�- �M�Q�i �T���`�i�B�+�m�H���`�H�v �B�M�p�2�b�i�B�;���i�2�/ �B�M �i�?�B�b �T�`�Q�D�2�+�i�X �h�?�2 �T�Q�B�M�i �Q�7 �i�?�B�b �H�B�b�i �r���b
�i�Q �b�i�`�2�b�b �Q�m�i �i�?�2 �T�Q�i�2�M�i�B���H ���M�/ ���T�T�H�B�+���#�B�H�B�i�v �Q�7 �i�?�B�b �/�2�T�Q�b�B�i�B�Q�M �K�2�i�?�Q�/ �Q�M�i�Q �H���`�;�2 �p���`�B�2�i�v
�Q�7 �b�m�#�b�i�`���i�2�b�X �h�?�2 �/�2�T�Q�b�B�i�B�Q�M�b �r�2�`�2 �/�Q�M�2 �B�M �+�Q�Q�T�2�`���i�B�Q�M ���i �a�H�Q�p���F ���+���/�2�K�v �Q�7 �a�+�B�2�M�+�2�b�-
�"�`���i�B�b�H���p���- �a�H�Q�p���F �_�2�T�m�#�H�B�+�X

�9�R



�j�X �1�s�S�1�_�A�J�1�L�h

�j�X�k�X �*�?���`���+�i�2�`�B�b���i�B�Q�M �Q�7 �:�`���T�?�2�M�2�@�"���b�2�/ �>�v�#�`�B�/ �J���@
�i�2�`�B���H�b

�h�?�2 �b�i�`�m�+�i�m�`�2 �Q�7 �+�?���`���+�i�2�`�B�b���i�B�Q�M �b�2�+�i�B�Q�M �B�b ���b �7�Q�H�H�Q�r�b�X �6�B�`�b�i �Q�7 ���H�H�- �`�2�b�B�b�i���M�+�2 �K�2���b�m�`�2�K�2�M�i�b
�+���`�`�B�2�/ �Q�m�i �`�B�;�?�i ���7�i�2�` �/�2�T�Q�b�B�i�B�Q�M ���`�2 �K�2�M�i�B�Q�M�2�/ ���M�/ �?�B�;�? �7�`�2�[�m�2�M�+�v �2�H�2�+�i�`�Q�M �T���`���K���;�M�2�i�B�+
�b�2�i�@�m�T �B�b �B�M�i�`�Q�/�m�+�2�/�X �a�m�#�b�2�[�m�2�M�i�H�v�- �+�?���`���+�i�2�`�B�b���i�B�Q�M �Q�7 �T�`�B�b�i�B�M�2 �7�2�r�@�H���v�2�` �;�`���T�?�2�M�2 �U�6�G�:�V�-
���b �r�2�H�H ���b �B�M�/�B�p�B�/�m���H �+�Q�K�T�Q�m�M�/�b �Q�M �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�- �B�b �T�`�2�b�2�M�i�2�/�X

�j�X�j�X �_�2�b�B�b�i���M�+�2 �J�2���b�m�`�2�K�2�M�i�b

�6�B�;�m�`�2 �U�j�X�3�V �B�H�H�m�b�i�`���i�2�b �i�?�2 �`�2�b�B�b�i���M�+�2 �K�2���b�m�`�2�K�2�M�i�X �h�?�2 �p�Q�H�i���;�2U = 5 V �r���b ���T�T�H�B�2�/
�#�2�i�r�2�2�M �U�R�V ���M�/ �U�9�V �T�B�M�b�X �o�Q�H�i���;�2 �r���b �K�2���b�m�`�2�/ �#�2�i�r�2�2�M �U�k�V ���M�/ �U�j�V �T�B�M�b ���M�/ �#�v �b�B�K�T�H�2
�P�?�K�ö�b �H���rR = U

I �2�t�T�`�2�b�b�2�/ ���b �`�2�b�B�b�i���M�+�2R�X �h�Q �#�2 �b�i�`�B�+�i�H�v �+�Q�`�`�2�+�i�- �2�H�2�+�i�`�B�+���H �B�K�T�2�/���M�+�2Z
�r���b �K�2���b�m�`�2�/�X �L�2�p�2�`�i�?�2�H�2�b�b�- �Q�M�H�v �`�2���H �T���`�i�_�2�U�w�V �r���b �+�Q�M�b�B�/�2�`�2�/�X �h�?�2 �/�B�b�i���M�+�2 �#�2�i�r�2�2�M
�T�B�M�b �r���b1 mm�X

�6�B�;�m�`�2 �j�X�3�, �U���V �a�+�?�2�K�2 �Q�7 �7�Q�m�`�@�T�Q�B�M�i �T�`�Q�#�2 �b�2�i�@�m�T�- �U�#�V �B�K���;�2 �Q�7 �2�t�T�2�`�B�K�2�M�i���H �b�2�i�@�m�T �7�Q�`
�7�Q�m�`�@�T�Q�B�M�i �T�`�Q�#�2 �K�2���b�m�`�2�K�2�M�i�X

�h���#�H�2 �j�X�j�, �_�2�b�B�b�i���M�+�2 �K�2���b�m�`�2�K�2�M�i�b �Q�M �b���K�T�H�2�b �B�K�K�2�/�B���i�2�H�v ���7�i�2�` �/�2�T�Q�b�B�i�B�Q�M�X

�_�2�7�2�`�2�M�+�2�*�m�U�/�#�K�V2 �L�B�U�b���H�2�M�V�.�J�R�8�L �.�J�R�3�L �1�`�S�+2

�a�m�#�b�i�`���i�2 �8�y �:
 �e�j �:
 �e�y �:
 �e�y �:
 �e�8 �:
 �e�k �:

�6�G�: �e�8�X�9 �F
 �d�8 �F
 �j�j�X�8 �F
 �8�8 �F
 �R�j�R �F
 �R�y�d �F

�*�o�. �8�3�9
 �R�X�9�e �F
 �e�8�j
 �k�9 �F
 �R�N �F
 �k �F


�h���#�H�2 �U�j�X�j�V �`�2�p�2���H�2�/ �i�?���i �b�H�B�;�?�i�H�v �r�Q�`�b�2 �`�2�b�B�b�i���M�+�2 �U�B�X�2�X �B�K�T�`�Q�p�2�/ �+�Q�M�/�m�+�i���M�+�2�V �r���b �7�Q�`
�L�B�U�b���H�2�M�V �Q�M �6�G�: ���M�/ �.�J�R�8�L �Q�M �6�G�:�X �h�?�2�b�2 �`�2�b�m�H�i�b�- �?�Q�r�2�p�2�`�- �?���p�2 �i�Q �#�2 �i���F�2�M �+�`�B�i�B�+���H�H�v
���M�/ �7�m�`�i�?�2�` �B�M�p�2�b�i�B�;���i�B�Q�M �r�B�i�? �K�Q�`�2 �b�2�M�b�B�i�B�p�2 �i�2�+�?�M�B�[�m�2�b �B�b �M�2�+�2�b�b���`�v �B�M �Q�`�/�2�` �i�Q �+�Q�M�}�`�K
�i�?�2�b�2 �`�2�b�m�H�i�b�X

�9�k



�j�X�j�X �_�1�a�A�a�h���L�*�1 �J�1���a�l�_�1�J�1�L�h�a

�j�X�j�X�R�X �>�B�;�? �6�`�2�[�m�2�M�+�v �1�S�_ �a�T�2�+�i�`�Q�K�2�i�2�`

�h�?�2 �#���b�B�+�b �Q�7 �>�6�1�S�_ �Q�`�B�;�B�M���i�2 �7�`�Q�K �i�?�2 �b�i���M�/���`�/ �1�S�_ �b�T�2�+�i�`�Q�K�2�i�2�` �K�2�M�i�B�Q�M�2�/ �B�M �h�?�2�@
�Q�`�2�i�B�+���H �b�2�+�i�B�Q�M�k�X�9�X�9�X �h�?�2�`�2 ���`�2�- �?�Q�r�2�p�2�`�- �b�2�p�2�`���H ���/�D�m�b�i�K�2�M�i�b ���M�/ �/�B�z�2�`�2�M�+�2�b �#�2�i�r�2�2�M
�i�?�2�b�2 �i�r�Q �B�M�b�i�`�m�K�2�M�i�b�X �A�M �i�?�2 �7�Q�H�H�Q�r�B�M�; �b�2�+�i�B�Q�M�- �� �b�+�?�2�K�2 �Q�7 �T���`�i�B�+�m�H���` �>�6�1�S�_ �B�M�b�i�`�m�K�2�M�i�-
���i �r�?�B�+�? �>�6�1�S�_ �K�2���b�m�`�2�K�2�M�i�b �i�Q�Q�F �T�H���+�2 �B�b �T�`�2�b�2�M�i�2�/�X

�6�B�;�m�`�2 �U�j�X�N�V �B�H�H�m�b�i�`���i�2�b �i�?�2 �K���B�M �b�2�i�@�m�T �+�Q�K�T�Q�M�2�M�i�b �Q�7 �>�6�1�S�_ �b�T�2�+�i�`�Q�K�2�i�2�` �H�Q�+���i�2�/
���i �i�?�2 �l�M�B�p�2�`�b�B�i�v �Q�7 �a�i�m�i�i�;���`�i�- �:�2�`�K���M�v�X �h�?�2 �i�m�M���#�H�2 �K�B�+�`�Q�r���p�2 �b�Q�m�`�+�2 �U�R�V �T�`�Q�p�B�/�2�b
�� �`���/�B���i�B�Q�M �Q�7 �7�`�2�[�m�2�M�+�v�,� = 82 � 1100 GHz�- �r�?�B�+�? �B�b �T�`�Q�T���;���i�2�/ �#�v �� �[�m���b�B�@�Q�T�i�B�+�b �U�k�V�X
�h�?�2 �?�B�;�?�2�` �7�`�2�[�m�2�M�+�B�2�b ���`�2 ���+�+�2�b�b�B�#�H�2 �#�v ���K�T�H�B�7�v�B�M�; ���M�/ �K�m�H�i�B�T�H�v�B�M�; �i�?�2 �K�B�+�`�Q�r���p�2 �#���b�2
�7�`�2�[�m�2�M�+�v�,� = 8 � 12 GHz�X �h�?�2 �p���`�B���#�H�2 �i�2�K�T�2�`���i�m�`�2 �B�M�b�2�`�i �U�j�V�-T = 1:8 � 300 K�- �B�b
�T�m�i �B�M �� �i�m�M���#�H�2 �b�m�T�2�`�+�Q�M�/�m�+�i�B�M�; �K���;�M�2�i �U�9�V �+���T���#�H�2 �Q�7 �K���;�M�2�i�B�+ �}�2�H�/ �m�T �i�Q� 17 T�X �h�?�2
�K�B�+�`�Q�r���p�2 �/�2�i�2�+�i�B�Q�M �B�b �T�`�Q�p�B�/�2�/ �#�v �� �A�M�a�# �#�Q�H�Q�K�2�i�2�` �U�8�V �+�Q�Q�H�2�/ �#�v �i�?�2 �H�B�[�m�B�/ �M�B�i�`�Q�;�2�M
���M�/ �?�2�H�B�m�K �B�M �Q�`�/�2�` �i�Q �B�M�+�`�2���b�2 �B�i�b �b�2�M�b�B�i�B�p�B�i�v�X

�6�B�;�m�`�2 �j�X�N�, �h�?�2 �>�6�1�S�_ �b�T�2�+�i�`�Q�K�2�i�2�` �B�M �a�i�m�i�i�;���`�i�X �U���V �A�M�/�B�+���i�B�Q�M �Q�7 �b�2�i�@�m�T �+�Q�K�T�Q�M�2�M�i�b�-
�U�#�V �p���`�B���#�H�2 �i�2�K�T�2�`���i�m�`�2 �B�M�b�2�`�i �U�o�h�A�V�- �U�+�V �/�2�i���B�H �Q�7 �b���K�T�H�2�@�`�Q�/ �?�2���/ �r�B�i�? �K�Q�/�m�H���i�B�Q�M �+�Q�B�H�-
���i �r�?�B�+�? �i�?�2 ���H�i�2�`�M���i�B�M�; �+�m�`�`�2�M�i �U���*�V �r�B�i�? �F�M�Q�r�M �M�Q�B�b�2 �7�`�2�[�m�2�M�+�v �B�b ���T�T�H�B�2�/ ���M�/ �7�Q�`�K
�b�Q�@�+���H�H�2�/ �ö�H�Q�+�F�@�B�M�ö ���K�T�H�B�}�+���i�B�Q�M �Q�7 �b�B�;�M���H �U�}�`�b�i �/�2�`�B�p���i�B�p�2 �Q�7 ���#�b�Q�`�T�i�B�Q�M �b�B�;�M���H �B�b �/�2�i�2�+�i�2�/�V�-
�U�/�V �b���K�T�H�2 �B�M�b�2�`�i �r�B�i�? �b�m�T�T�Q�`�i�- ���M�/ �U�2�V? �8 �K�K �b���K�T�H�2 �B�M �i�?�2 �7�Q�`�K �Q�7 �� �T�`�2�b�b�2�/ �T�2�H�H�2�i �U�7�Q�`
�� �#�m�H�F �K�2���b�m�`�2�K�2�M�i�b�V �Q�` �i�?�B�M �}�H�K �U�/�2�T�Q�b�B�i�2�/ �+�Q�K�T�Q�m�M�/�b �Q�M �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�V�X
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�j�X �1�s�S�1�_�A�J�1�L�h

�6�B�;�m�`�2 �U�j�X�R�y�V �B�H�H�m�b�i�`���i�2�b �i�?�2 �K�2�+�?���M�B�b�K �Q�7 �r���p�2 �T�`�Q�T���;���i�B�Q�M �i�?�`�Q�m�;�? �� �[�m���b�B�@�Q�T�i�B�+���H
�i���#�H�2�X �h�?�2 �b�i���`�i�B�M�; �K�B�+�`�Q�r���p�2�@�b�Q�m�`�+�2 �T���i�? �U�;�`�2�2�M�V �B�b �`�2�~�2�+�i�2�/ �#�v �2�H�H�B�T�i�B�+���H �K�B�`�`�Q�` ���M�/ �b�T�H�B�i
�B�M�i�Q �� �6���`���/���v �`�Q�i���i�Q�` ���M�/ �#���+�F �i�Q �i�?�2 �T�Q�r�2�` �K�Q�M�B�i�Q�`�X �h�?�2 �K�B�+�`�Q�r���p�2 �T���b�b�2�b �i�?�`�Q�m�;�?
�i�?�2 �6���`���/���v �`�Q�i���i�Q�` ���M�/ �r�B�`�2 �T�Q�H���`�B�b�2�` �#�2�7�Q�`�2 �B�i �B�b �i�`���M�b�K�B�i�i�2�/ �i�?�`�Q�m�;�? �� �+�Q�`�`�m�;���i�2�/
�r���p�2�@�;�m�B�/�2 �i�Q �i�?�2 �b���K�T�H�2�X �h�?�2 �b���K�T�H�2 �+���p�B�i�v �B�b �T�H���+�2�/ �B�M�b�B�/�2 �� �b�m�T�2�`�+�Q�M�/�m�+�i�B�M�; �K���;�M�2�i
���M�/ �K�Q�/�m�H���i�B�Q�M �+�Q�B�H�X �h�?�2 ���* �}�2�H�/ �K�Q�/�m�H���i�B�Q�M �2�M���#�H�2�b �i�Q �H�Q�r�2�` �i�?�2 �b�B�;�M���H�@�i�Q�@�M�Q�B�b�2 �`���i�B�Q
���M�/ �i�Q �/�2�i�2�+�i �p�2�`�v �r�2���F �b�B�;�M���H�b�X �h�?�B�b �B�b �i�?�2 �#���b�B�+�b �Q�7 �ö�H�Q�+�F�@�B�M�ö �i�2�+�?�M�B�[�m�2 �m�b�2�/ �r�B�/�2�H�v �B�M
�b�T�2�+�i�`�Q�b�+�Q�T�B�+ �B�M�b�i�`�m�K�2�M�i�b�X �h�?�B�b �B�b ���H�b�Q �� �`�2���b�Q�M�- �r�?�v �i�?�2 �}�`�b�i �/�2�`�B�p���i�B�p�2 �Q�7 ���#�b�Q�`�T�i�B�Q�M
�b�B�;�M���H �B�b �Q�#�b�2�`�p�2�/ �#�v �1�S�_ �K�2���b�m�`�2�K�2�M�i�b�X �h�Q �+�Q�M�+�H�m�/�2�- �i�?�B�b �T���`�i�B�+�m�H���` �>�6�1�S�_ �b�2�i�@�m�T
�2�M���#�H�2�b ���/�p���M�+�2�/ �b�T�2�+�i�`�Q�b�+�Q�T�v �7�Q�` �� �p���`�B�2�i�v �Q�7 �b���K�T�H�2�b �#�v �i�m�M�B�M�; �i�?�2 �K�B�+�`�Q�r���p�2�- �K���;�M�2�i�B�+
�}�2�H�/�- ���M�/ �i�2�K�T�2�`���i�m�`�2�X

�6�B�;�m�`�2 �j�X�R�y�, �a�+�?�2�K�2 �Q�7 �>�6�1�S�_ �B�M�b�i�`�m�K�2�M�i �H�Q�+���i�2�/ ���i �l�M�B�p�2�`�b�B�i�v �Q�7 �a�i�m�i�i�;���`�i�- �:�2�`�K���M�v�X
�q�B�i�? �T�2�`�K�B�b�b�B�Q�M �Q�7 �.�`�X �S�2�i�` �L�2�m�;�2�#���m�2�`�X
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�j�X�9�X �6�1�q�@�G���u�1�_ �:�_���S�>�1�L�1 �U�6�G�:�V

�j�X�9�X �6�2�r�@�G���v�2�` �:�`���T�?�2�M�2 �U�6�G�:�V

�6�B�`�b�i ���M�/ �7�Q�`�2�K�Q�b�i�- �B�i �r���b �M�2�+�2�b�b���`�v �i�Q �+�?���`���+�i�2�`�B�b�2 �i�?�2 �6�G�: ���b �b�m�+�?�- �#�2�+���m�b�2 �B�i �b�2�`�p�2�/ ���b
�i�?�2 �B�M�i�2�`�7���+�2 �7�Q�` �i�?�2 �;�`���T�?�2�M�2�@�#���b�2�/ �?�v�#�`�B�/ �K���i�2�`�B���H �#�2�i�r�2�2�M �i�?�2 �a�B�f�a�B�P2 �b�m�#�b�i�`���i�2 ���M�/
�/�2�T�Q�b�B�i�2�/ �+�Q�K�T�Q�m�M�/�b�X

�j�X�9�X�R�X �_���K���M �a�T�2�+�i�`�Q�b�+�Q�T�v

�6�B�;�m�`�2 �U�j�X�R�R�V �b�?�Q�r�b �i�?�2 �K�2���b�m�`�2�/ �_���K���M �b�T�2�+�i�`�m�K �7�Q�` �6�G�: �Q�M �a�B�f�a�B�P2 �b�m�#�b�i�`���i�2 �B�M �i�?�2
�`�2�;�B�Q�M �Q�7 �;�`���T�?�2�M�2 �#���M�/�b�X �A�M �i�Q�i���H�- �i�?�`�2�2 �T�2���F�b �r�2�`�2 �Q�#�b�2�`�p�2�/�- �i�?�2 �b�Q�@�+���H�H�2�/G �#���M�/
���T�T�2���`�2�/ ���i1591 cm� 1 ���M�/ �i�?�2G0 �#���M�/ ���i2711 cm� 1�X �A�M �i�?�2 �+���b�2 �Q�7 �6�G�:�- ���b �B�i �+���M �#�2
�+�Q�M�b�B�/�2�`�2�/ ���b �� �/�B�b�Q�`�/�2�`�2�/ �;�`���T�?�2�M�2 �b���K�T�H�2�- �i�?�2D �#���M�/�- �r�?�B�+�? �B�b ���T�T�`�Q�t�B�K���i�2�H�v ���i �?���H�7
�Q�7 �i�?�2 �7�`�2�[�m�2�M�+�v �Q�7G0 �#���M�/�- ���T�T�2���`�2�/�X �h�?�B�b �B�b �b�Q�@�+���H�H�2�/ �/�B�b�Q�`�/�2�`�@�B�M�/�m�+�2�/D �#���M�/�X

�h�?�2G �#���M�/ �+�Q�`�`�2�b�T�Q�M�/�b �i�Q �/�Q�m�#�H�v �/�2�;�2�M�2�`���i�2 �U�B�h�P ���M�/ �G�P�V �T�?�Q�M�Q�M �K�Q�/�2 ���i �i�?�2
�"�`�B�H�H�Q�m�B�M �x�Q�M�2 �+�2�M�i�`�2�X �h�?�2G�@�#���M�/ �B�b �i�?�2 �Q�M�H�v �#���M�/ �+�Q�K�B�M�; �7�`�Q�K �� �M�Q�`�K���H �}�`�b�i �Q�`�/�2�`
�_���K���M �b�+���i�i�2�`�B�M�; �T�`�Q�+�2�b�b �B�M �;�`���T�?�2�M�2�X �P�M �i�?�2 �+�Q�M�i�`���`�v�- �i�?�2G0 ���M�/D �#���M�/�b �Q�`�B�;�B�M���i�2
�7�`�Q�K �� �b�2�+�Q�M�/�@�Q�`�/�2�` �T�`�Q�+�2�b�b �B�M�p�Q�H�p�B�M�; �i�r�Q �B�h�P �T�?�Q�M�Q�M�b �M�2���` �i�?�2K �T�Q�B�M�i �7�Q�` �i�?�2G0 �#���M�/
�Q�` �Q�M �B�h�P �T�?�Q�M�Q�M ���M�/ �Q�M�2 �/�2�7�2�+�i �B�M �i�?�2 �+���b�2 �Q�7 �i�?�2D�@�#���M�/ �(�9�9�)�X �h�Q �b�m�K �m�T�- �6�G�: �+���M
�#�2 �i�`�2���i�2�/ ���b �� �b�v�b�i�2�K �r�B�i�? �B�M�/�m�+�2�/ �/�2�7�2�+�i�X �h�?�2�`�2�7�Q�`�2�-D �#���M�/ �B�b �Q�#�b�2�`�p���#�H�2 ���M�/ �i�?�2
�B�M�i�2�M�b�B�i�v �B�b �?�B�;�?�2�`�X �6�Q�` �B�M�b�i���M�+�2�- �*�o�. �;�`�Q�r�M �;�`���T�?�2�M�2 �?���b �Q�M�H�v �i�r�Q �K���D�Q�` �p�B�b�B�#�H�2 �T�2���F�b�,
G ���i ���`�Q�m�M�/1600 cm� 1�- ���M�/G0 �#���M�/ ���i ���`�Q�m�M�/2700 cm� 1�X

�6�B�;�m�`�2 �j�X�R�R�, �_���K���M �b�T�2�+�i�`�m�K �Q�7 �6�G�:�X �1�t�+�B�i���i�B�Q�M �r���p�2�H�2�M�;�i�? �r���b532 nm�X �a�T�2�+�i�`�m�K �r���b
���+�[�m�B�`�2�/ ���i �J�l�L�A �B�M �"�`�M�Q�- �*�x�2�+�? �_�2�T�m�#�H�B�+�X
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�j�X �1�s�S�1�_�A�J�1�L�h

�j�X�9�X�k�X �>�B�;�? �6�`�2�[�m�2�M�+�v �1�S�_

�6�B�;�m�`�2�b �U�j�X�R�k�V ���M�/ �U�j�X�R�j�V �`�2�T�`�2�b�2�M�i �>�6�1�S�_ �b�T�2�+�i�`�� �7�Q�` �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�X �h�?�2
�6�G�: �b�T�2�+�i�`�� �2�t�?�B�#�B�i�2�/g � 2:005 � ge�X �h�?�2 �b�m�#�b�i�`���i�2 �7�Q�` �6�G�: �r���b �#�Q�`�Q�M �/�Q�T�2�/ �T�@�i�v�T�2
�U�R�y�y�V �a�B�f�a�B�P2 �b�m�#�b�i�`���i�2 �r�B�i�? �`�2�b�B�b�i�B�p�B�i�v%= 10 � 20 
 ��+�K�X �h�?�2 �+�Q�M�/�m�+�i�B�p�B�i�v �B�b �B�M�p�2�`�b�2
�`�2�b�B�b�i�B�p�B�i�v�- �;�B�p�B�M�; �i�?�2� = (0 :05 � 0:1) S�f�+�K�X �A�i �r���b �+�?�Q�b�2�M �B�M �Q�`�/�2�` �i�Q �`�2�/�m�+�2 �B�M�~�m�2�M�+�2
���`�Q�m�M�/g � ge �b�T�2�+�i�`���X �L�2�p�2�`�i�?�2�H�2�b�b�- �B�i �B�b �;�2�M�2�`���H�H�v �/�B�{�+�m�H�i �i�Q �i�`�2���i �b�T�2�+�i�`�� �2�t�?�B�#�B�i�B�M�;
�p���H�m�2�b �+�H�Q�b�2 �i�Qge ���b �i�?�2�v �K�B�;�?�i �`�2�T�`�2�b�2�M�i �B�K�T�m�`�B�i�B�2�b �Q�` �b�m�#�b�i�`���i�2�X

�6�B�;�m�`�2 �j�X�R�k�, �>�6�1�S�_ �b�T�2�+�i�`�� �Q�7 �6�G�: �Q�M �a�B�f�a�B�P2 �b�m�#�b�i�`���i�2 �7�Q�` �7�Q�m�` �7�`�2�[�m�2�M�+�B�2�b ���iT = 3 K �X

�6�B�;�m�`�2 �j�X�R�j�, �.�2�i���B�H �Q�7 �>�6�1�S�_ �b�T�2�+�i�`�� �Q�7 �6�G�: �Q�M �a�B�f�a�B�P2 �b�m�#�b�i�`���i�2 �7�Q�`� = 320 GHz ���i
T = 3 K �X
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�j�X�9�X �6�1�q�@�G���u�1�_ �:�_���S�>�1�L�1 �U�6�G�:�V

�j�X�9�X�j�X �a�+���M�M�B�M�; �1�H�2�+�i�`�Q�M �J�B�+�`�Q�b�+�Q�T�v

�6�B�;�m�`�2 �U�j�X�R�9�V �b�?�Q�r�b �� �r�`�B�M�F�H�2�/�- �+�H�Q�m�/�@�H�B�F�2 �b�i�`�m�+�i�m�`�2 �Q�7 �6�G�: �/�2�T�Q�b�B�i�2�/ �Q�M �a�B�f�a�B�P2�X �h�?�B�b
�7�2�r�@�H���v�2�` �7�Q�`�K���i�B�Q�M �Q�7 �;�`���T�?�2�M�2 �r���b �T�`�B�Q�`�B�i�B�b�2�/ �i�Q�- �7�Q�` �B�M�b�i���M�+�2�- �*�o�. �;�`���T�?�2�M�2 �#�2�+���m�b�2
�Q�7 �B�i�b �K�Q�`�T�?�Q�H�Q�;�v�- �r�?�B�+�? �+�Q�m�H�/ �T�`�Q�p�B�/�2 �#�2�i�i�2�` ���/�?�2�b�B�Q�M �Q�7 �+�Q�K�T�Q�m�M�/�b �i�?���M �b�i�`�B�+�i�H�v �b�B�M�;�H�2�@
�H���v�2�` �;�`���T�?�2�M�2�X

�6�B�;�m�`�2 �j�X�R�9�, �a�1�J �B�K���;�2 �Q�7 �6�G�: �Q�M �a�B�f�a�B�P2�X �o�Q�H�i���;�2 �m�b�2�/�,30 kV�X �.�2�i�2�+�i�Q�`�, �b�2�+�Q�M�/���`�v
�2�H�2�+�i�`�Q�M�b�X �A�K���;�2 �r���b ���+�[�m�B�`�2�/ ���i �*�1�A�h�1�* �@ �"�l�h�- �*�x�2�+�? �_�2�T�m�#�H�B�+�X
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�j�X �1�s�S�1�_�A�J�1�L�h

�j�X�8�X �*�m�U�/�#�K�V2

�j�X�8�X�R�X �a�v�M�i�?�2�b�B�b ���M�/ �a�i�`�m�+�i�m�`�2

�h�?�2 �}�`�b�i �B�M�p�2�b�i�B�;���i�2�/ �+�Q�K�T�Q�m�M�/ �r���b �*�m�U�/�#�K�V2�X �h�?�2 �b�v�M�i�?�2�b�B�b �Q�7 �i�?�B�b �+�Q�T�T�2�` �+�Q�K�T�H�2�t
�r���b �/�2�b�+�`�B�#�2�/ �B�M �b�2�p�2�`���H �b�Q�m�`�+�2�b �b�m�+�? ���b �(�9�8�)�- �(�9�e�)�X �h�?�2 �7�Q�H�H�Q�r�B�M�; �b�v�M�i�?�2�i�B�+ �`�Q�m�i�2 �r���b
�+�?�Q�b�2�M �B�M �Q�`�/�2�` �i�Q �T�`�2�T���`�2 �i�?�B�b �+�Q�K�T�Q�m�M�/�X �*�Q�T�T�2�`�U�A�A�V �+�?�H�Q�`�B�/�2 �/�B�?�v�/�`���i�2 �U�R �K�K�Q�H�- �R�d�y
�K�;�V �r���b �/�B�b�b�Q�H�p�2�/ �B�M �r���i�2�` �U�R�8 �K�G�V �U�6�B�;�m�`�2�j�X�R�8�����H�2�7�i �#�2���F�2�`�V�X �a�B�K�m�H�i���M�2�Q�m�b�H�v�- �� �b�Q�H�m�i�B�Q�M
�Q�7 �/�B�#�2�M�x�Q�v�H�K�2�i�?���M�2 �U�k �K�K�Q�H�- �9�8�3 �K�;�V ���M�/ �T�Q�i���b�b�B�m�K �?�v�/�`�Q�t�B�/�2 �U�R�X�9 �K�K�Q�H�- �3�y �K�;�V �B�M
�2�i�?���M�Q�H�f�r���i�2�` �K�B�t�i�m�`�2 �r�B�i�? �R�8�,�R �`���i�B�Q �U�6�B�;�m�`�2�j�X�R�8�����`�B�;�?�i �#�2���F�2�`�V �r���b ���/�/�2�/ �/�`�Q�T�@�r�B�b�2
�i�Q �i�?�2 �+�Q�T�T�2�` �b�Q�H�m�i�B�Q�M�X �h�?�2 �`�2�b�m�H�i���M�i �b�Q�H�m�i�B�Q�M �r���b �b�i�B�`�`�2�/ �#�v �� �K���;�M�2�i�B�+ �b�i�B�`�`�2�` �7�Q�` �j�y
�K�B�M�X ���7�i�2�`�r���`�/�b�- �i�?�2 �T�`�2�+�B�T�B�i���i�2 �r���b �b�2�T���`���i�2�/ �#�v �� �T���T�2�` �}�H�i�`���i�B�Q�M ���M�/ �r���b�?�2�/ �Q�M�+�2 �#�v
�T�m�`�2 �2�i�?���M�Q�H ���M�/ �/�2�K�B�M�2�`���H�B�b�2�/ �r���i�2�` �r�B�i�? �+�Q�M�b�2�+�m�i�B�p�2 �p���+�m�m�K �}�H�i�`���i�B�Q�M �7�Q�` �R�k �?�X �h�?�2
�v�B�2�H�/ �Q�7 �i�?�B�b �b�v�M�i�?�2�b�B�b �r���b347 mg�X

�6�B�;�m�`�2 �j�X�R�8�, �a�v�M�i�?�2�b�B�b �Q�7 �*�m�U�/�#�K�V2 �+�Q�K�T�Q�m�M�/�X �U���V �h�?�2 �H�2�7�i �#�2���F�2�` �`�2�T�`�2�b�2�M�i�b �i�?�2 �b�Q�H�m�i�B�Q�M
�r�B�i�? �+�Q�T�T�2�` �+�?�H�Q�`�B�/�2 ���M�/ �i�?�2 �`�B�;�?�i �`�2�T�`�2�b�2�M�i�b �i�?�2 �b�Q�H�m�i�B�Q�M �r�B�i�? �T�Q�i���b�b�B�m�K �?�v�/�`�Q�t�B�/�2�- �U�#�V
�i�?�2 �}�M���H ���T�T�2���`���M�+�2 �Q�7 �T�`�2�T���`�2�/ �*�m�U�/�#�K�V2 �B�M �i�?�2 �7�Q�`�K �Q�7 �� �;�`�2�2�M�@�+�Q�H�Q�m�`�2�/ �+�`�v�b�i���H�b�X

�h���#�H�2 �j�X�9�, �S�`�2�+�m�`�b�Q�`�b �m�b�2�/ �7�Q�` �i�?�2 �b�v�M�i�?�2�b�B�b �Q�7 �*�m�U�/�#�K�V2

�_�2���;�2�M�i �J�Q�H���` �K���b�b �(g
mol �) ���K�Q�m�M�i �Q�7 �b�m�#�b�i���M�+�2 �(�K�K�Q�H�)�J���b�b �(�K�;�)

�*�m�*�H2��k�>2�P �R�d�y�X�9�3 �R �R�d�y
�E�P�> �8�e�X�R�R �R�X�9 �3�y

�.�B�#�2�M�x�Q�v�H�K�2�i�?���M�2�k�k�N�X�k�8 �k �9�8�3

�h�?�2 �7�Q�H�H�Q�r�B�M�; �h���#�H�2 �U�j�X�8�V �b�?�Q�r�b �`�2�b�m�H�i�b �Q�7 �2�H�2�K�2�M�i���H ���M���H�v�b�B�b �7�Q�` �+���H�+�m�H���i�2�/ ���M�/ �K�2���@
�b�m�`�2�/ �p���H�m�2�b �Q�7 �* ���M�/ �> ���i�Q�K�X �h�?�2�`�2 �B�b ���H�b�Q �� �+�Q�K�T���`�B�b�Q�M �r�B�i�? �`�2�7�2�`�2�M�+�2 �p���H�m�2�b �K�2�M�i�B�Q�M�2�/�X
�h�?�2 �}�M���H �b�m�#�b�i���M�+�2 �r���b �B�M �� �7���B�` ���;�`�2�2�K�2�M�i �r�B�i�? �`�2�7�2�`�2�M�+�2 ���M�/ �+���H�+�m�H���i�2�/ ���M�/ �+�Q�M�}�`�K�B�M�;
�i�?���i �i�?�2 �b�v�M�i�?�2�b�B�b �r���b �b�m�+�+�2�b�b�7�m�H�X �h�?�2 �b�v�M�i�?�2�b�B�b ���M�/ �2�H�2�K�2�M�i���H ���M���H�v�b�B�b �r�2�`�2 �/�Q�M�2 ���i �i�?�2
�l�M�B�p�2�`�b�B�i�v �Q�7 �a�i�m�i�i�;���`�i�- �:�2�`�K���M�v�X

�h���#�H�2 �j�X�8�, �1�H�2�K�2�M�i���H ���M���H�v�b�B�b �7�Q�` �*�m�U�/�#�K�V2�X � �*���H�+�m�H���i�2�/ �K�Q�H���` �K���b�b �7�Q�` �*30�>22�*�m�P4�X

�1�H�2�K�2�M�i�*���H�+�m�H���i�2�/� �J�2���b�m�`�2�/ �_�2�7�2�`�2�M�+�2 �(�9�8�) �_�2�7�2�`�2�M�+�2 �(�9�e�)
�* �d�y�X�e�8 �d�R�X�d�j �d�y�X�j�d �d�y�X�e�y
�> �9�X�j�8 �9�X�8�3 �j�X�N�3 �9�X�j�j
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�j�X�8�X �*�l�U�.�"�J�V2

�6�B�;�m�`�2 �U�j�X�R�e�V �b�?�Q�r�b �� �b�i�`�m�+�i�m�`�2 �Q�7 �T�`�2�T���`�2�/ �*�m�U�/�#�K�V2�X �h�?�2 �*�m�U�A�A�V �B�b �b�m�`�`�Q�m�M�/�2�/ �#�v
�i�r�Q �/�B�#�2�M�x�Q�v�H�K�2�i�?���M�2 �H�B�;���M�/�b�X

�6�B�;�m�`�2 �j�X�R�e�, �A�H�H�m�b�i�`���i�B�Q�M �Q�7 �*�m�U�/�#�K�V2 �+�Q�K�T�Q�m�M�/�X �U���V �k�. �b�F�2�i�+�? �Q�7 �+�?�2�K�B�+���H �b�i�`�m�+�i�m�`�2�- �U�#�V
�j�. �p�B�2�r �Q�M �i�?�2 �+�Q�K�T�Q�m�M�/ �r�B�i�? �K�2���b�m�`�2�/ �/�B�b�i���M�+�2d = 13:6 Å �#�2�i�r�2�2�M �i�r�Q �7�m�`�i�?�2�b�i �H�v�B�M�;
�+���`�#�Q�M ���i�Q�K�b�X

�j�X�8�X�k�X �A�b�Q�i�?�2�`�K�b

�6�B�;�m�`�2�b �U�j�X�R�d�V ���M�/ �U�j�X�R�3�V �b�?�Q�r �B�b�Q�i�?�2�`�K�b �U�� �+�m�`�p�2 �Q�M ��pV �/�B���;�`���K ���i �i�?�2 �+�Q�M�b�i���M�i
�i�2�K�T�2�`���i�m�`�2�V �7�Q�` �*�m�U�/�#�K�V2 �+�Q�K�T�Q�m�M�/ �Q�#�i���B�M�2�/ �/�m�`�B�M�; �i�?�2 �#�H���M�F �/�2�T�Q�b�B�i�B�Q�M ���M�/ ���+�i�m���H
�/�2�T�Q�b�B�i�B�Q�M �Q�M�i�Q �b�m�#�b�i�`���i�2�b�- �`�2�b�T�2�+�i�B�p�2�H�v�X �h�?�2 �;�`���T�? �r���b �Q�#�i���B�M�2�/ �#�v �T�H�Q�i�i�B�M�; �i�?�2 �b�m�`�7���+�2
�T�`�2�b�b�m�`�2� �- �K�2���b�m�`�2�/ �#�v �q�B�H�?�2�H�K�v �T�H���i�2�- ���;���B�M�b�i �i�?�2 ���`�2�� �T�2�` �K�Q�H�2�+�m�H�2a�- �r�?�B�+�? �r���b
�/�2�`�B�p�2�/ �7�`�Q�K �2�[�m���i�B�Q�M �K�2�M�i�B�Q�M�2�/ �B�M �h�?�2�Q�`�2�i�B�+���H �b�2�+�i�B�Q�M�k�X�9�y�- �;�B�p�B�M�; �i�?�2 �}�M���H �2�t�T�`�2�b�b�B�Q�M
���b �7�Q�H�H�Q�r�b

a =
AN A

cV
�U�j�X�R�V

�r�?�2�`�2A �B�b �i�?�2 ���+�i�m���H �i�?�`�Q�m�;�? �i�Q�T ���`�2���-NA �B�b ���p�Q�;���/�`�Q �+�Q�M�b�i���M�i�-c �B�b �i�?�2 �K�Q�H���` �+�Q�M�+�2�M�@
�i�`���i�B�Q�M �Q�7 �i�?�2 �b�Q�H�m�i�B�Q�M�- ���M�/V �B�b �i�?�2 �p�Q�H�m�K�2 �B�M�D�2�+�i�2�/ �Q�M�i�Q �� �r���i�2�` �b�m�#�@�T�?���b�2�X �h�?�2 �K�Q�H���`
�+�Q�M�+�2�M�i�`���i�B�Q�M �7�Q�` �#�Q�i�? �ö�6�B�M�/�B�M�;�ö ���M�/ �ö�.�2�T�Q�b�B�i�B�Q�M�ö �Q�7 �*�m�U�/�#�K�V2 �r���b �8 �K�J �U�J �4 �K�Q�H�f�G�V�X
�h�?�2 �p�Q�H�m�K�2VFINDING = �d�8�y� �G ���M�/VDEPOSITION = �R�9�y�y� �G�X �h�?�2 �B�b�Q�i�?�2�`�K �B�b �� �p�2�`�v �}�`�b�i
�+�?���`���+�i�2�`�B�b�i�B�+ �Q�7 �i�?�2 �+�Q�K�T�Q�m�M�/ �`�2�;���`�/�B�M�; �i�?�2 �/�2�T�Q�b�B�i�B�Q�M �b�i�2�T�X �.�m�`�B�M�; �i�?�2 �ö�6�B�M�/�B�M�;�ö �/�2�T�Q�@
�b�B�i�B�Q�M�- �i�?�2 �B�b�Q�i�?�2�`�K �r���b �2�b�i�B�K���i�2�/ �i�Q �#�2 ���i� = 25 mN =m �U�B�X�2�X �r�?�2�`�2 �i�?�2 �+�m�`�p�2 �b�i���`�i�b �i�Q
�b���i�m�`���i�2�V�X �h�?�B�b �T�`�2�b�b�m�`�2 �r���b �i�?�2�M ���T�T�H�B�2�/ �/�m�`�B�M�; �i�?�2 �/�2�T�Q�b�B�i�B�Q�M �Q�M�i�Q �b�m�#�b�i�`���i�2�b�X

�h�?�2 �T�`�Q�+�2�b�b �Q�7 �}�M�/�B�M�; �� �+�Q�`�`�2�+�i �B�b�Q�i�?�2�`�K �B�b �+�`�m�+�B���H �7�Q�` �7�Q�`�K���i�B�Q�M �Q�7 �i�?�2 �B�/�2���H �K�Q�M�Q�H���v�2�`�X
�h�?�B�b �r���b�- �?�Q�r�2�p�2�`�- ���M �m�M�2���b�v �i���b�F �7�Q�` �K�2�i���H �+�Q�K�T�Q�m�M�/�b�X �6�B�`�b�i�H�v�- �i�?�2 �K�Q�M�Q�H���v�2�` �r���b
�m�b�m���H�H�v �p�B�b�B�#�H�2 �Q�M�H�v ���b ���M �Q�B�H�@�H�B�F�2 �b�i�`�m�+�i�m�`�2 �Q�M �i�?�2 �r���i�2�`�f���B�` �B�M�i�2�`�7���+�2�X �a�2�+�Q�M�/�H�v�- �i�?�2
�B�M�D�2�+�i�B�M�; �i�Q�Q�F �T�H���+�2 �m�M�i�B�H �M�Q �`���T�B�/ �b�T�`�2���/�B�M�; �Q�7 �+�Q�K�T�Q�m�M�/�b �Q�M �i�?�2 �r���i�2�` �b�m�`�7���+�2 �Q�+�+�m�`�`�2�/�X
�h�?�B�`�/�H�v�- �B�i �r���b �M�2�+�2�b�b���`�v �i�Q �+�Q�M�b�B�/�2�` �2�M�2�`�;�2�i�B�+ ���M�/ �;�2�Q�K�2�i�`�B�+ �b�B�x�2 �Q�7 �� �+�Q�K�T�Q�m�M�/ �7�Q�` ���M
�B�/�2���H ���H�B�;�M�K�2�M�i �Q�M �i�?�2 �r���i�2�` �b�m�`�7���+�2�X �h�Q �b�m�K �m�T�- �/�2�i�2�`�K�B�M���i�B�Q�M �Q�7 ���M �B�/�2���H �+�Q�M�+�2�M�i�`���i�B�Q�M
�Q�7 �b�Q�H�m�i�B�Q�M�- �p�Q�H�m�K�2�- ���M�/ ���T�T�H�B�+���i�B�Q�M �Q�7 �T�`�2�b�b�m�`�2 �?���b �� �?�B�;�? �T�`�B�Q�`�B�i�v �r�?�2�M �/�2�T�Q�b�B�i�B�M�; �7�`�Q�K
�� �H�B�[�m�B�/�@�T�?���b�2�X �A�M�+�Q�`�`�2�+�i �2�b�i�B�K���i�B�Q�M �+���M �H�2���/ �i�Q �7�Q�`�K���i�B�Q�M �Q�7 ���;�;�`�2�;���i�2�b �i�?���i ���`�2 �+���m�b�2�/ �#�v
�B�M�b�m�{�+�B�2�M�i ���`�2�� �T�2�` �K�Q�H�2�+�m�H�2a �H�2�7�i �7�Q�` �i�?�2 �+�Q�K�T�Q�m�M�/ �Q�M �i�?�2 �b�m�`�7���+�2 �/�m�`�B�M�; �i�?�2 �K�Q�M�Q�H���v�2�`
�7�Q�`�K���i�B�Q�M�X �h�?�2�`�2�7�Q�`�2�- �� �b�B�K�T�H�2 �`�m�H�2 �+���M �#�2 ���T�T�H�B�2�/ �r�?�2�M �i�`�2���i�B�M�; �i�?�2 �M���M�Q�@�b�+���H�2�, �ô�G�2�b�b �B�b
�K�Q�`�2�ô�X
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�j�X �1�s�S�1�_�A�J�1�L�h

�6�B�;�m�`�2 �j�X�R�d�, �:�`���T�? �Q�7 �ö�6�B�M�/�B�M�;�ö ���M �B�b�Q�i�?�2�`�K �7�Q�` �*�m�U�/�#�K�V2 �+�Q�K�T�Q�m�M�/�X �h�?�B�b �r���b �/�Q�M�2 �#�v
�K�2���b�m�`�B�M�; �i�?�2 �b�m�`�7���+�2 �T�`�2�b�b�m�`�2� �p�2�`�b�m�b ���`�2�� �T�2�` �K�Q�H�2�+�m�H�2a �7�Q�` �� �#�H���M�F �/�2�T�Q�b�B�i�B�Q�M �U�B�X�2�X
�r�B�i�?�Q�m�i �b�m�#�b�i�`���i�2�b�V�X

�6�B�;�m�`�2 �j�X�R�3�, �:�`���T�? �Q�7 �ö�.�2�T�Q�b�B�i�B�Q�M�ö �B�b�Q�i�?�2�`�K �7�Q�` �*�m�U�/�#�K�V2 �+�Q�K�T�Q�m�M�/�X �h�?�2 �b�m�`�7���+�2 �T�`�2�b�@
�b�m�`�2� = 25 mN =m �r���b ���T�T�H�B�2�/ �7�Q�` �i�?�2 �/�2�T�Q�b�B�i�B�Q�M�X
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�j�X�8�X �*�l�U�.�"�J�V2

�j�X�8�X�j�X �_���K���M �a�T�2�+�i�`�Q�b�+�Q�T�v

�6�B�;�m�`�2 �U�j�X�R�N�V �b�?�Q�r�b �_���K���M �b�T�2�+�i�`�m�K �7�Q�` �T�Q�r�/�2�` �*�m�U�/�#�K�V2�X �S�2���F�b �7�Q�m�M�/ ���`�2 �B�M ���+�+�Q�`�@
�/���M�+�2 �r�B�i�? ���M�Q�i�?�2�` �Q�#�b�2�`�p���i�B�Q�M �(�9�d�)�X

�6�B�;�m�`�2 �j�X�R�N�, �_���K���M �b�T�2�+�i�`�m�K �7�Q�` �T�Q�r�/�2�` �*�m�U�/�#�K�V2�X �1�t�+�B�i���i�B�Q�M �r���p�2�H�2�M�;�i�? �r���b532 nm�X
�a�T�2�+�i�`�m�K �r���b ���+�[�m�B�`�2�/ ���i �a���a �B�M �"�`���i�B�b�H���p���- �a�H�Q�p���F �_�2�T�m�#�H�B�+�X

�6�B�;�m�`�2 �U�j�X�k�y�V �b�?�Q�r�b �b�T�2�+�i�`�m�K �7�Q�` �/�2�T�Q�b�B�i�2�/ �i�?�B�M �}�H�K�X �h�?�2�`�2 ���`�2 �i�?�`�2�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b
�i�Q �Q�p�2�`���H�H �b�T�2�+�i�`�m�K�, �a�B�f�a�B�P2 �b�m�#�b�i�`���i�2 �U�k�X�R�3�V�- �6�G�: �U�j�X�R�R�V�- ���M�/ �T�Q�r�/�2�` �b�T�2�+�i�`�m�K �U�j�X�R�N�V�X
�*�m�U�/�#�K�V2 �T�2���F�b ���`�2 �M�B�+�2�H�v �p�B�b�B�#�H�2 ���7�i�2�` �/�2�T�Q�b�B�i�B�Q�M �#�2�+���m�b�2 �Q�7 �#�B�;�;�2�` ���;�;�`�2�;���i�2�b �7�Q�`�K�2�/
�Q�M �i�?�2 �b�m�#�b�i�`���i�2�X

�6�B�;�m�`�2 �j�X�k�y�, �_���K���M �b�T�2�+�i�`�m�K �7�Q�` �*�m�U�/�#�K�V2 �/�2�T�Q�b�B�i�2�/ �Q�M �i�?�2 �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�X
�1�t�+�B�i���i�B�Q�M �r���p�2�H�2�M�;�i�? �r���b532 nm�X �a�T�2�+�i�`�m�K �r���b ���+�[�m�B�`�2�/ ���i �J�l�L�A �B�M �"�`�M�Q�- �*�x�2�+�?
�_�2�T�m�#�H�B�+�X
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�j�X �1�s�S�1�_�A�J�1�L�h

�j�X�8�X�9�X �>�B�;�? �6�`�2�[�m�2�M�+�v �1�S�_

�6�B�`�b�i ���M�/ �7�Q�`�2�K�Q�b�i�- �`�2�7�2�`�2�M�+�2 �#�m�H�F �T�2�H�H�2�i �U�B�X�2�X ���H�H �K���;�M�2�i�B�+ �K�Q�K�2�M�i �Q�`�B�2�M�i���i�B�Q�M�b�V �r���b
�K�2���b�m�`�2�/ ���i �?�B�;�? �7�`�2�[�m�2�M�+�v �2�H�2�+�i�`�Q�M �T���`���K�2�i�2�` �`�2�b�Q�M���M�+�2 �U�>�6�1�S�_�V �b�2�i�@�m�T�X �h�?�B�b �`�2�7�2�`�2�M�+�2
�b�i�2�T �r���b ���T�T�H�B�2�/ �7�Q�` �2�p�2�`�v �+�Q�K�T�Q�m�M�/�X �h�?�2 �T�`�Q�+�2�b�b �Q�7 �/�2�i�2�`�K�B�M���i�B�Q�M �x�2�`�Q�@�}�2�H�/ �b�T�H�B�i�i�B�M�;
�T���`���K�2�i�2�`�bD�-E �- ���M�/ �;�@�p���H�m�2 �+�Q�K�T�Q�M�2�M�i�b �r���b �7�Q�H�H�Q�r�B�M�;�,

�R�V�1�b�i�B�K���i�2 �Q�7 �T���`���K�2�i�2�`�b �r���b �Q�#�i���B�M�2�/ �#�v���# �B�M�B�i�B�Q�b�B�K�m�H���i�B�Q�M�b�X
�k�V�>�6�1�S�_ �b�T�2�+�i�`�� �r�2�`�2 �K�2���b�m�`�2�/ �2�t�T�2�`�B�K�2�M�i���H�H�v�X
�j�V�>�6�1�S�_ �b�T�2�+�i�`�� �r�2�`�2 �}�i ���+�+�Q�`�/�B�M�; �i�Q �K�2���b�m�`�2�K�2�M�i�b �#�v �+���H�+�m�H���i�B�Q�M�b �T�2�`�7�Q�`�K�2�/ �#�v

�1���b�v�a�T�B�M�- �� �i�Q�Q�H�#�Q�t �7�Q�` �J���h�G���"�- ���M�/ �+�Q�K�T���`�2�/ �r�B�i�? �b�B�K�m�H���i�2�/ �p���H�m�2�b�X
�6�B�;�m�`�2 �U�j�X�k�R�V �b�?�Q�r�b �K�2���b�m�`�2�/ �>�6�1�S�_ �b�T�2�+�i�`�� �Q�7 �#�m�H�F �*�m�U�/�#�K�V2�X �A�M �i�?�B�b �+���b�2�- �?�v�T�2�`�}�M�2�@

�i�2�M�b�Q�`A �+�Q�K�T�Q�M�2�M�i�b �r�2�`�2 �/�2�i�2�`�K�B�M�2�/�X

�6�B�;�m�`�2 �j�X�k�R�, �>�6�1�S�_ �b�T�2�+�i�`�� �Q�7 �*�m�U�/�#�K�V2 �7�Q�` �7�Q�m�` �7�`�2�[�m�2�M�+�B�2�bT = 5 K �X �6�m�H�H �H�B�M�2�b �`�2�T�`�2�@
�b�2�M�i �K�2���b�m�`�2�/ �/���i���- �/���b�?�2�/ �H�B�M�2�b �`�2�T�`�2�b�2�M�i �}�i�X �q�B�i�? �T�2�`�K�B�b�b�B�Q�M �Q�7 �A�M�;�X �J�B�+�?���H �E�2�`�M�X

�h���#�H�2 �j�X�e�, �S���`���K�2�i�2�`�b �7�Q�` �i�r�Q�@�b�v�b�i�2�K �b�T�2�+�i�`�m�K �Q�7 �*�m�U�/�#�K�V2 �Q�M �6�G�: �b�?�Q�r�2�/ �#�v �7�Q�H�H�Q�r�B�M�;
�6�B�;�m�`�2�b �U�j�X�k�k�V ���M�/ �U�j�X�k�j�V�X

�S���`���K�2�i�2�`�b �a�T�B�M�� x �(�J�>�x�) �� y �(�J�>�x�) �� z �(�J�>�x�) �;x �;y �;z
�*�m�U�/�#�K�V2 �R�f�k �d�e�X�9 �3�9�X�d �8�8�y �k�X�y�9�d�k�X�y�8�R�k�X�k�8�8

�6�G�: �R�f�k �@ �@ �@ �k�X�y�y�8�k�X�y�y�8�k�X�y�y�8
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�j�X�8�X �*�l�U�.�"�J�V2

�6�B�;�m�`�2�b �U�j�X�k�k�V ���M�/ �U�j�X�k�j�V �B�H�H�m�b�i�`���i�2 �*�m�U�/�#�K�V2 �Q�M �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�X

�6�B�;�m�`�2 �j�X�k�k�, �>�6�1�S�_ �b�T�2�+�i�`�� �Q�7 �*�m�U�/�#�K�V2 �7�Q�`� = 180 GHz ���M�/� = 210 GHz ���i T = 3 K �X

�6�B�;�m�`�2 �j�X�k�j�, �.�2�i���B�H �Q�7 �>�6�1�S�_ �b�T�2�+�i�`�m�K �Q�7 �*�m�U�/�#�K�V2 �7�Q�`� = 320 GHz ���i T = 3 K �X
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�j�X �1�s�S�1�_�A�J�1�L�h

�j�X�8�X�8�X �a�+���M�M�B�M�; �1�H�2�+�i�`�Q�M �J�B�+�`�Q�b�+�Q�T�v

�6�B�;�m�`�2 �U�j�X�k�9�V �b�?�Q�r�b �a�1�J �B�K���;�2 �Q�7 �/�2�T�Q�b�B�i�2�/ �*�m�U�/�#�K�V2 �Q�M �i�?�2 �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�X
�h�?�B�b �+�Q�K�T�Q�m�M�/ �B�b �K�Q�/�2�`���i�2�H�v �b�Q�H�m�#�H�2 �B�M �+�?�H�Q�`�Q�7�Q�`�K�- �r�?�B�+�? �H�2���/ �i�Q �7�Q�`�K���i�B�Q�M �Q�7 �#�B�;�;�2�`
���;�;�`�2�;���i�2�b�X �P�M�2 �Q�7 �i�?�2�K �r���b �Q�#�b�2�`�p�2�/ �B�M �i�?�B�b �a�1�J �B�K���;�2�X �J�Q�H���` �+�Q�M�+�2�M�i�`���i�B�Q�M �Q�7 �b�Q�H�m�i�B�Q�M
�r���bc = 5 mM �X ���T�T�`�Q�t�B�K���i�2 �b�B�x�2 �Q�7 �7�Q�`�K�2�/ �+�`�v�b�i���H�b �r���b0:5 � 5 � �K�X �h�?�2 �;�`�2�v �b�i�`�m�+�i�m�`�2
�#�2�?�B�M�/ �+�Q�`�`�2�b�T�Q�M�/�b �i�Q �6�G�: ���M�/ �#�H���+�F �#���+�F�;�`�Q�m�M�/ �i�Q �i�?�2 �a�B�f�a�B�P2 �b�m�#�b�i�`���i�2�X

�6�B�;�m�`�2 �j�X�k�9�, �a�1�J �B�K���;�2 �Q�7 �*�m�U�/�#�K�V2 �Q�M �i�?�2 �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�X �o�Q�H�i���;�2 �m�b�2�/�,
30 kV�X �.�2�i�2�+�i�Q�`�, �b�2�+�Q�M�/���`�v �2�H�2�+�i�`�Q�M�b�X �A�K���;�2 �r���b ���+�[�m�B�`�2�/ ���i �*�1�A�h�1�* �@ �"�l�h�- �*�x�2�+�?
�_�2�T�m�#�H�B�+�X
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�j�X�e�X �L�A�U�a���G�1�L�V

�j�X�e�X �L�B�U�b���H�2�M�V

�j�X�e�X�R�X �a�v�M�i�?�2�b�B�b ���M�/ �a�i�`�m�+�i�m�`�2

�h�?�2 �b�2�+�Q�M�/ �B�M�p�2�b�i�B�;���i�2�/ �+�Q�K�T�Q�m�M�/ �r���b �L�B�U�b���H�2�M�V�X �h�?�2 �+�Q�K�T�Q�m�M�/ �r���b �b�v�M�i�?�2�b�B�b�2�/ ���i
�S���H���+�F�w �l�M�B�p�2�`�b�B�i�v �P�H�Q�K�Q�m�+�- �*�x�2�+�? �_�2�T�m�#�H�B�+�X �h�?�2 �b�v�M�i�?�2�i�B�+ �`�Q�m�i�2 �r���b ���+�+�Q�`�/�B�M�; �i�Q �(�9�3�)�X
�h�?�B�b �+�Q�K�T�H�2�t �r���b �B�M�p�2�b�i�B�;���i�2�/ �/�m�2 �i�Q �B�i�b �b�[�m���`�2 �T�H���M���` �;�2�Q�K�2�i�`�v�X �P�m�` �T�`�2�b�m�K�T�i�B�Q�M �r���b�-
�i�?���i �B�i �+�Q�m�H�/ �+�?���M�;�2 �B�i�b ���`�`���M�;�2�K�2�M�i �B�M �i�?�2 �p�B�+�B�M�B�i�v �Q�7 �i�?�2 �M�B�+�F�2�H �+�2�M�i�`�2 �/�m�2 �i�Q �i�?�2 �M�Q�M�@
�+�Q�p���H�2�M�i�f�b�2�K�B�@�+�Q�p���H�2�M�i �+�Q�M�i���+�i �r�B�i�? �;�`���T�?�2�M�2 �`�2�b�m�H�i�B�M�; �B�M �+�?���M�;�2 �Q�7 �B�i�b �K���;�M�2�i�B�+ �b�i���i�2
�7�`�Q�K �/�B���K���;�M�2�i�B�+ �i�Q �T���`���K���;�M�2�i�B�+�X

�6�B�;�m�`�2 �j�X�k�8�, �A�H�H�m�b�i�`���i�B�Q�M �Q�7 �L�B�U�b���H�2�M�V �+�Q�K�T�Q�m�M�/�X �U���V �k�. �b�F�2�i�+�? �Q�7 �+�?�2�K�B�+���H �b�i�`�m�+�i�m�`�2�- �U�#�V
�j�. �p�B�2�r �Q�M �i�?�2 �+�Q�K�T�Q�m�M�/ �r�B�i�? �K�2���b�m�`�2�/ �/�B�b�i���M�+�2d = 10:8 Å �#�2�i�r�2�2�M �i�r�Q �7�m�`�i�?�2�b�i �H�v�B�M�;
�+���`�#�Q�M ���i�Q�K�b�X

�j�X�e�X�k�X �A�b�Q�i�?�2�`�K�b

�6�B�;�m�`�2�b �U�j�X�k�e�V ���M�/ �U�j�X�k�d�V �b�?�Q�r �B�b�Q�i�?�2�`�K�b �7�Q�` �L�B�U�b���H�2�M�V �+�Q�K�T�Q�m�M�/ �Q�#�i���B�M�2�/ �/�m�`�B�M�; �i�?�2
�#�H���M�F �/�2�T�Q�b�B�i�B�Q�M ���M�/ ���+�i�m���H �/�2�T�Q�b�B�i�B�Q�M �Q�M�i�Q �b�m�#�b�i�`���i�2�b�- �`�2�b�T�2�+�i�B�p�2�H�v�X �h�?�2 �;�`���T�? �r���b
�Q�#�i���B�M�2�/ �#�v �T�H�Q�i�i�B�M�; �i�?�2 �b�m�`�7���+�2 �T�`�2�b�b�m�`�2� �- �K�2���b�m�`�2�/ �#�v �q�B�H�?�2�H�K�v �T�H���i�2�- ���;���B�M�b�i �i�?�2
���`�2�� �T�2�` �K�Q�H�2�+�m�H�2a�- �r�?�B�+�? �r���b �/�2�`�B�p�2�/ �7�`�Q�K �2�[�m���i�B�Q�M �K�2�M�i�B�Q�M�2�/ �B�M �h�?�2�Q�`�2�i�B�+���H �b�2�+�i�B�Q�M
�k�X�9�y�- �;�B�p�B�M�; �i�?�2 �}�M���H �2�t�T�`�2�b�b�B�Q�M ���b �7�Q�H�H�Q�r�b

a =
AN A

cV
�U�j�X�k�V

�r�?�2�`�2A �B�b �i�?�2 ���+�i�m���H �i�?�`�Q�m�;�? �i�Q�T ���`�2���-NA �B�b ���p�Q�;���/�`�Q �+�Q�M�b�i���M�i�-c �B�b �i�?�2 �K�Q�H���` �+�Q�M�+�2�M�@
�i�`���i�B�Q�M �Q�7 �i�?�2 �b�Q�H�m�i�B�Q�M�- ���M�/V �B�b �i�?�2 �p�Q�H�m�K�2 �B�M�D�2�+�i�2�/ �Q�M�i�Q �� �r���i�2�` �b�m�#�@�T�?���b�2�X �h�?�2 �K�Q�H���`
�+�Q�M�+�2�M�i�`���i�B�Q�M �7�Q�` �#�Q�i�? �ö�6�B�M�/�B�M�;�ö ���M�/ �ö�.�2�T�Q�b�B�i�B�Q�M�ö �Q�7 �L�B�U�b���H�2�M�V �r���b �8 �K�J �U�J �4 �K�Q�H�f�G�V�X
�h�?�2 �p�Q�H�m�K�2VFINDING = �k�8�y� �G ���M�/VDEPOSITION = �k�8�y� �G�X �h�?�2 �B�b�Q�i�?�2�`�K �B�b �� �p�2�`�v �}�`�b�i
�+�?���`���+�i�2�`�B�b�i�B�+ �Q�7 �i�?�2 �+�Q�K�T�Q�m�M�/ �`�2�;���`�/�B�M�; �i�?�2 �/�2�T�Q�b�B�i�B�Q�M �b�i�2�T�X �.�m�`�B�M�; �i�?�2 �ö�6�B�M�/�B�M�;�ö �/�2�T�Q�@
�b�B�i�B�Q�M�- �i�?�2 �B�b�Q�i�?�2�`�K �r���b �2�b�i�B�K���i�2�/ �i�Q �#�2 ���i� = 15 mN =m �U�B�X�2�X �r�?�2�`�2 �i�?�2 �+�m�`�p�2 �b�i���`�i�b �i�Q
�b���i�m�`���i�2�V�X �h�?�B�b �T�`�2�b�b�m�`�2 �r���b �i�?�2�M ���T�T�H�B�2�/ �/�m�`�B�M�; �i�?�2 �/�2�T�Q�b�B�i�B�Q�M �Q�M�i�Q �b�m�#�b�i�`���i�2�b�X

�8�8



�j�X �1�s�S�1�_�A�J�1�L�h

�6�B�;�m�`�2 �j�X�k�e�, �:�`���T�? �Q�7 �ö�6�B�M�/�B�M�;�ö ���M �B�b�Q�i�?�2�`�K �7�Q�` �L�B�U�b���H�2�M�V �+�Q�K�T�Q�m�M�/�X �h�?�B�b �r���b �/�Q�M�2 �r�B�i�?
�K�2���b�m�`�B�M�; �i�?�2 �b�m�`�7���+�2 �T�`�2�b�b�m�`�2� �p�2�`�b�m�b ���`�2�� �T�2�` �K�Q�H�2�+�m�H�2a �7�Q�` �� �#�H���M�F �/�2�T�Q�b�B�i�B�Q�M �U�B�X�2�X
�r�B�i�?�Q�m�i �b�m�#�b�i�`���i�2�b�V�X

�6�B�;�m�`�2 �j�X�k�d�, �:�`���T�? �Q�7 �ö�.�2�T�Q�b�B�i�B�Q�M�ö �B�b�Q�i�?�2�`�K �7�Q�` �L�B�U�b���H�2�M�V �+�Q�K�T�Q�m�M�/�X �h�?�2 �b�m�`�7���+�2 �T�`�2�b�b�m�`�2
� = 15 mN =m �r���b ���T�T�H�B�2�/ �7�Q�` �i�?�2 �/�2�T�Q�b�B�i�B�Q�M�X
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�j�X�e�X �L�A�U�a���G�1�L�V

�j�X�e�X�j�X �_���K���M �a�T�2�+�i�`�Q�b�+�Q�T�v

�6�B�;�m�`�2 �U�j�X�k�3�V �b�?�Q�r�b �_���K���M �b�T�2�+�i�`�m�K �7�Q�` �T�Q�r�/�2�` �L�B�U�b���H�2�M�V�X �S�2���F�b �7�Q�m�M�/ ���`�2 �B�M ���+�+�Q�`�/���M�+�2
�r�B�i�? �Q�i�?�2�` �Q�#�b�2�`�p���i�B�Q�M�b �(�9�N�)�X

�6�B�;�m�`�2 �j�X�k�3�, �_���K���M �b�T�2�+�i�`�m�K �7�Q�` �T�Q�r�/�2�` �L�B�U�b���H�2�M�V�X �1�t�+�B�i���i�B�Q�M �r���p�2�H�2�M�;�i�? �r���b532 nm�X
�a�T�2�+�i�`�m�K �r���b ���+�[�m�B�`�2�/ ���i �a���a �B�M �"�`���i�B�b�H���p���- �a�H�Q�p���F �_�2�T�m�#�H�B�+�X

�6�B�;�m�`�2 �U�j�X�k�N�V �b�?�Q�r�b �b�T�2�+�i�`�m�K �7�Q�` �/�2�T�Q�b�B�i�2�/ �i�?�B�M �}�H�K�X �h�?�2�`�2 �r�2�`�2 �Q�M�H�v �i�r�Q �+�Q�M�i�`�B�#�m�@
�i�B�Q�M�b �Q�#�b�2�`�p�2�/�, �a�B�f�a�B�P2 �b�m�#�b�i�`���i�2 �U�k�X�R�3�V ���M�/ �6�G�: �U�j�X�R�R�V �r�B�i�? �M�Q �b�B�;�M �Q�7 �T�Q�r�/�2�` �U�j�X�k�3�V
�b�T�2�+�i�`�m�K�X �h�?�B�b �+���M �#�2 ���i�i�`�B�#�m�i�2�/ �i�Q �i�?�B�+�F�M�2�b�b �Q�7 �/�2�T�Q�b�B�i�2�/ �M�2�2�/�H�2�@�H�B�F�2 �b�i�`�m�+�i�m�`�2�b�X �h�?�B�b
�+�Q�K�T�Q�m�M�/ �?���/ ���H�b�Q �i�?�2 �r�Q�`�b�i �+�Q�p�2�`���;�2 ���M�/ �?�Q�K�Q�;�2�M�2�B�i�v�X

�6�B�;�m�`�2 �j�X�k�N�, �_���K���M �b�T�2�+�i�`�m�K �7�Q�` �/�2�T�Q�b�B�i�2�/ �L�B�U�b���H�2�M�V �Q�M �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�X
�1�t�+�B�i���i�B�Q�M �r���p�2�H�2�M�;�i�? �r���b532 nm�X �a�T�2�+�i�`�m�K �r���b ���+�[�m�B�`�2�/ ���i �J�l�L�A �B�M �"�`�M�Q�- �*�x�2�+�?
�_�2�T�m�#�H�B�+�X

�8�d



�j�X �1�s�S�1�_�A�J�1�L�h

�j�X�e�X�9�X �>�B�;�? �6�`�2�[�m�2�M�+�v �1�S�_

�6�B�;�m�`�2�b �U�j�X�j�y�V ���M�/ �U�j�X�j�R�V �b�?�Q�r �>�6�1�S�_ �K�2���b�m�`�2�K�2�M�i�b �Q�7 �L�B�U�b���H�2�M�V �+�Q�K�T�Q�m�M�/ �r�?�B�+�? �;�B�p�2�b
�p�2�`�v �r�2���F �b�B�;�M���H�b ���i ���`�Q�m�M�/g � 2:023 ���M�/g � 1:988�X �h�?�2 �L�B�U�b���H�2�M�V �?���b �j�/8 �b�[�m���`�2
�T�H���M���` �H�Q�r�@�b�T�B�M �+�Q�M�}�;�m�`���i�B�Q�M �r�B�i�? �M�Q �m�M�T���B�`�2�/ �2�H�2�+�i�`�Q�M�b�X �h�?�2�`�2�7�Q�`�2�- �b�m�+�? �+�Q�K�T�Q�m�M�/ �B�b
�b�Q�@�+���H�H�2�/ �1�S�_ �b�B�H�2�M�i ���M�/ �Q�M�H�v �b�T�2�+�i�`��g � ge�- �`�2�b�m�H�i�B�M�; �7�`�Q�K �B�K�T�m�`�B�i�B�2�b�- �b�m�#�b�i�`���i�2�- ���M�/
�6�G�:�- �r�2�`�2 �Q�#�b�2�`�p�2�/�X

�6�B�;�m�`�2 �j�X�j�y�, �>�6�1�S�_ �b�T�2�+�i�`�� �Q�7 �i�2�K�T�2�`���i�m�`�2 �/�2�T�2�M�/���M�i �L�B�U�b���H�2�M�V �T�Q�r�/�2�` �7�Q�` �7�Q�m�` �7�`�2�[�m�2�M�@
�+�B�2�b�X

�6�B�;�m�`�2 �j�X�j�R�, �*�Q�K�T���`�B�b�Q�M �Q�7 �L�B�U�b���H�2�M�V �Q�M �6�G�:�- �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�- ���M�/ �T�Q�r�/�2�`
�L�B�U�b���H�2�M�V�X

�8�3



�j�X�e�X �L�A�U�a���G�1�L�V

�j�X�e�X�8�X �a�+���M�M�B�M�; �1�H�2�+�i�`�Q�M �J�B�+�`�Q�b�+�Q�T�v

�6�B�;�m�`�2 �U�j�X�j�k�V �b�?�Q�r�b �a�1�J �B�K���;�2 �Q�7 �/�2�T�Q�b�B�i�2�/ �L�B�U�b���H�2�M�V �Q�M �i�?�2 �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�X
�h�?�B�b �+�Q�K�T�Q�m�M�/ �B�b �?�B�;�?�H�v �b�Q�H�m�#�H�2 �B�M �/�B�+�?�H�Q�`�Q�K�2�i�?���M�2�X �J�Q�H���` �+�Q�M�+�2�M�i�`���i�B�Q�M �Q�7 �b�Q�H�m�i�B�Q�M �r���b
c = 5 mM �X ���T�T�`�Q�t�B�K���i�2 �b�B�x�2 �Q�7 �+�`�v�b�i���H�b �7�Q�`�K�2�/ �r���b �U0:5 � 10�V� �K�X �h�?�2 ���T�T���`�2�M�i �M�2�2�/�H�2�@
�H�B�F�2 �b�i�`�m�+�i�m�`�2 �B�b �+���m�b�2�/ �#�v �i�?�2 �T�`�2�7�2�`�2�M�i�B���H �;�`�Q�r�i�? �`���i�2 ���H�Q�M�; �I�y�R�y�= �/�B�`�2�+�i�B�Q�M �(�8�y�)�X �h�?�2
�;�`�2�v �b�i�`�m�+�i�m�`�2 �#�2�?�B�M�/ �+�Q�`�`�2�b�T�Q�M�/�b �i�Q �6�G�: ���M�/ �#�H���+�F �#���+�F�;�`�Q�m�M�/ �i�Q �i�?�2 �a�B�f�a�B�P2 �b�m�#�b�i�`���i�2�X

�6�B�;�m�`�2 �j�X�j�k�, �a�1�J �B�K���;�2 �Q�7 �L�B�U�b���H�2�M�V �Q�M �i�?�2 �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�X �o�Q�H�i���;�2 �m�b�2�/�,
30 kV�X �.�2�i�2�+�i�Q�`�, �b�2�+�Q�M�/���`�v �2�H�2�+�i�`�Q�M�b�X �A�K���;�2 �r���b ���+�[�m�B�`�2�/ ���i �*�1�A�h�1�* �@ �"�l�h�- �*�x�2�+�?
�_�2�T�m�#�H�B�+�X

�8�N



�j�X �1�s�S�1�_�A�J�1�L�h

�j�X�d�X �.�J�R�8�L

�j�X�d�X�R�X �a�v�M�i�?�2�b�B�b ���M�/ �a�i�`�m�+�i�m�`�2

�h�?�2 �i�?�B�`�/ �B�M�p�2�b�i�B�;���i�2�/ �+�Q�K�T�Q�m�M�/ �r���b �.�J�R�8�L�X �h�?�2 �+�Q�K�T�Q�m�M�/ �r���b �b�v�M�i�?�2�b�B�b�2�/ ���i �i�?�2
�S���H���+�F�w �l�M�B�p�2�`�b�B�i�v �P�H�Q�K�Q�m�+�- �*�x�2�+�? �_�2�T�m�#�H�B�+�X �6�Q�` �i�?�2 �b�v�M�i�?�2�b�B�b�-164 mg �Q�7 �*�Q�"�`2 �r���b
�/�B�b�b�Q�H�p�2�/ �B�M�˜20 mL �Q�7 �K�2�i�?���M�Q�H �m�M�/�2�` �i�?�2 �B�M�2�`�i �L2 ���i�K�Q�b�T�?�2�`�2�X ���7�i�2�`�r���`�/�b�-277 mg�Q�7
�.�S�S�6���U�R�-�R���@�6�2�`�`�Q�+�2�M�2�/�B�v�H�@�#�B�b�U�/�B�T�?�2�M�v�H�T�?�Q�b�T�?�B�M�2�V�V �r���b �/�B�b�b�Q�H�p�2�/ �B�M�˜30 mL �Q�7 �/�B�+�?�H�Q�`�Q�K�2�@
�@�i�?���M�2�- ���M�/ ���/�/�2�/ �i�Q �i�?�2 �}�`�b�i �b�Q�H�m�i�B�Q�M�X �h�?�2 �+�Q�H�Q�m�` �Q�7 �7�Q�`�K�2�`�H�v �#�H�m�2 �b�Q�H�m�i�B�Q�M �i�m�`�M�2�/ �m�T�Q�M
���/�/�B�i�B�Q�M �Q�7 �.�S�S�6 �i�Q �;�`�2�2�M �+�Q�H�Q�m�`�X �h�?�2 �}�M���H �+�`�v�b�i���H�H�B�M�2 �T�`�Q�/�m�+�i �r���b �T�`�2�T���`�2�/ �#�v �b�H�Q�r�@
�/�B�z�m�b�B�Q�M �Q�7 �/�B�2�i�?�v�H �2�i�?�2�` �B�M �i�?�2 �T�`�2�T���`�2�/ �b�Q�H�m�i�B�Q�M�X �6�B�M���H �+�`�v�b�i���H�b �r�2�`�2 �}�H�i�2�`�2�/ ���M�/ �/�`�B�2�/�X
�6�B�;�m�`�2 �U�j�X�j�j�V �B�H�H�m�b�i�`���i�2�b �i�?�2 �K�Q�H�2�+�m�H���` �b�i�`�m�+�i�m�`�2 �Q�7 �i�?�B�b �+�Q�#���H�i �7�2�`�`�Q�+�2�M�2 �r�B�i�? �i�r�Q �#�`�Q�K�B�/�2�b�X

�6�B�;�m�`�2 �j�X�j�j�, �A�H�H�m�b�i�`���i�B�Q�M �Q�7 �.�J�R�8�L �+�Q�K�T�Q�m�M�/�X �U���V �k�. �b�F�2�i�+�? �Q�7 �+�?�2�K�B�+���H �b�i�`�m�+�i�m�`�2�- �U�#�V
�j�. �p�B�2�r �Q�M �i�?�2 �+�Q�K�T�Q�m�M�/ �r�B�i�? �K�2���b�m�`�2�/ �/�B�b�i���M�+�2d = 11:5 Å �#�2�i�r�2�2�M �i�r�Q �7�m�`�i�?�2�b�i �H�v�B�M�;
�+���`�#�Q�M ���i�Q�K�b�X �>�v�/�`�Q�;�2�M ���i�Q�K�b ���`�2 �Q�K�B�i�i�2�/ �7�Q�` �i�?�2 �b���F�2 �Q�7 �+�H���`�B�i�v�X �q�B�i�? �T�2�`�K�B�b�b�B�Q�M �Q�7
�.�`�X �A�p���M �L�2�K�2�+�X

�j�X�d�X�k�X �A�b�Q�i�?�2�`�K�b

�6�B�;�m�`�2�b �U�j�X�j�9�V ���M�/ �U�j�X�j�8�V �b�?�Q�r �B�b�Q�i�?�2�`�K�b �7�Q�` �.�J�R�8�L �+�Q�K�T�Q�m�M�/ �Q�#�i���B�M�2�/ �/�m�`�B�M�; �i�?�2 �#�H���M�F
�/�2�T�Q�b�B�i�B�Q�M ���M�/ ���+�i�m���H �/�2�T�Q�b�B�i�B�Q�M �Q�M�i�Q �b�m�#�b�i�`���i�2�b�- �`�2�b�T�2�+�i�B�p�2�H�v�X �h�?�2 �;�`���T�? �r���b �Q�#�i���B�M�2�/
�#�v �T�H�Q�i�i�B�M�; �i�?�2 �b�m�`�7���+�2 �T�`�2�b�b�m�`�2� �- �K�2���b�m�`�2�/ �#�v �q�B�H�?�2�H�K�v �T�H���i�2�- ���;���B�M�b�i �i�?�2 ���`�2�� �T�2�`
�K�Q�H�2�+�m�H�2a�- �r�?�B�+�? �r���b �/�2�`�B�p�2�/ �7�`�Q�K �2�[�m���i�B�Q�M �K�2�M�i�B�Q�M�2�/ �B�M �h�?�2�Q�`�2�i�B�+���H �b�2�+�i�B�Q�M�k�X�9�y�- �;�B�p�B�M�;
�i�?�2 �}�M���H �2�t�T�`�2�b�b�B�Q�M ���b �7�Q�H�H�Q�r�b

a =
AN A

cV
�U�j�X�j�V

�r�?�2�`�2A �B�b �i�?�2 ���+�i�m���H �i�?�`�Q�m�;�? �i�Q�T ���`�2���-NA �B�b ���p�Q�;���/�`�Q �+�Q�M�b�i���M�i�-c �B�b �i�?�2 �K�Q�H���` �+�Q�M�+�2�M�@
�i�`���i�B�Q�M �Q�7 �i�?�2 �b�Q�H�m�i�B�Q�M�- ���M�/V �B�b �i�?�2 �p�Q�H�m�K�2 �B�M�D�2�+�i�2�/ �Q�M�i�Q �� �r���i�2�` �b�m�#�@�T�?���b�2�X �h�?�2 �K�Q�H���`
�+�Q�M�+�2�M�i�`���i�B�Q�M �7�Q�` �#�Q�i�? �ö�6�B�M�/�B�M�;�ö ���M�/ �ö�.�2�T�Q�b�B�i�B�Q�M�ö �Q�7 �.�J�R�8�L �r���b �8 �K�J �U�J �4 �K�Q�H�f�G�V�X
�h�?�2 �p�Q�H�m�K�2VFINDING = �k�y�y� �G ���M�/VDEPOSITION = �k�y�y� �G�X �h�?�2 �B�b�Q�i�?�2�`�K �B�b �� �p�2�`�v �}�`�b�i
�+�?���`���+�i�2�`�B�b�i�B�+ �Q�7 �i�?�2 �+�Q�K�T�Q�m�M�/ �`�2�;���`�/�B�M�; �i�?�2 �/�2�T�Q�b�B�i�B�Q�M �b�i�2�T�X �.�m�`�B�M�; �i�?�2 �ö�6�B�M�/�B�M�;�ö �/�2�T�Q�@
�b�B�i�B�Q�M�- �i�?�2 �B�b�Q�i�?�2�`�K �r���b �2�b�i�B�K���i�2�/ �i�Q �#�2 ���i� = 28 mN =m �U�B�X�2�X �r�?�2�`�2 �i�?�2 �+�m�`�p�2 �b�i���`�i�b �i�Q
�b���i�m�`���i�2�V�X �h�?�B�b �T�`�2�b�b�m�`�2 �r���b �i�?�2�M ���T�T�H�B�2�/ �/�m�`�B�M�; �i�?�2 �/�2�T�Q�b�B�i�B�Q�M �Q�M�i�Q �b�m�#�b�i�`���i�2�b�X
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�j�X�d�X �.�J�R�8�L

�6�B�;�m�`�2 �j�X�j�9�, �:�`���T�? �Q�7 �ö�6�B�M�/�B�M�;�ö ���M �B�b�Q�i�?�2�`�K �7�Q�` �.�J�R�8�L �+�Q�K�T�Q�m�M�/�X �h�?�B�b �r���b �/�Q�M�2 �r�B�i�?
�K�2���b�m�`�B�M�; �i�?�2 �b�m�`�7���+�2 �T�`�2�b�b�m�`�2� �p�2�`�b�m�b ���`�2�� �T�2�` �K�Q�H�2�+�m�H�2a �7�Q�` �� �#�H���M�F �/�2�T�Q�b�B�i�B�Q�M�U�B�X�2�X
�r�B�i�?�Q�m�i �b�m�#�b�i�`���i�2�b�V�X

�6�B�;�m�`�2 �j�X�j�8�, �:�`���T�? �Q�7 �ö�.�2�T�Q�b�B�i�B�Q�M�ö �B�b�Q�i�?�2�`�K �7�Q�` �.�J�R�8�L �+�Q�K�T�Q�m�M�/�X �h�?�2 �b�m�`�7���+�2 �T�`�2�b�b�m�`�2
� = 28 mN =m �r���b ���T�T�H�B�2�/ �7�Q�` �i�?�2 �/�2�T�Q�b�B�i�B�Q�M�X

�e�R



�j�X �1�s�S�1�_�A�J�1�L�h

�j�X�d�X�j�X �_���K���M �a�T�2�+�i�`�Q�b�+�Q�T�v

�6�B�;�m�`�2 �U�j�X�j�e�V �b�?�Q�r�b �_���K���M �b�T�2�+�i�`�m�K �7�Q�` �T�Q�r�/�2�` �.�J�R�8�L�X

�6�B�;�m�`�2 �j�X�j�e�, �_���K���M �b�T�2�+�i�`�m�K �7�Q�` �T�Q�r�/�2�` �.�J�R�8�L�X �1�t�+�B�i���i�B�Q�M �r���p�2�H�2�M�;�i�? �r���b532 nm�X
�a�T�2�+�i�`�m�K �r���b ���+�[�m�B�`�2�/ ���i �a���a �B�M �"�`���i�B�b�H���p���- �a�H�Q�p���F �_�2�T�m�#�H�B�+�X

�6�B�;�m�`�2 �U�j�X�j�d�V �b�?�Q�r�b �b�T�2�+�i�`�m�K �7�Q�` �/�2�T�Q�b�B�i�2�/ �i�?�B�M �}�H�K�X �h�?�2�`�2 �r�2�`�2 �i�?�`�2�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b
�Q�#�b�2�`�p�2�/�, �a�B�f�a�B�P2 �b�m�#�b�i�`���i�2 �U�k�X�R�3�V ���M�/ �6�G�: �U�j�X�R�R�V�- ���M�/ �.�J�R�8�L �U�j�X�j�e�V �T�Q�r�/�2�` �b�T�2�+�i�`�m�K�X
�h�?�2 �B�M�i�2�M�b�B�i�v �Q�7 �.�J�R�8�L �b�B�;�M���H �r���b�- �?�Q�r�2�p�2�`�- �M�Q�i �p�2�`�v �b�i�`�Q�M�; �B�M �+�Q�K�T���`�B�b�Q�M �i�Q �a�B�f�a�B�P2

�b�m�#�b�i�`���i�2 ���M�/ �6�G�: �H���v�2�`�- ���H�#�2�B�i �K�B�+�`�Q�_���K���M �r���b �m�b�2�/�X �h�?�B�b �+���M �#�2 ���i�i�`�B�#�m�i�2�/ �i�Q �}�H�K
�i�?�B�+�F�M�2�b�b�X �*�Q�M�b�2�[�m�2�M�i�H�v�- �Q�M�H�v �Q�M�2 �b�T�2�+�B�}�+ �T�2���F �7�Q�` �.�J�R�8�L �r���b �Q�#�b�2�`�p�2�/�X

�6�B�;�m�`�2 �j�X�j�d�, �_���K���M �b�T�2�+�i�`�m�K �Q�7 �.�J�R�8�L �/�2�T�Q�b�B�i�2�/ �Q�M �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�X �1�t�+�B�@
�i���i�B�Q�M �r���p�2�H�2�M�;�i�? �r���b532 nm�X �a�T�2�+�i�`�m�K �r���b ���+�[�m�B�`�2�/ ���i �J�l�L�A �B�M �"�`�M�Q�- �*�x�2�+�? �_�2�T�m�#�H�B�+�X

�e�k



�j�X�d�X �.�J�R�8�L

�j�X�d�X�9�X �>�B�;�? �6�`�2�[�m�2�M�+�v �1�S�_

�h�?�2 �+�Q�#���H�i �7�2�`�`�Q�+�2�M�2 �.�J�R�8�L �+�Q�M�i���B�M�b �i�r�Q �i�`���M�b�B�i�B�Q�M �K�2�i���H�b�X �*�Q�#���H�i �?���b �j�/7 �Q�+�i���?�2�/�`���H
�?�B�;�?�@�b�T�B�M �+�Q�M�}�;�m�`���i�B�Q�M �r�B�i�? �j �m�M�T���B�`�2�/ �2�H�2�+�i�`�Q�M�b�X �A�`�Q�M �?���b �Q�+�i���?�2�/�`���H �H�Q�r�@�b�T�B�M �j�/6 �2�H�2�+�@
�i�`�Q�M �+�Q�M�}�;�m�`���i�B�Q�M �r�B�i�? �M�Q �m�M�T���B�`�2�/ �2�H�2�+�i�`�Q�M ���M�/ �B�b �1�S�_ �b�B�H�2�M�i�- ���M�/ �i�?�m�b �i�?�2 �}�M���H �b�T�B�M
�M�m�K�#�2�` �B�b �j�f�k�X

�6�B�;�m�`�2 �U�j�X�j�3�V �b�?�Q�r�b �K�2���b�m�`�2�/ �>�6�1�S�_ �b�T�2�+�i�`�� �Q�7 �.�J�R�8�L�X �h���#�H�2 �U�j�X�d�V �B�H�H�m�b�i�`���i�2�b �i�?���i
�x�2�`�Q�@�}�2�H�/ �b�T�H�B�i�i�B�M�; �T���`���K�2�i�2�`�bD ���M�/E �- ���b �r�2�H�H ���b �;�@�p���H�m�2 �+�Q�K�T�Q�M�2�M�i�b�- ���`�2 �B�M �7���B�` ���;�`�2�2�@
�K�2�M�i �r�B�i�? �i�?�2�Q�`�2�i�B�+���H �b�B�K�m�H���i�B�Q�M�X ���i �i�?�B�b �T�Q�B�M�i�- �B�i �B�b �B�K�T�Q�`�i���M�i �i�Q �M�Q�i�2�- �i�?���i �Q�M�2 �Q�7 �i�?�2
�`�2�+�2�M�i �B�M�i�2�`�2�b�i �B�b �i�Q �M���`�`�Q�r �i�?�2 �;���T �#�2�i�r�2�2�M �i�?�2�Q�`�v ���M�/ �2�t�T�2�`�B�K�2�M�i�X �J�Q�`�2�Q�p�2�`�- �7�2�2�/�#���+�F
�i�Q �+�?�2�K�B�b�i�b �B�M �Q�`�/�2�` �i�Q �}�M�2 �i�m�M�2 �T�`�Q�T�2�`�i�B�2�b �Q�7 �T�`�2�T���`�2�/ �b�B�M�;�H�2�@�K�Q�H�2�+�m�H�2 �K���;�M�2�i�b �B�b ���M�Q�i�?�2�`
�T�`�B�Q�`�B�i�v�X

�6�B�;�m�`�2 �j�X�j�3�, �>�6�1�S�_ �b�T�2�+�i�`�� �7�Q�` �7�Q�m�` �7�`�2�[�m�2�M�+�B�2�b ���iT = 5 K �X �6�m�H�H �H�B�M�2�b �`�2�T�`�2�b�2�M�i �K�2���@
�b�m�`�2�K�2�M�i ���M�/ �/���b�?�2�/ �H�B�M�2�b �`�2�T�`�2�b�2�M�i �}�i�X

�h���#�H�2 �j�X�d�, �*�Q�K�T���`�B�b�Q�M �Q�7 �*���a�a�*�6�f�L�1�o�S�h�k���# �B�M�B�i�B�Q�b�B�K�m�H���i�B�Q�M ���M�/ �>�6�1�S�_ �K�2���b�m�`�2�@
�K�2�M�i�X

�S���`���K�2�i�2�`�b �a�T�B�MD �(�+�K� 1�) E �(�+�K� 1�) �;x �;y �;z
�*���a�a�*�6�f�L�1�o�S�h�k �j�f�k �@�N�X�d�3 �@�R�X�y�9�k�X�k�y�k�X�k�k�k�X�j�R

�>�6�1�S�_ �j�f�k �@�R�R�X�k�y�@�R�X�y�R�k�X�k�k�k�X�k�k�k�X�j�R
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�j�X �1�s�S�1�_�A�J�1�L�h

�6�B�;�m�`�2 �U�j�X�j�N�V �b�?�Q�r�b �� �i�2�K�T�2�`���i�m�`�2 �/�2�T�2�M�/�2�M�+�2 �Q�7 �.�J�R�8�L �+�Q�K�T�Q�m�M�/ �`�2�p�2���H�B�M�; ���M
�2�p�B�/�2�M�i �b�?�B�7�i �B�M �T�2���F �B�M�i�2�M�b�B�i�B�2�b ���b �i�?�2 �i�2�K�T�2�`���i�m�`�2 �r���b �`�B�b�2�M�X

�6�B�;�m�`�2 �j�X�j�N�, �h�2�K�T�2�`���i�m�`�2 �/�2�T�2�M�/�2�M�+�2 �Q�7 �.�J�R�8�L �K�2���b�m�`�2�/ �#�v �>�6�1�S�_ �b�T�2�+�i�`�Q�b�+�Q�T�v�X

�6�B�;�m�`�2 �U�j�X�9�y�V �b�?�Q�r�b �b�T�2�+�i�`�m�K �7�Q�` �.�J�R�8�L �+�Q�K�T�Q�m�M�/ �Q�M �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2
�B�M �i�?�2 �7�Q�`�K �Q�7 �� �i�?�B�M �}�H�K�X �h�?�2 �#�H���+�F �H�B�M�2 �`�2�T�`�2�b�2�M�i�b �K�2���b�m�`�2�K�2�M�i ���M�/ �`�2�/ �+���H�+�m�H���i�B�Q�M �7�Q�`
�.�J�R�8�L �@ �#�m�H�F�- �T�2���F�b �7�`�Q�K3 � 6 T�- ���M�/ ���M �2�H�2�+�i�`�Q�M �T�2���F ���`�Q�m�M�/11:4 T �Q�`�B�;�B�M���i�B�M�; �7�`�Q�K
�6�G�:�X �h�?�2g = 2:005 �r���b �m�b�2�/ �7�Q�` �i�?�2 �}�i�X

�6�B�;�m�`�2 �j�X�9�y�, �.�J�R�8�L �Q�M �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2 ���i� = 320 GHz ���M�/T = 3 K �X

�e�9



�j�X�d�X �.�J�R�8�L

�6�B�;�m�`�2 �U�j�X�9�R�V �b�?�Q�r�b �/�2�i���B�H �Q�7 �b�T�2�+�i�`�m�K �Q�7 �.�J�R�8�L �+�Q�K�T�Q�m�M�/ �Q�M �6�G�: �B�M �i�?�2 �7�Q�`�K �Q�7
�� �i�?�B�M �}�H�K�X �h�?�2 �#�H���+�F �H�B�M�2 �`�2�T�`�2�b�2�M�i�b �K�2���b�m�`�2�K�2�M�i ���M�/ �`�2�/ �+���H�+�m�H���i�B�Q�M �7�Q�` �.�J�R�8�L �@ �#�m�H�F�X

�6�B�;�m�`�2 �j�X�9�R�, �.�2�i���B�H �Q�7 �.�J�R�8�L �Q�M �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�X

�6�B�;�m�`�2 �U�j�X�9�k�V �B�H�H�m�b�i�`���i�2�b �.�J�R�8�L �Q�M �6�G�: �7�`�Q�K �6�B�;�m�`�2 �U�j�X�9�R�V �r�B�i�? �K���;�M�2�i�B�+ �}�2�H�/ �b�r�2�T�i
�7�`�Q�K� 5 T �i�Q5 T ���M�/ �}�i�i�2�/ �r�B�i�? �.�`�m�/�2 �+�Q�M�/�m�+�i�B�p�B�i�v �`�2�p�2���H�B�M�; �i�?�2 �+�?���`�;�2 �+���`�`�B�2�` �K�Q�#�B�H�B�i�v
� = 3500 cm2 �o� 1�b� 1�- �r�?�B�+�? �B�b �b�H�B�;�?�i�H�v �?�B�;�?�2�` �i�?���M �7�Q�` �#�m�H�F �;�`���T�?�B�i�2� = 3000 cm2 �o� 1�b� 1

�(�8�R�)�X

�6�B�;�m�`�2 �j�X�9�k�, �J�2���b�m�`�2�/ �.�J�R�8�L �+�Q�K�T�Q�m�M�/ ���M�/ �}�i�i�2�/ ���+�+�Q�`�/�B�M�; �i�Q �+�H���b�b�B�+���H �.�`�m�/�2 �+�Q�M�/�m�+�@
�i�B�p�B�i�v �K�Q�/�2�H�X �q�B�i�? �?�2�H�T �Q�7 �.�B�T�H�X�@�*�?�2�K�X �.�Q�K�B�M�B�F �"�H�Q�Q�b�X

�e�8



�j�X �1�s�S�1�_�A�J�1�L�h

�j�X�d�X�8�X �a�+���M�M�B�M�; �1�H�2�+�i�`�Q�M �J�B�+�`�Q�b�+�Q�T�v

�6�B�;�m�`�2 �U�j�X�9�j�V �b�?�Q�r�b �a�1�J �B�K���;�2 �Q�7 �/�2�T�Q�b�B�i�2�/ �.�J�R�8�L �Q�M �i�?�2 �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�X
�h�?�B�b �+�Q�K�T�Q�m�M�/ �B�b �?�B�;�?�H�v �b�Q�H�m�#�H�2 �B�M �/�B�+�?�H�Q�`�Q�K�2�i�?���M�2�X �J�Q�H���` �+�Q�M�+�2�M�i�`���i�B�Q�M �Q�7 �b�Q�H�m�i�B�Q�M �r���b
c = 5 mM �X ���T�T�`�Q�t�B�K���i�2 �b�B�x�2 �Q�7 �+�`�v�b�i���H�b �7�Q�`�K�2�/ �r���b0:2� 1 � �K�X �h�?�2 ���T�T���`�2�M�i �T�m�x�x�H�2�@�H�B�F�2
�b�i�`�m�+�i�m�`�2 �B�b �+�?���`���+�i�2�`�B�b�i�B�+ �7�Q�` �i�?�B�b �+�Q�K�T�Q�m�M�/�X �h�?�2 �;�`�2�v �b�i�`�m�+�i�m�`�2 �#�2�?�B�M�/ �+�Q�`�`�2�b�T�Q�M�/�b �i�Q
�6�G�: ���M�/ �#�H���+�F �#���+�F�;�`�Q�m�M�/ �i�Q �i�?�2 �a�B�f�a�B�P2 �b�m�#�b�i�`���i�2�X

�6�B�;�m�`�2 �j�X�9�j�, �a�1�J �B�K���;�2 �Q�7 �.�J�R�8�L �Q�M �i�?�2 �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�X �o�Q�H�i���;�2 �m�b�2�/�,
10 kV�X �.�2�i�2�+�i�Q�`�, �b�2�+�Q�M�/���`�v �2�H�2�+�i�`�Q�M�b�X �A�K���;�2 �r���b ���+�[�m�B�`�2�/ ���i �*�1�A�h�1�* �@ �"�l�h�- �*�x�2�+�?
�_�2�T�m�#�H�B�+�X

�e�e



�j�X�3�X �.�J�R�3�L

�j�X�3�X �.�J�R�3�L

�j�X�3�X�R�X �a�v�M�i�?�2�b�B�b ���M�/ �a�i�`�m�+�i�m�`�2

�h�?�2 �b�2�+�Q�M�/ �i�Q �H���b�i �B�M�p�2�b�i�B�;���i�2�/ �+�Q�K�T�Q�m�M�/ �r���b �.�J�R�3�L�X �h�?�2 �+�Q�K�T�Q�m�M�/ �r���b ���H�b�Q �b�v�M�i�?�2�@
�b�B�b�2�/ ���i �i�?�2 �S���H���+�F�w �l�M�B�p�2�`�b�B�i�v �P�H�Q�K�Q�m�+�- �*�x�2�+�? �_�2�T�m�#�H�B�+�X �6�Q�` �i�?�2 �b�v�M�i�?�2�b�B�b�-64:5 mg �Q�7
�*�Q�*�H2 �r���b �/�B�b�b�Q�H�p�2�/ �B�M�˜20 mL �Q�7 �K�2�i�?���M�Q�H �m�M�/�2�` �i�?�2 �B�M�2�`�i �L2 ���i�K�Q�b�T�?�2�`�2�X ���7�i�2�`�r���`�/�b�-
250 mg�Q�7 �.�S�S�6���U�R�-�R���@�6�2�`�`�Q�+�2�M�2�/�B�v�H�@�#�B�b�U�/�B�T�?�2�M�v�H�T�?�Q�b�T�?�B�M�2�V�V �r���b �/�B�b�b�Q�H�p�2�/ �B�M�˜30 mL �Q�7
�/�B�+�?�H�Q�`�Q�K�2�i�?���M�2�- ���M�/ ���/�/�2�/ �i�Q �i�?�2 �}�`�b�i �b�Q�H�m�i�B�Q�M�X �h�?�2 �+�Q�H�Q�m�` �Q�7 �7�Q�`�K�2�`�H�v �#�H�m�2 �b�Q�H�m�i�B�Q�M
�i�m�`�M�2�/ �m�T�Q�M ���/�/�B�i�B�Q�M �Q�7 �.�S�S�6 �i�Q �;�`�2�2�M �+�Q�H�Q�m�`�X �h�?�2 �}�M���H �+�`�v�b�i���H�H�B�M�2 �T�`�Q�/�m�+�i �r���b �T�`�2�T���`�2�/
�#�v �b�H�Q�r�@�/�B�z�m�b�B�Q�M �Q�7 �/�B�2�i�?�v�H �2�i�?�2�` �B�M �i�?�2 �T�`�2�T���`�2�/ �b�Q�H�m�i�B�Q�M�X �6�B�M���H �+�`�v�b�i���H�b �r�2�`�2 �}�H�i�2�`�2�/ ���M�/
�/�`�B�2�/�X �6�B�;�m�`�2 �U�j�X�9�9�V �B�H�H�m�b�i�`���i�2�b �i�?�2 �K�Q�H�2�+�m�H���` �b�i�`�m�+�i�m�`�2 �Q�7 �i�?�B�b �+�Q�#���H�i �7�2�`�`�Q�+�2�M�2 �r�B�i�? �i�r�Q
�+�?�H�Q�`�B�/�2�b�X

�6�B�;�m�`�2 �j�X�9�9�, �A�H�H�m�b�i�`���i�B�Q�M �Q�7 �.�J�R�3�L �+�Q�K�T�Q�m�M�/�X �U���V �k�. �b�F�2�i�+�? �Q�7 �+�?�2�K�B�+���H �b�i�`�m�+�i�m�`�2�- �U�#�V
�j�. �p�B�2�r �Q�M �+�Q�K�T�Q�m�M�/ �r�B�i�? �K�2���b�m�`�2�/ �/�B�b�i���M�+�2d = 11:5 Å �#�2�i�r�2�2�M �i�r�Q �7�m�`�i�?�2�b�i �H�v�B�M�;
�+���`�#�Q�M ���i�Q�K�b�X �>�v�/�`�Q�;�2�M ���i�Q�K�b ���`�2 �Q�K�B�i�i�2�/ �7�Q�` �i�?�2 �b���F�2 �Q�7 �+�H���`�B�i�v�X �q�B�i�? �T�2�`�K�B�b�b�B�Q�M �Q�7
�.�`�X �A�p���M �L�2�K�2�+�X

�j�X�3�X�k�X �A�b�Q�i�?�2�`�K�b
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�6�B�;�m�`�2�b �U�j�X�8�9�V ���M�/ �U�j�X�8�8�V �b�?�Q�r �B�b�Q�i�?�2�`�K�b �7�Q�` �1�`�S�+2 �+�Q�K�T�Q�m�M�/ �Q�#�i���B�M�2�/ �/�m�`�B�M�; �i�?�2 �#�H���M�F
�/�2�T�Q�b�B�i�B�Q�M ���M�/ ���+�i�m���H �/�2�T�Q�b�B�i�B�Q�M �Q�M�i�Q �b�m�#�b�i�`���i�2�b�- �`�2�b�T�2�+�i�B�p�2�H�v�X �h�?�2 �;�`���T�? �r���b �Q�#�i���B�M�2�/
�#�v �T�H�Q�i�i�B�M�; �i�?�2 �b�m�`�7���+�2 �T�`�2�b�b�m�`�2� �- �K�2���b�m�`�2�/ �#�v �q�B�H�?�2�H�K�v �T�H���i�2�- ���;���B�M�b�i �i�?�2 ���`�2�� �T�2�`
�K�Q�H�2�+�m�H�2a�- �r�?�B�+�? �r���b �/�2�`�B�p�2�/ �7�`�Q�K �2�[�m���i�B�Q�M �K�2�M�i�B�Q�M�2�/ �B�M �h�?�2�Q�`�2�i�B�+���H �b�2�+�i�B�Q�M�k�X�9�y�- �;�B�p�B�M�;
�i�?�2 �}�M���H �2�t�T�`�2�b�b�B�Q�M ���b �7�Q�H�H�Q�r�b

a =
AN A

cV
�U�j�X�8�V

�r�?�2�`�2A �B�b �i�?�2 ���+�i�m���H �i�?�`�Q�m�;�? �i�Q�T ���`�2���-NA �B�b ���p�Q�;���/�`�Q �+�Q�M�b�i���M�i�-c �B�b �i�?�2 �K�Q�H���` �+�Q�M�+�2�M�@
�i�`���i�B�Q�M �Q�7 �i�?�2 �b�Q�H�m�i�B�Q�M�- ���M�/V �B�b �i�?�2 �p�Q�H�m�K�2 �B�M�D�2�+�i�2�/ �Q�M�i�Q �� �r���i�2�` �b�m�#�@�T�?���b�2�X �h�?�2 �K�Q�H���`
�+�Q�M�+�2�M�i�`���i�B�Q�M �7�Q�` �#�Q�i�? �ö�6�B�M�/�B�M�;�ö ���M�/ �ö�.�2�T�Q�b�B�i�B�Q�M�ö �Q�7 �1�`�S�+2 �r���b �R �K�J �U�J �4 �K�Q�H�f�G�V�X
�h�?�2 �p�Q�H�m�K�2VFINDING = �R�d�8� �G ���M�/VDEPOSITION = �R�8�y� �G�X �h�?�2 �B�b�Q�i�?�2�`�K �B�b �� �p�2�`�v �}�`�b�i
�+�?���`���+�i�2�`�B�b�i�B�+ �Q�7 �i�?�2 �+�Q�K�T�Q�m�M�/ �`�2�;���`�/�B�M�; �i�?�2 �/�2�T�Q�b�B�i�B�Q�M �b�i�2�T�X �.�m�`�B�M�; �i�?�2 �ö�6�B�M�/�B�M�;�ö �/�2�T�Q�@
�b�B�i�B�Q�M�- �i�?�2 �B�b�Q�i�?�2�`�K �r���b �2�b�i�B�K���i�2�/ �i�Q �#�2 ���i� = 30 mN =m �U�B�X�2�X �r�?�2�`�2 �i�?�2 �+�m�`�p�2 �b�i���`�i�b �i�Q
�b���i�m�`���i�2�V�X �h�?�B�b �T�`�2�b�b�m�`�2 �r���b �i�?�2�M ���T�T�H�B�2�/ �/�m�`�B�M�; �i�?�2 �/�2�T�Q�b�B�i�B�Q�M �Q�M�i�Q �b�m�#�b�i�`���i�2�b�X
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�j�X �1�s�S�1�_�A�J�1�L�h

�6�B�;�m�`�2 �j�X�8�9�, �:�`���T�? �Q�7 �ö�6�B�M�/�B�M�;�ö ���M �B�b�Q�i�?�2�`�K �7�Q�` �1�`�S�+2 �+�Q�K�T�Q�m�M�/�X �h�?�B�b �r���b �/�Q�M�2 �r�B�i�?
�K�2���b�m�`�B�M�; �i�?�2 �b�m�`�7���+�2 �T�`�2�b�b�m�`�2� �p�2�`�b�m�b ���`�2�� �T�2�` �K�Q�H�2�+�m�H�2a �7�Q�` �� �#�H���M�F �/�2�T�Q�b�B�i�B�Q�M �U�B�X�2�X
�r�B�i�?�Q�m�i �b�m�#�b�i�`���i�2�b�V�X

�6�B�;�m�`�2 �j�X�8�8�, �:�`���T�? �Q�7 �ö�.�2�T�Q�b�B�i�B�Q�M�ö �B�b�Q�i�?�2�`�K �7�Q�` �1�`�S�+2 �+�Q�K�T�Q�m�M�/�X �h�?�2 �b�m�`�7���+�2 �T�`�2�b�b�m�`�2
� = 30 mN =m �r���b ���T�T�H�B�2�/ �7�Q�` �i�?�2 �/�2�T�Q�b�B�i�B�Q�M�X
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�j�X�N�X �1�_�S�*2

�j�X�N�X�j�X �_���K���M �a�T�2�+�i�`�Q�b�+�Q�T�v

�6�B�;�m�`�2 �U�j�X�8�e�V �b�?�Q�r�b �_���K���M �b�T�2�+�i�`�m�K �7�Q�` �T�Q�r�/�2�` �1�`�S�+2�X

�6�B�;�m�`�2 �j�X�8�e�, �_���K���M �b�T�2�+�i�`�m�K �7�Q�` �T�Q�r�/�2�` �1�`�S�+2�X �1�t�+�B�i���i�B�Q�M �r���p�2�H�2�M�;�i�? �r���b632:8 nm�X
�a�T�2�+�i�`�m�K �r���b ���+�[�m�B�`�2�/ ���i �l�M�B�p�2�`�b�B�i�v �Q�7 �a�i�m�i�i�;���`�i�- �:�2�`�K���M�v�X

�6�B�;�m�`�2 �U�j�X�8�d�V �b�?�Q�r�b �b�T�2�+�i�`�m�K �7�Q�` �/�2�T�Q�b�B�i�2�/ �i�?�B�M �}�H�K�X �h�?�2�`�2 �r�2�`�2 �i�?�`�2�2 �+�Q�M�i�`�B�#�m�i�B�Q�M�b
�Q�#�b�2�`�p�2�/�, �a�B�f�a�B�P2 �b�m�#�b�i�`���i�2 �U�k�X�R�3�V ���M�/ �6�G�: �U�j�X�R�R�V�- ���M�/ �1�`�S�+2 �U�j�X�8�e�V �T�Q�r�/�2�` �b�T�2�+�i�`�m�K�X

�6�B�;�m�`�2 �j�X�8�d�, �_���K���M �b�T�2�+�i�`�m�K �Q�7 �1�`�S�+2 �/�2�T�Q�b�B�i�2�/ �Q�M �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�X �a�T�2�+�@
�i�`�m�K �r���b ���+�[�m�B�`�2�/ ���i �J�l�L�A �B�M �"�`�M�Q�- �*�x�2�+�? �_�2�T�m�#�H�B�+
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�j�X �1�s�S�1�_�A�J�1�L�h

�j�X�N�X�9�X �>�B�;�? �6�`�2�[�m�2�M�+�v �1�S�_

�h�?�2 �T�?�i�?���H�Q�+�v���M�B�M�2 �/�Q�m�#�H�2�@�/�2�+�F�2�` �1�`�S�+2 �r���b �}�i�i�2�/ �#�v �m�b�B�M�; �/���i�� �7�`�Q�K �J���`�B�� �.�º�`�7�2�H�ö�b
�S�?�. �i�?�2�b�B�b �(�8�k�)�X �6�B�;�m�`�2 �U�j�X�8�3�V �b�?�Q�r�b �K�2���b�m�`�2�/ �>�6�1�S�_ �b�T�2�+�i�`�� �Q�7 �1�`�S�+2�X �h���#�H�2 �U�j�X�N�V
�B�H�H�m�b�i�`���i�2�b �i�?���i �;�@�p���H�m�2 �+�Q�K�T�Q�M�2�M�i�b ���`�2 �B�M �7���B�` ���;�`�2�2�K�2�M�i �r�B�i�? �i�?�2�Q�`�2�i�B�+���H �b�B�K�m�H���i�B�Q�M�X

�6�B�;�m�`�2 �j�X�8�3�, �>�6�1�S�_ �b�T�2�+�i�`�� �Q�7 �1�`�S�+2 �7�Q�` �7�Q�m�` �7�`�2�[�m�2�M�+�B�2�b ���iT = 5 K �X �6�m�H�H �H�B�M�2�b �`�2�T�`�2�b�2�M�i
�K�2���b�m�`�2�/ �/���i���- �/���b�?�2�/ �H�B�M�2�b �`�2�T�`�2�b�2�M�i �}�i�X

�h���#�H�2 �j�X�N�, �*�Q�K�T���`�B�b�Q�M �Q�7 �*���a�a�*�6���# �B�M�B�i�B�Q�b�B�K�m�H���i�B�Q�M�- �s �#���M�/ �K�2���b�m�`�2�K�2�M�i�- ���M�/
�>�6�1�S�_ �K�2���b�m�`�2�K�2�M�i�X

�S���`���K�2�i�2�`�b �a�T�B�M �;x �;y �;z
�*���a�a�*�6 �R�f�k �R�y�X�R�d�3�X�N�8�R�X�k�R
�s �#���M�/ �R�f�k �N�X�k�3�N�X�8�j�R�X�e�e
�>�6�1�S�_ �R�f�k �N�X�N�8�3�X�N�8�R�X�k�R

�d�e



�j�X�N�X �1�_�S�*2

�6�B�;�m�`�2 �U�j�X�8�N�V �b�?�Q�r�b �� �i�2�K�T�2�`���i�m�`�2 �/�2�T�2�M�/�2�M�+�2 �Q�7 �1�`�S�+2 �+�Q�K�T�Q�m�M�/ �`�2�p�2���H�B�M�; �M�Q �2�p�B�@
�/�2�M�i �b�?�B�7�i �B�M �T�2���F �B�M�i�2�M�b�B�i�B�2�b ���b �i�?�2 �i�2�K�T�2�`���i�m�`�2 �r���b �`�B�b�2�M�X

�6�B�;�m�`�2 �j�X�8�N�, �h�2�K�T�2�`���i�m�`�2 �/�2�T�2�M�/�2�M�+�2 �Q�7 �1�`�S�+2 �K�2���b�m�`�2�/ �#�v �>�6�1�S�_ �b�T�2�+�i�`�Q�b�+�Q�T�v�X

�6�B�;�m�`�2 �j�X�e�y�, �>�6�1�S�_ �b�T�2�+�i�`�m�K �Q�7 �1�`�S�+2 �+�Q�K�T�Q�m�M�/ �Q�M �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2 �7�Q�`
�7�Q�m�` �7�`�2�[�m�2�M�+�B�2�b ���iT = 3 K �X �"�H���+�F �H�B�M�2�b �`�2�T�`�2�b�2�M�i �K�2���b�m�`�2�K�2�M�i ���M�/ �`�2�/ �H�B�M�2�b �`�2�T�`�2�b�2�M�i
�}�i�X
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�j�X�N�X�8�X �a�+���M�M�B�M�; �1�H�2�+�i�`�Q�M �J�B�+�`�Q�b�+�Q�T�v

�6�B�;�m�`�2 �U�j�X�e�R�V �b�?�Q�r�b �a�1�J �B�K���;�2 �Q�7 �/�2�T�Q�b�B�i�2�/ �1�`�S�+2 �Q�M �i�?�2 �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�X
�h�?�B�b �+�Q�K�T�Q�m�M�/ �B�b �?�B�;�?�H�v �b�Q�H�m�#�H�2 �B�M �/�B�K�2�i�?�v�H�7�Q�`�K���K�B�/�2�X �J�Q�H���` �+�Q�M�+�2�M�i�`���i�B�Q�M �Q�7 �b�Q�H�m�i�B�Q�M
�r���bc = 1 mM �X ���T�T�`�Q�t�B�K���i�2 �b�B�x�2 �Q�7 �+�`�v�b�i���H�b �7�Q�`�K�2�/ �r���b �k�y �@200 nm�X �A�i �b�?�Q�r�2�/ �7���B�`
�?�Q�K�Q�;�2�M�2�B�i�v ���i �i�?�2 �M���M�Q�@�b�+���H�2�X

�6�B�;�m�`�2 �j�X�e�R�, �a�1�J �B�K���;�2 �Q�7 �1�`�S�+2 �Q�M �i�?�2 �;�`���T�?�2�M�2�@�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�X �o�Q�H�i���;�2 �m�b�2�/�,10 kV�X
�.�2�i�2�+�i�Q�`�, �b�2�+�Q�M�/���`�v �2�H�2�+�i�`�Q�M�b�X �A�K���;�2 �r���b ���+�[�m�B�`�2�/ ���i �*�1�A�h�1�* �@ �"�l�h�- �*�x�2�+�? �_�2�T�m�#�H�B�+�X
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�j�X�N�X �1�_�S�*2

�6�B�;�m�`�2�b �U�j�X�e�k�V ���M�/ �U�j�X�e�j�V �B�H�H�m�b�i�`���i�2 �?�Q�K�Q�;�2�M�2�B�i�v �Q�7 �b�m�`�7���+�2 �+�Q�p�2�`���;�2 ���M�/ �/�2�M�/�`�B�i�2�@�H�B�F�2
�b�i�`�m�+�i�m�`�2 ���i �H���`�;�2�` �b�+���H�2 �7�Q�` �1�`�S�+2 �+�Q�K�T�Q�m�M�/�- �`�2�b�T�2�+�i�B�p�2�H�v�X �>�Q�r�2�p�2�`�- �i�?�B�b �T���i�i�2�`�M �?���b �i�Q
�#�2 �B�M�i�2�`�T�`�2�i�2�/ �+�`�B�i�B�+���H�H�v�X �h�?�2�`�2 �B�b ���H�b�Q �� �+�Q�m�M�i�2�` �B�Q�M���i�2�i�`���#�m�i�v�H���K�K�Q�M�B�m�K �U�h�"���V �T�`�2�b�2�M�i�-
���M�/ �i�?�m�b ���H�b�Q �+�Q�M�i�`�B�#�m�i�2�b �i�Q �i�?�2 �}�M���H �B�K���;�2�X

�6�B�;�m�`�2 �j�X�e�k�, �a�1�J �B�K���;�2 �`�2�p�2���H�B�M�; �/�B�b�i�`�B�#�m�i�B�Q�M ���M�/ �?�Q�K�Q�;�2�M�2�B�i�v �Q�7 �/�2�T�Q�b�B�i�2�/ �1�`�S�+2 �+�Q�K�@
�T�Q�m�M�/�X �A�K���;�2 �r���b ���+�[�m�B�`�2�/ ���i �*�1�A�h�1�* �"�l�h�- �"�`�M�Q�- �*�x�2�+�? �_�2�T�m�#�H�B�+�X �o�Q�H�i���;�2 �m�b�2�/�,10 kV�X
�.�2�i�2�+�i�Q�`�, �b�2�+�Q�M�/���`�v �2�H�2�+�i�`�Q�M�b�X

�6�B�;�m�`�2 �j�X�e�j�, �a�1�J �B�K���;�2 �Q�7 �/�2�M�/�`�B�i�2�@�H�B�F�2 �b�i�`�m�+�i�m�`�2 �Q�7 �1�`�S�+2 �+�Q�K�T�Q�m�M�/ �Q�M �;�`���T�?�2�M�2�@
�+�Q�p�2�`�2�/ �b�m�#�b�i�`���i�2�X �A�K���;�2 �r���b ���+�[�m�B�`�2�/ ���i �J���t �S�H���M�+�F �A�M�b�i�B�i�m�i�2 �B�M �a�i�m�i�i�;���`�i�- �:�2�`�K���M�v�X
�o�Q�H�i���;�2 �m�b�2�/�,5 kV�X �.�2�i�2�+�i�Q�`�, �b�2�+�Q�M�/���`�v �2�H�2�+�i�`�Q�M�b�X
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�9�X �*�Q�M�+�H�m�b�B�Q�M�b

�A�M �+�Q�M�+�H�m�b�B�Q�M�- �;�`���T�?�2�M�2�@�#���b�2�/ �?�v�#�`�B�/ �K���i�2�`�B���H�b �r�2�`�2 �T�`�2�T���`�2�/ �#�v �K�m�H�i�B�T�H�2 �K�Q�/�B�}�2�/
�G���M�;�K�m�B�`���a�+�?���2�7�2�` �/�2�T�Q�b�B�i�B�Q�M �K�2�i�?�Q�/ ���M�/ �+�?���`���+�i�2�`�B�b�2�/ �#�v �b�T�2�+�i�`�Q�b�+�Q�T�B�+ �K�2���M�b�- �M���K�2�H�v
�?�B�;�? �7�`�2�[�m�2�M�+�v �2�H�2�+�i�`�Q�M �T���`���K���;�M�2�i�B�+ �`�2�b�Q�M���M�+�2 �U�>�6�1�S�_�V ���M�/ �_���K���M �b�T�2�+�i�`�Q�b�+�Q�T�v�X �J�Q�`�2�@
�Q�p�2�`�- �K�Q�`�T�?�Q�H�Q�;�v �Q�7 �T�`�2�T���`�2�/ �b���K�T�H�2�b �r���b �`�2�p�2���H�2�/ �#�v �b�+���M�M�B�M�; �2�H�2�+�i�`�Q�M �K�B�+�`�Q�b�+�Q�T�v�X �1�H�2�+�@
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