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 �E�B�T�T �E�B�T �T�V�Q�F�S�B�U�P�N�B�S�F �7�F�S�I�B�M�U�F�O �V�O�U�F�S�E�S�º�D�L�U �X�J�S�E�� �)�J�F�S�[�V �X�V�S�E�F�O �F�S�T�U�N�B�M�J�H �B�V�D�I
�L�P�N�C�J�O�J�F�S�U�F �"�C�M�F�O�L�F�Y�Q�F�S�J�N�F�O�U�F �E�V�S�D�I�H�F�G�º�I�S�U�
 �C�F�J �E�F�O�F�O �T�P�X�P�I�M �F�M�F�L�U�S�J�T�D�I�F �B�M�T �B�V�D�I �N�B�H�O�F�U�J�T�D�I�F �'�F�M�E�F�S
�[�V�T�B�N�N�F�O �F�J�O�H�F�T�F�U�[�U �X�V�S�E�F�O�� �%�B�N�J�U �H�F�M�B�O�H �F�T�
 �E�F�O �;�V�T�B�N�N�F�O�I�B�O�H �[�X�J�T�D�I�F�O �4�U�B�S�L�� �V�O�E �;�F�F�N�B�O���&�R�F�L�U
�B�V�G�[�V�L�M�¢�S�F�O �V�O�E �F�J�O�E�F�V�U�J�H �O�B�D�I�[�V�X�F�J�T�F�O�
 �E�B�T�T �C�F�J �N�B�O�D�I�F�O �$�M�V�T�U�F�S�T�Q�F�[�J�F�T �[�X�F�J �4�U�S�V�L�U�V�S�J�T�P�N�F�S�F �H�M�F�J�D�I�[�F�J�U�J�H
�J�N �.�P�M�F�L�V�M�B�S�T�U�S�B�I�M �W�P�S�M�J�F�H�F�O�� �*�O�T�H�F�T�B�N�U �F�S�H�F�C�F�O �T�J�D�I �E�B�E�V�S�D�I �X�J�D�I�U�J�H�F �#�F�J�U�S�¢�H�F�
 �V�N �E�B�T �;�V�T�B�N�N�F�O�T�Q�J�F�M �B�V�T
�H�F�P�N�F�U�S�J�T�D�I�F�S �V�O�E �F�M�F�L�U�S�P�O�J�T�D�I�F�S �4�U�S�V�L�U�V�S �N�J�U �E�F�N �.�B�H�O�F�U�J�T�N�V�T �E�F�S �$�M�V�T�U�F�S �C�F�T�T�F�S �W�F�S�T�U�F�I�F�O �[�V �M�F�S�O�F�O��

�r



�q �'�P�Y�W�X�I�V �M�R �M�R�L�S�Q�S�K�I�R�I�R �*�I�P�H�I�V�R

�5�S�J�U�U �F�J�O �O�F�V�U�S�B�M�F�T �5�F�J�M�D�I�F�O �N�J�U �F�J�O�F�N �F�M�F�L�U�S�J�T�D�I�F�O �P�E�F�S �N�B�H�O�F�U�J�T�D�I�F�O �%�J�Q�P�M�N�P�N�F�O�U� 0;�K�	�N�J�U�K= �F�M�P�E�F�S �N�B�H�

�J�O �F�J�O �J�Oz���3�J�D�I�U�V�O�H �J�O�I�P�N�P�H�F�O�F�T �'�F�M�E� z �	�N�J�U� = E �P�E�F�SB �
�
 �F�S�G�¢�I�S�U �F�T �F�J�O�F �,�S�B�G�UFz;�K�
 �E�J�F �Q�S�P�Q�P�S�U�J�P�O�B�M �[�V�N
�'�F�M�E�H�S�B�E�J�F�O�U�F�O �E� z;�K�Ez� 1 �J�T�U �V�O�E �º�C�F�S

Fz;�K= �
�E� �K

�E� z

�E� z

�Ez
�	�������


�C�F�S�F�D�I�O�F�U �X�F�S�E�F�O �L�B�O�O�� �%�F�S �F�S�T�U�F �5�F�S�N �X�J�S�E �B�M�T �4�U�B�S�L�� �	�K= �F�M�
 �P�E�F�S �;�F�F�N�B�O���&�O�F�S�H�J�F �	�K= �N�B�H�
 �C�F�[�F�J�D�I�O�F�U
�V�O�E �C�F�T�D�I�S�F�J�C�U �E�J�F �Q�P�U�F�O�U�J�F�M�M�F �&�O�F�S�H�J�F� �K�E�F�T �5�F�J�M�D�I�F�O�T �J�N �F�M�F�L�U�S�J�T�D�I�F�O �P�E�F�S �N�B�H�O�F�U�J�T�D�I�F�O �'�F�M�E �<�����‡�����>�� �%�J�F�T�F
�&�O�F�S�H�J�F �C�F�T�U�F�I�U �B�V�T �F�J�O�F�N �5�F�S�N� 0�
 �J�O �E�F�N �E�J�F �3�P�U�B�U�J�P�O�T�� �V�O�E �4�D�I�X�J�O�H�V�O�H�T�C�F�J�U�S�¢�H�F �[�V�T�B�N�N�F�O�H�F�G�B�T�T�U �T�J�O�E�

�V�O�E �F�J�O�F�N �X�F�J�U�F�S�F�O �5�F�S�N� �J�O�U;�K�
 �E�F�S �B�V�T �E�F�S �8�F�D�I�T�F�M�X�J�S�L�V�O�H �N�J�U �E�F�N �F�Y�U�F�S�O�F�O �'�F�M�E �S�F�T�V�M�U�J�F�S�U�� �%�J�F�T�F�S �[�X�F�J�U�F
�"�O�U�F�J�M �L�B�O�O �º�C�F�S �F�J�O�F �5�B�Z�M�P�S���&�O�U�X�J�D�L�M�V�O�H �B�M�T �'�V�O�L�U�J�P�O �E�F�T �'�F�M�E�F�T �C�F�T�D�I�S�J�F�C�F�O �X�F�S�E�F�O �<�����‡�����>��

� j = � 0 + � �J�O�U;�K;

�N�J�U� �J�O�U;�K= � � 0;�K� z �
� �K

2
� 2

z

�	�������


�)�J�F�S �C�F�T�D�I�S�F�J�C�U� �K�E�J�F �F�M�F�L�U�S�J�T�D�I�F �P�E�F�S �N�B�H�O�F�U�J�T�D�I�F �1�P�M�B�S�J�T�J�F�S�C�B�S�L�F�J�U �	�J�N �[�X�F�J�U�F�O �'�B�M�M �B�V�D�I �.�B�H�O�F�U�J�T�J�F�S�C�B�S�L�F�J�U
�H�F�O�B�O�O�U�
�� �8�¢�I�S�F�O�E �E�F�S �#�F�J�U�S�B�H�
 �E�F�S �N�J�U �E�F�S �F�M�F�L�U�S�J�T�D�I�F�O �1�P�M�B�S�J�T�J�F�S�C�B�S�L�F�J�U �[�V�T�B�N�N�F�O�I�¢�O�H�U�
 �X�F�O�J�H�F�S �B�M�T ���� ��
�C�F�J �U�Z�Q�J�T�D�I�F�O �'�F�M�E�T�U�¢�S�L�F�O �J�N �7�F�S�H�M�F�J�D�I �[�V�N �F�S�T�U�F�O �5�F�S�N �B�V�T�N�B�D�I�U �<�����>�
 �J�T�U �E�F�S �#�F�J�U�S�B�H �E�F�S �.�B�H�O�F�U�J�T�J�F�S�C�B�S�L�F�J�U
�C�F�J �E�P�U�J�F�S�U�F�O �;�J�O�O�D�M�V�T�U�F�S �F�U�X�B �W�J�F�S �(�S�´�•�F�O�P�S�E�O�V�O�H�F�O �L�M�F�J�O�F�S �B�M�T �E�F�S �#�F�J�U�S�B�H �E�F�T �N�B�H�O�F�U�J�T�D�I�F�O �%�J�Q�P�M�N�P�N�F�O�U�T
�<�����
 �����>�� �%�B�I�F�S �X�J�S�E �G�º�S �E�J�F �#�F�T�D�I�S�F�J�C�V�O�H �E�F�S �N�B�H�O�F�U�J�T�D�I�F�O �"�C�M�F�O�L�V�O�H �J�N �3�B�I�N�F�O �E�J�F�T�F�S �"�S�C�F�J�U �M�F�E�J�H�M�J�D�I
�E�F�S �#�F�J�U�S�B�H �E�F�T �N�B�H�O�F�U�J�T�D�I�F�O �%�J�Q�P�M�N�P�N�F�O�U�T �C�F�S�º�D�L�T�J�D�I�U�J�H�U �V�O�E �5�F�S�N�F �I�´�I�F�S�F�S �0�S�E�O�V�O�H �X�F�S�E�F�O �G�º�S �C�F�J�E�F
�'�¢�M�M�F �W�F�S�O�B�D�I�M�¢�T�T�J�H�U��
�1�B�T�T�J�F�S�U �E�B�T �5�F�J�M�D�I�F�O �E�B�T �T�F�O�L�S�F�D�I�U �[�V�S �'�M�V�H�S�J�D�I�U�V�O�H �B�V�T�H�F�S�J�D�I�U�F�U�F �'�F�M�E�
 �L�P�N�N�U �F�T �[�V �F�J�O�F�S �7�F�S�¢�O�E�F�S�V�O�H �E�F�S
�5�S�B�K�F�L�U�P�S�J�F �J�O �(�S�B�E�J�F�O�U�F�O�S�J�D�I�U�V�O�H�
 �E�B �E�J�F �X�J�S�L�F�O�E�F �,�S�B�G�U �F�J�O�F �(�F�T�D�I�X�J�O�E�J�H�L�F�J�U�T�L�P�N�Q�P�O�F�O�U�F �T�F�O�L�S�F�D�I�U �[�V�S
�'�M�V�H�S�J�D�I�U�V�O�H �N�J�U �T�J�D�I �C�S�J�O�H�U�� �*�O�O�F�S�I�B�M�C �E�F�T �'�F�M�E�F�T �F�S�G�B�I�S�F�O �E�J�F �5�F�J�M�D�I�F�O �T�P�N�J�U �F�J�O�F �L�P�O�U�J�O�V�J�F�S�M�J�D�I�F �#�F�T�D�I�M�F�V�O�J��
�H�V�O�H�
 �X�¢�I�S�F�O�E �B�V�G �F�J�O�F�S �O�B�D�I�G�P�M�H�F�O�E�F�O �G�F�M�E�G�S�F�J�F�O �'�M�V�H�T�U�S�F�D�L�F �F�J�O�F �X�F�J�U�F�S�F �"�C�M�F�O�L�V�O�H �E�V�S�D�I �E�J�F �L�P�O�T�U�B�O�U�F
�(�F�T�D�I�X�J�O�E�J�H�L�F�J�U�T�L�P�N�Q�P�O�F�O�U�F �J�Oz���3�J�D�I�U�V�O�H �S�F�T�V�M�U�J�F�S�U�� �"�V�T �E�F�N �;�V�T�B�N�N�F�O�I�B�O�H �W�P�O �(�F�T�D�I�X�J�O�E�J�H�L�F�J�U�
 �'�M�V�H��
�T�U�S�F�D�L�F �V�O�E �'�M�V�H�[�F�J�U �L�B�O�O �E�J�F �J�N �&�Y�Q�F�S�J�N�F�O�U �C�F�P�C�B�D�I�U�F�U�F �"�C�M�F�O�L�V�O�H �E�F�S �5�F�J�M�D�I�F�Odz;�K�N�J�U

dz;�K= �
�

l21
2mv2

x
+

l1l2
mv2

x

�
�E� �K

�E� z

�E� z

�Ez
�	�������


�C�F�T�D�I�S�J�F�C�F�O �X�F�S�E�F�O�� �)�J�F�S�C�F�J �C�F�T�D�I�S�F�J�C�F�Ol1 �V�O�El2 �E�J�F �-�¢�O�H�F �E�F�T �J�O�I�P�N�P�H�F�O�F�O �'�F�M�E�F�T �V�O�E �E�F�S �G�F�M�E�G�S�F�J�F�O
�'�M�V�H�T�U�S�F�D�L�F�
m �E�J�F �.�B�T�T�F �E�F�T �5�F�J�M�D�I�F�O�T �V�O�Evx �E�F�S�F�O �(�F�T�D�I�X�J�O�E�J�H�L�F�J�U �J�O �'�M�V�H�S�J�D�I�U�V�O�H�� �%�F�S �'�F�M�E�H�S�B�E�J�F�O�U
�X�J�S�E �E�V�S�D�I �,�B�M�J�C�S�J�F�S�N�F�T�T�V�O�H�F�O �N�J�U �"�U�P�N�F�O �C�F�L�B�O�O�U�F�S �1�P�M�B�S�J�T�J�F�S�C�B�S�L�F�J�U�F�O �<�����> �P�E�F�Sg���'�B�L�U�P�S�F�O �<�����
 �����>
�F�Y�Q�F�S�J�N�F�O�U�F�M�M �F�S�N�J�U�U�F�M�U�
 �T�P�E�B�T�T �N�J�U�I�J�M�G�F �W�P�O �(�M�F�J�D�I�V�O�H ������ �E�J�F �"�C�M�F�O�L�V�O�H �F�J�O�F�T �5�F�J�M�D�I�F�O�T �C�F�S�F�D�I�O�F�U �X�F�S�E�F�O
�L�B�O�O�� �%�J�F �-�¢�O�H�F�O �L�´�O�O�F�O �E�B�C�F�J �[�V �F�J�O�F�S �"�Q�Q�B�S�B�U�V�S�L�P�O�T�U�B�O�U�F�O �N�J�UA = (0 ;5 l21 + l1l2) �[�V�T�B�N�N�F�O�H�F�G�B�T�T�U
�X�F�S�E�F�O�� �%�J�F �º�C�F�S �E�J�F �;�F�J�U �J�N �F�M�F�L�U�S�J�T�D�I�F�O �V�O�E �N�B�H�O�F�U�J�T�D�I�F�O �'�F�M�E �H�F�N�J�U�U�F�M�U�F �4�U�B�S�L�� �C�[�X�� �;�F�F�N�B�O���&�O�F�S�H�J�F

�s



�X�J�S�E �B�M�M�H�F�N�F�J�O �B�M�T �1�S�P�K�F�L�U�J�P�O �E�F�T �[�F�J�U�M�J�D�I �H�F�N�J�U�U�F�M�U�F�O �%�J�Q�P�M�N�P�N�F�O�U�T �B�V�G �E�J�F �'�F�M�E�B�D�I�T�F�� z;j �C�F�[�F�J�D�I�O�F�U�
 �T�P�E�B�T�T
�G�P�M�H�F�O�E�F �(�M�F�J�D�I�V�O�H ������ �S�F�T�V�M�U�J�F�S�U��

dz;�K= �
A

mv2
x

�E� z

�Ez
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�*�N �.�P�M�F�L�V�M�B�S�T�U�S�B�I�M�F�Y�Q�F�S�J�N�F�O�U �X�J�S�E �K�F�E�P�D�I �O�J�D�I�U �E�J�F �"�C�M�F�O�L�V�O�H �F�J�O�F�T �F�J�O�[�F�M�O�F�O �5�F�J�M�D�I�F�O�T �T�P�O�E�F�S�O �F�J�O�F�T
�&�O�T�F�N�C�M�F�T �C�F�P�C�B�D�I�U�F�U�
 �E�B�T �T�J�D�I �B�M�T �4�U�S�B�I�M�Q�S�P�S�M �¢�V�•�F�S�U�� �%�J�F �#�S�F�J�U�F �E�F�S �(�F�T�D�I�X�J�O�E�J�H�L�F�J�U�T�W�F�S�U�F�J�M�V�O�H �º�C�F�S �E�B�T
�&�O�T�F�N�C�M�F �J�T�U �I�J�F�S�C�F�J �T�P �L�M�F�J�O�
 �E�B�T�T �E�J�F �N�J�U�U�M�F�S�F �(�F�T�D�I�X�J�O�E�J�H�L�F�J�U �E�F�T �&�O�T�F�N�C�M�F�T �º�C�F�S�O�P�N�N�F�O �X�F�S�E�F�O �L�B�O�O �<�����

�����>�� �%�B�T �4�U�S�B�I�M�Q�S�P�S�M �F�O�U�M�B�O�H �E�F�S �'�F�M�E�B�D�I�T�F �C�F�J �B�V�T�H�F�T�D�I�B�M�U�F�U�F�N �'�F�M�E� 0(z) �M�¢�T�T�U �T�J�D�I �E�B�C�F�J �J�O �H�V�U�F�S �/�¢�I�F�S�V�O�H
�E�V�S�D�I �F�J�O�F �(�B�V�•�G�V�O�L�U�J�P�O �B�C�C�J�M�E�F�O�� �#�F�J�N �&�J�O�T�D�I�B�M�U�F�O �E�F�T �'�F�M�E�F�T �X�J�S�E �K�F�E�F�T �5�F�J�M�D�I�F�O �V�N �E�F�O �F�O�U�T�Q�S�F�D�I�F�O�E�F�O
�8�F�S�Udz;�K;i �B�C�H�F�M�F�O�L�U�� �%�B�T �4�U�S�B�I�M�Q�S�P�S�M �F�S�H�J�C�U �T�J�D�I �E�V�S�D�I �E�J�F �'�B�M�U�V�O�H �E�F�T �W�F�S�T�D�I�P�C�F�O�F�O �(�B�V�•�Q�S�P�S�M�T �N�J�U �E�F�S
�8�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U�T�E�J�D�I�U�F�W�F�S�U�F�J�M�V�O�H �E�F�S �[�F�J�U�M�J�D�I �H�F�N�J�U�U�F�M�U�F�O �1�S�P�K�F�L�U�J�P�O �E�F�T �%�J�Q�P�M�N�P�N�F�O�U�T �B�V�G �E�J�F �'�F�M�E�B�D�I�T�F
� i (�� z;�K) �F�J�O�F�T �J�O�E�J�W�J�E�V�F�M�M�F�O �5�F�J�M�D�I�F�O�Ti �B�V�T �E�F�N �&�O�T�F�N�C�M�F �º�C�F�S

�( z) =
X

i
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�(�M�F�J�D�I�V�O�H �������� �J�T�U �E�F�S �"�V�T�E�S�V�D�L �E�F�S �7�F�S�U�F�J�M�V�O�H �H�F�[�F�J�H�U�
 �E�J�F �J�N �'�P�M�H�F�O�E�F�O �B�M�T� �T�Z�N(�� z;�F�M) �C�F�[�F�J�D�I�O�F�U �X�J�S�E�� �'�º�S
�E�J�F �)�F�S�M�F�J�U�V�O�H �E�J�F�T�F�S �(�M�F�J�D�I�V�O�H �X�J�S�E �B�V�G �E�J�F �-�J�U�F�S�B�U�V�S �<�����> �W�F�S�X�J�F�T�F�O��
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�%�J�F �7�B�S�J�B�C�M�F� �T�U�F�M�M�U �E�B�T �T�P�H�F�O�B�O�O�U�F �"�T�Q�F�L�U�W�F�S�I�¢�M�U�O�J�T �E�B�S�
 �E�B�T �B�M�T �.�B�• �[�V�S �"�C�X�F�J�D�I�V�O�H �E�F�S �T�Q�I�¢�S�J�T�D�I�F�O �(�F�P��
�N�F�U�S�J�F �W�F�S�T�U�B�O�E�F�O �X�F�S�E�F�O �L�B�O�O�
 �V�O�E �T�J�D�I �J�O �"�C�I�¢�O�H�J�H�L�F�J�U �W�P�O �E�F�O �[�X�F�J �V�O�U�F�S�T�D�I�J�F�E�M�J�D�I�F�O �5�S�¢�H�I�F�J�U�T�N�P�N�F�O�U�F�O
�G�º�S �F�J�O�F�O �Q�S�P�M�B�U�F�O �3�P�U�P�S �H�F�N�¢�•� = I bI � 1

a � 1 �C�F�S�F�D�I�O�F�O �M�¢�T�T�U�� �)�J�F�S�C�F�J �J�T�UI a �E�B�T �5�S�¢�H�I�F�J�U�T�N�P�N�F�O�U �F�O�U�M�B�O�H �E�F�S

�u



�N�P�M�F�L�º�M�J�O�U�F�S�O�F�O �%�S�F�I�B�D�I�T�F �V�O�E �T�U�F�M�M�U �E�B�N�J�U �C�F�J �Q�S�P�M�B�U�F�O �3�P�U�P�S�F�O �J�N�N�F�S �E�F�O �L�M�F�J�O�T�U�F�O �8�F�S�U �E�B�S �	I a < I b = I c�
��
�'�º�S �F�J�O�F�O �P�C�M�B�U�F�O �3�P�U�P�S �H�J�M�UI a = I b < I c �V�O�E� = I aI � 1

c � 1 �<�����>�� �%�F�N�F�O�U�T�Q�S�F�D�I�F�O�E �J�T�U �G�º�S �E�J�F �"�O�X�F�O�E�V�O�H
�E�F�T �.�P�E�F�M�M�T �E�F�T �T�Z�N�N�F�U�S�J�T�D�I�F�O �3�P�U�P�S�T �J�N �3�B�I�N�F�O �E�F�S �'�0�1�5 �E�J�F �,�F�O�O�U�O�J�T �E�F�S �5�S�¢�H�I�F�J�U�N�P�N�F�O�U�F �O�P�U�X�F�O�E�J�H�

�X�F�M�D�I�F �B�V�T �R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F�O �#�F�S�F�D�I�O�V�O�H�F�O �F�S�I�B�M�U�F�O �X�F�S�E�F�O �L�´�O�O�F�O�� �*�N �'�B�M�M�F �F�J�O�F�T �T�Q�I�¢�S�J�T�D�I�F�O �3�P�U�P�S�T�

�B�M�T�P� = 0 �
 �H�F�I�U �(�M�F�J�D�I�V�O�H �������� �J�O �(�M�F�J�D�I�V�O�H ������ �º�C�F�S�� �*�O �"�C�C�J�M�E�V�O�H ������ �T�J�O�E �E�J�F �7�F�S�U�F�J�M�V�O�H�T�G�V�O�L�U�J�P�O�F�O �G�º�S
�F�J�O�F�O �T�Q�I�¢�S�J�T�D�I�F�O� �T�Q�I(�� z;�F�M)�
 �T�P�X�J�F �F�J�O�F�O �T�Z�N�N�F�U�S�J�T�D�I�F�O �3�P�U�P�S� �T�Z�N(�� z;�F�M) �N�J�U� = 2 ;32 �V�O�E� 0;�F�M= 1 ;38 �%
�H�F�H�F�O�º�C�F�S�H�F�T�U�F�M�M�U �	�M�J�O�L�T�
�� �%�J�F �8�F�S�U�F �F�O�U�T�Q�S�F�D�I�F�O �E�B�C�F�J �E�F�S �H�F�P�N�F�U�S�J�T�D�I�F�O �4�U�S�V�L�U�V�S �E�F�T �B�V�T �R�V�B�O�U�F�O�D�I�F�N�J��
�T�D�I�F�O �3�F�D�I�O�V�O�H�F�O �F�S�I�B�M�U�F�O�F�O �*�T�P�N�F�S�T�
 �E�B�T �E�F�N �(�F20���$�M�V�T�U�F�S�T �J�O �F�M�F�L�U�S�J�T�D�I�F�O �"�C�M�F�O�L�N�F�T�T�V�O�H�F�O �C�F�J �F�J�O�F�S
�"�C�M�F�O�L�T�Q�B�O�O�V�O�H �W�P�OU = 5 �L�7 �[�V�H�F�P�S�E�O�F�U �X�F�S�E�F�O �L�B�O�O �	�T�J�F�I�F �,�B�Q�J�U�F�M �������
�� �3�F�D�I�U�T �J�O �E�F�S �"�C�C�J�M�E�V�O�H �T�J�O�E
�E�B�T �F�O�U�T�Q�S�F�D�I�F�O�E�F �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F �4�U�S�B�I�M�Q�S�P�S�M �V�O�E �E�J�F �B�V�T �E�F�O �C�F�J�E�F�O �7�F�S�U�F�J�M�V�O�H�T�G�V�O�L�U�J�P�O�F�O �S�F�T�V�M�U�J�F�S�F�O�E�F�O
�T�J�N�V�M�J�F�S�U�F�O �4�U�S�B�I�M�Q�S�P�S�M�F �B�C�H�F�C�J�M�E�F�U��

�%�F�F�M�P�H�Y�R�K �q���ø���)�M�R�I �+�I�K�I�R�¿�F�I�V�W�X�I�P�P�Y�R�K �H�I�V �X�L�I�S�V�I�X�M�W�G�L�I�R �:�I�V�X�I�M�P�Y�R�K�W�J�Y�R�O�X�M�S�R�I�R ���P�M�R�O�W�
 �Q�M�X� 0;�I�P= 1 ;38�( �Y�R�H
U = 5 �O�: �J�¿�V �I�M�R�I�R �W�T�L�§�V�M�W�G�L�I�R �6�S�X�S�V �R�E�G�L �+�P�I�M�G�L�Y�R�K �r���v ���W�G�L�[�E�V�^��� = 0 �
 �Y�R�H �I�M�R�I�R �W�]�Q�Q�I�X�V�M�W�G�L�I�R �6�S�X�S�V
�R�E�G�L �+�P�I�M�G�L�Y�R�K �r���ù�w ���V�S�X�
 �Q�M�X� = 2 ;32�� �(�M�I �;�I�V�X�I �I�R�X�W�X�E�Q�Q�I�R �H�I�V �E�Y�W �U�Y�E�R�X�I�R�G�L�I�Q�M�W�G�L�I�R �6�I�G�L�R�Y�R�K�I�R
�I�V�L�E�P�X�I�R�I�R �^�Y�K�I�S�V�H�R�I�X�I�R �K�I�S�Q�I�X�V�M�W�G�L�I�R �7�X�V�Y�O�X�Y�V �J�¿�V �+�I20�� �>�Y�H�I�Q �M�W�X �V�I�G�L�X�W �H�E�W �I�\�T�I�V�M�Q�I�R�X�I�P�P�I �7�X�V�E�L�P�T�V�S�x�P
�F�I�MU = 5 �O�: �Y�R�HT�R�S�^�^�P�I= 16 �/ �^�Y�W�E�Q�Q�I�R �Q�M�X �H�I�R �E�Y�W �H�I�V �*�E�P�X�Y�R�K �V�I�W�Y�P�X�M�I�V�I�R�H�I�R �W�M�Q�Y�P�M�I�V�X�I�R �4�V�S�x�P�I�R
�E�F�K�I�F�M�P�H�I�X��

�#�J�T �I�J�F�S�I�J�O �X�V�S�E�F�O �E�J�F �$�M�V�T�U�F�S �B�M�T �T�U�B�S�S�F �3�P�U�P�S�F�O �C�F�U�S�B�D�I�U�F�U�� �%�J�F �J�O �E�J�F�T�F�S �"�S�C�F�J�U �V�O�U�F�S�T�V�D�I�U�F�O �$�M�V�T�U�F�S �N�J�U
�.�B�T�T�F�O �W�P�O �F�J�O�J�H�F�O �I�V�O�E�F�S�U �C�J�T �º�C�F�S ������������ �%�B�M�U�P�O �C�F�T�J�U�[�F�O �K�F�E�P�D�I �N�F�J�T�U�F�O�T �X�F�J�D�I�F �4�D�I�X�J�O�H�V�O�H�T�N�P�E�F�O�

�E�F�S�F�O �"�O�S�F�H�V�O�H�T�U�F�N�Q�F�S�B�U�V�S�F�O �J�O �E�F�S �(�S�´�•�F�O�P�S�E�O�V�O�H �E�F�S �%�º�T�F�O�U�F�N�Q�F�S�B�U�V�S �M�J�F�H�F�O �<�����‡�����>�� �%�B�E�V�S�D�I �L�B�O�O
�J�O �W�J�F�M�F�O �'�¢�M�M�F�O �E�B�T �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F �"�C�M�F�O�L�Q�S�P�S�M �J�N �3�B�I�N�F�O �E�F�S �T�U�B�S�S�F�O �3�P�U�P�S�O�¢�I�F�S�V�O�H �O�J�D�I�U �B�V�T�S�F�J�D�I�F�O�E
�H�V�U �X�J�F�E�F�S�H�F�H�F�C�F�O �X�F�S�E�F�O �<�����
 �����‡�����>�� �#�F�J �E�F�S �"�O�S�F�H�V�O�H �E�F�S �4�D�I�X�J�O�H�V�O�H�F�O �L�P�N�N�U �F�T �O�¢�N�M�J�D�I �[�V �F�J�O�F�S
�Q�B�S�U�J�F�M�M�F�O �3�F�M�B�Y�B�U�J�P�O �E�F�T �F�M�F�L�U�S�J�T�D�I�F�O �%�J�Q�P�M�N�P�N�F�O�U�T �V�O�E �F�T �X�J�S�E �F�J�O�F �W�F�S�S�J�O�H�F�S�U�F �7�F�S�C�S�F�J�U�F�S�V�O�H �E�F�T �4�U�S�B�I�M��
�Q�S�P�S�M�T �J�N �&�Y�Q�F�S�J�N�F�O�U �C�F�P�C�B�D�I�U�F�U�� �%�J�F�T�F �#�F�P�C�B�D�I�U�V�O�H �X�J�S�E �B�V�D�I �B�M�T �2�V�F�O�D�I�F�O �E�F�T �%�J�Q�P�M�N�P�N�F�O�U�T �C�F�[�F�J�D�I�O�F�U��
�#�J�T�I�F�S �J�T�U �F�T �O�P�D�I �O�J�D�I�U �N�´�H�M�J�D�I�
 �E�B�T �E�B�S�B�V�T �S�F�T�V�M�U�J�F�S�F�O�E�F �F�R�F�L�U�J�W �W�F�S�N�J�O�E�F�S�U�F �F�M�F�L�U�S�J�T�D�I�F �%�J�Q�P�M�N�P�N�F�O�U �[�V
�R�V�B�O�U�J�S�[�J�F�S�F�O �P�E�F�S �X�J�F�E�F�S�[�V�H�F�C�F�O �<�����>�� �*�O �F�J�O�F�N �F�S�T�U�F�O �"�O�T�B�U�[ �I�J�F�S�G�º�S �X�V�S�E�F �F�J�O �F�N�Q�J�S�J�T�D�I�F�T �1�P�U�F�O�U�J�B�M �[�V
�E�F�O �B�V�T �R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F�O �3�F�D�I�O�V�O�H�F�O �F�S�I�B�M�U�F�O�F�O �H�F�P�N�F�U�S�J�T�D�I�F�O �4�U�S�V�L�U�V�S�F�O �F�J�O�H�F�G�º�I�S�U�
 �V�N �F�J�O �F�R�F�L�U�J�W�F�T
�%�J�Q�P�M�N�P�N�F�O�U �[�V �F�S�I�B�M�U�F�O �<�����>�� �&�T �X�V�S�E�F �B�C�F�S �H�F�[�F�J�H�U�
 �E�B�T�T �E�J�F�T�F �.�F�U�I�P�E�F �O�V�S �G�º�S �L�M�F�J�O�F�S�F �$�M�V�T�U�F�S �N�J�U
�X�F�O�J�H�F�S �B�M�T �[�F�I�O �"�U�P�N�F�O �E�J�F �7�F�S�¢�O�E�F�S�V�O�H �E�F�T �F�M�F�L�U�S�J�T�D�I�F�O �%�J�Q�P�M�N�P�N�F�O�U�T �C�F�J �4�D�I�X�J�O�H�V�O�H�T�B�O�S�F�H�V�O�H �S�J�D�I�U�J�H
�B�C�C�J�M�E�F�U�� �&�J�O�F �X�F�J�U�F�S�F �.�´�H�M�J�D�I�L�F�J�U �[�V�S �#�F�T�D�I�S�F�J�C�V�O�H �E�F�T �E�V�S�D�I �E�J�F �B�O�H�F�S�F�H�U�F�O �4�D�I�X�J�O�H�V�O�H�F�O �H�F�R�V�F�O�D�I�U�F�O
�%�J�Q�P�M�N�P�N�F�O�U�T �X�¢�S�F �F�T�
 �E�J�F �E�V�S�D�I �E�J�F �4�D�I�X�J�O�H�V�O�H�F�O �W�F�S�[�F�S�S�U�F�O �4�U�S�V�L�U�V�S�F�O �N�J�U�I�J�M�G�F �E�F�S �8�J�H�O�F�S���7�F�S�U�F�J�M�V�O�H

��



�B�C�[�V�C�J�M�E�F�O �<�����
 �����> �V�O�E �E�B�T �F�R�F�L�U�J�W�F �F�M�F�L�U�S�J�T�D�I�F �%�J�Q�P�M�N�P�N�F�O�U�F �º�C�F�S �B�M�M�F �W�P�S�I�B�O�E�F�O�F�O �(�F�P�N�F�U�S�J�F�O �[�V �N�J�U�U�F�M�O��
�4�J�O�E �E�J�F �$�M�V�T�U�F�S �T�U�B�S�L �W�J�C�S�B�U�J�P�O�T�B�O�H�F�S�F�H�U �V�O�E �E�J�F �8�F�D�I�T�F�M�X�J�S�L�V�O�H�T�F�O�F�S�H�J�F �N�J�U �E�F�N �F�M�F�L�U�S�J�T�D�I�F�O �'�F�M�E �E�F�V�U�M�J�D�I
�L�M�F�J�O�F�S �B�M�T �E�F�T�T�F�O �U�I�F�S�N�J�T�D�I�F �&�O�F�S�H�J�F�
� 0;�F�MEz � k�#T�
 �L�P�N�N�U �F�T �[�V �F�J�O�F�S �W�P�M�M�T�U�¢�O�E�J�H�F�O �3�F�M�B�Y�B�U�J�P�O �E�F�T �%�J�Q�P�M��
�N�P�N�F�O�U�T �J�N �F�M�F�L�U�S�J�T�D�I�F�O �'�F�M�E�
 �E�B �T�P �W�J�F�M�F �4�D�I�X�J�O�H�V�O�H�T�G�S�F�J�I�F�J�U�T�H�S�B�E�F �V�O�E �*�T�P�N�F�S�J�T�J�F�S�V�O�H�T�L�B�O�¢�M�F �[�V�H�¢�O�H�M�J�D�I
�T�J�O�E�
 �E�B�T�T �E�J�F�T�F �B�M�T �J�O�U�F�S�O�F�T �8�¢�S�N�F�C�B�E �G�V�O�H�J�F�S�F�O �L�´�O�O�F�O �<�����
 �����
 �����>�� �%�B�E�V�S�D�I �L�B�O�O �E�B�T �F�M�F�L�U�S�J�T�D�I�F �%�J�Q�P�M��
�N�P�N�F�O�U �J�N �N�P�M�F�L�º�M�G�F�T�U�F�O �,�P�P�S�E�J�O�B�U�F�O�T�Z�T�U�F�N �E�F�T �$�M�V�T�U�F�S�T �G�S�F�J �S�P�U�J�F�S�F�O �V�O�E �E�B�T �J�N �&�Y�Q�F�S�J�N�F�O�U �C�F�P�C�B�D�I�U�C�B�S�F
�F�M�F�L�U�S�J�T�D�I�F �%�J�Q�P�M�N�P�N�F�O�U �X�J�S�E �W�P�M�M�T�U�¢�O�E�J�H �H�F�R�V�F�O�D�I�U�� �&�T �X�J�S�E �L�F�J�O�F �7�F�S�C�S�F�J�U�F�S�V�O�H �E�F�T �4�U�S�B�I�M�Q�S�P�S�M�T �N�F�I�S
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�H�F�H�F�C�F�O �J�T�U�� �%�J�F�T�F�S �"�V�T�E�S�V�D�L �¢�I�O�F�M�U �E�F�N �-�B�O�H�F�W�J�O���%�F�C�Z�F���7�F�S�I�B�M�U�F�O �<�����> �V�O�E �L�B�O�O �B�V�T �E�F�S �T�U�B�U�J�T�U�J�T�D�I�F�O
�#�F�T�D�I�S�F�J�C�V�O�H �E�F�T �F�M�F�L�U�S�J�T�D�I�F�O �%�J�Q�P�M�N�P�N�F�O�U�T �B�C�H�F�M�F�J�U�F�U �X�F�S�E�F�O �<�����
 �����‡�����>�� �*�N �&�Y�Q�F�S�J�N�F�O�U �¢�V�•�F�S�U �T�J�D�I
�E�J�F�T�F�T �7�F�S�I�B�M�U�F�O �J�O �F�J�O�F�S �E�V�S�D�I �E�B�T �F�M�F�L�U�S�J�T�D�I�F �%�J�Q�P�M�N�P�N�F�O�U �W�F�S�T�U�¢�S�L�U�F�O �F�J�O�T�F�J�U�J�H�F�O �7�F�S�T�D�I�J�F�C�V�O�H �J�O �3�J�D�I�U�V�O�H
�E�F�T �'�F�M�E�H�S�B�E�J�F�O�U�F�O �V�O�E �L�P�O�O�U�F �C�F�S�F�J�U�T �N�F�I�S�G�B�D�I �F�Y�Q�F�S�J�N�F�O�U�F�M�M �C�F�P�C�B�D�I�U�F�U �V�O�E �T�P�H�B�S �R�V�B�O�U�J�U�B�U�J�W �B�V�T�H�F�X�F�S�U�F�U
�X�F�S�E�F�O �<�����‡�����>��

�/�V�N�F�S�J�T�D�I�F �#�F�T�U�J�N�N�V�O�H �E�F�S �%�J�Q�P�M�N�P�N�F�O�U�T�W�F�S�U�F�J�M�V�O�H�T�G�V�O�L�U�J�P�O�0�C�X�P�I�M �E�J�F �*�O�U�F�S�Q�S�F�U�B�U�J�P�O �E�F�S �F�M�F�L��
�U�S�J�T�D�I�F�O �"�C�M�F�O�L�Q�S�P�S�M�F �B�V�G �#�B�T�J�T �E�F�S �4�U�´�S�V�O�H�T�U�I�F�P�S�J�F �N�F�I�S�F�S�F �"�O�O�B�I�N�F�O �C�F�J�O�I�B�M�U�F�U�
 �E�J�F �B�V�G �X�F�O�J�H�F �$�M�V�T��
�U�F�S�T�Z�T�U�F�N�F �[�V�U�S�F�R�F�O�
 �E�J�F�O�U �F�T �E�F�O�O�P�D�I �B�M�T �F�J�O�G�B�D�I�F�S �"�O�T�B�U�[�
 �V�N �F�S�T�U�F �*�O�G�P�S�N�B�U�J�P�O�F�O �º�C�F�S �E�J�F �F�M�F�L�U�S�J�T�D�I�F�O
�&�J�H�F�O�T�D�I�B�G�U�F�O �W�P�O �$�M�V�T�U�F�S�O �C�F�J �H�F�S�J�O�H�F�O �"�C�M�F�O�L�T�Q�B�O�O�V�O�H�F�O �[�V �F�S�I�B�M�U�F�O�� �6�N �V�O�B�C�I�¢�O�H�J�H �W�P�O �E�F�S �4�U�¢�S�L�F
�E�F�S �"�C�M�F�O�L�T�Q�B�O�O�V�O�H �V�O�E �B�V�D�I �J�N �'�B�M�M �W�P�O �B�T�Z�N�N�F�U�S�J�T�D�I�F�O �3�P�U�P�S�F�O�
 �[�V �E�F�S�F�O �,�B�U�F�H�P�S�J�F �E�J�F �N�F�J�T�U�F�O �$�M�V�T�U�F�S
�[�¢�I�M�F�O�
 �E�J�F �F�M�F�L�U�S�J�T�D�I�F�O �"�C�M�F�O�L�N�F�T�T�V�O�H�F�O �J�O�U�F�S�Q�S�F�U�J�F�S�F�O �[�V �L�´�O�O�F�O�
 �L�B�O�O �E�J�F �7�F�S�U�F�J�M�V�O�H�T�G�V�O�L�U�J�P�O� (�� z;�F�M)
�O�V�N�F�S�J�T�D�I �F�S�N�J�U�U�F�M�U �X�F�S�E�F�O�� �)�J�F�S�G�º�S �L�B�O�O �F�J�O �R�V�B�O�U�F�O�N�F�D�I�B�O�J�T�D�I�F�S �"�O�T�B�U�[ �H�F�X�¢�I�M�U �X�F�S�E�F�O�
 �C�F�J �E�F�N �E�F�S
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 �E�B�T�T �C�F�J
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�E�J�D�I�U�F�W�F�S�U�F�J�M�V�O�H �E�F�S �T�J�N�V�M�J�F�S�U�F�O �1�S�P�K�F�L�U�J�P�O �E�F�T �F�M�F�L�U�S�J�T�D�I�F�O �%�J�Q�P�M�N�P�N�F�O�U�T �B�V�G �E�J�F �'�F�M�E�B�D�I�T�F�
 �N�J�U �E�F�S �E�B�O�O
�N�J�U�I�J�M�G�F �W�P�O �(�M�F�J�D�I�V�O�H ������ �F�J�O �T�J�N�V�M�J�F�S�U�F�T �4�U�S�B�I�M�Q�S�P�S�M �F�S�I�B�M�U�F�O �X�F�S�E�F�O �L�B�O�O�� �)�J�F�S�C�F�J �L�B�O�O �H�F�[�F�J�H�U �X�F�S�E�F�O�

�E�B�T�T �J�N �'�B�M�M �W�P�OT�3�P�U! 1 �F�J�O�F �T�Z�N�N�F�U�S�J�T�D�I�F �7�F�S�C�S�F�J�U�F�S�V�O�H �H�F�N�¢�• �E�F�S �'�0�1�5 �F�S�I�B�M�U�F�O �X�J�S�E�� �&�T �J�T�U �O�P�D�I �[�V
�F�S�X�¢�I�O�F�O�
 �E�B�T�T �E�F�S �&�J�O�U�S�J�U�U �E�F�S �5�F�J�M�D�I�F�O �J�O �E�B�T �F�M�F�L�U�S�J�T�D�I�F �'�F�M�E �B�M�T �B�E�J�B�C�B�U�J�T�D�I�F�S �1�S�P�[�F�T�T �C�F�I�B�O�E�F�M�U �X�J�S�E�

�C�F�J �E�F�N �E�J�F �$�M�V�T�U�F�S �J�I�S�F�O �B�O�G�¢�O�H�M�J�D�I�F�O �;�V�T�U�B�O�E �O�J�D�I�U �¢�O�E�F�S�O�
 �E�B �E�J�F �&�J�O�U�S�J�U�U�T�E�B�V�F�S �C�F�J �E�F�O �J�N �&�Y�Q�F�S�J�N�F�O�U
�U�Z�Q�J�T�D�I�F�O �$�M�V�T�U�F�S�H�F�T�D�I�X�J�O�E�J�H�L�F�J�U�F�O �E�F�V�U�M�J�D�I �H�S�´�•�F�S �B�M�T �E�J�F �3�P�U�B�U�J�P�O�T�Q�F�S�J�P�E�F �F�J�O�F�T �.�F�U�B�M�M�D�M�V�T�U�F�S�T �J�T�U�� �%�B�G�º�S
�X�J�S�E �J�O �E�F�S �O�V�N�F�S�J�T�D�I�F�O �#�F�S�F�D�I�O�V�O�H �E�F�S �%�J�Q�P�M�N�P�N�F�O�U�Q�S�P�K�F�L�U�J�P�O �F�J�O �[�V �"�O�G�B�O�H �T�D�I�X�¢�D�I�F�S�F�T �'�F�M�E �F�J�O�H�F�G�º�I�S�U�
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 �E�J�F �E�S�F�J �5�S�¢�H�I�F�J�U�T�N�P�N�F�O�U�F �V�O�E �E�J�F �F�M�F�L��
�U�S�J�T�D�I�F �1�P�M�B�S�J�T�J�F�S�C�B�S�L�F�J�U �	�G�º�S �E�J�F �F�J�O�T�F�J�U�J�H�F �7�F�S�T�D�I�J�F�C�V�O�H �O�B�D�I �(�M�F�J�D�I�V�O�H �������
 �E�F�T �$�M�V�T�U�F�S�T �C�F�L�B�O�O�U�
 �L�B�O�O
�G�º�S �F�J�O�F�O �E�F�S�O�J�F�S�U�F�O �8�F�S�U �W�P�OT�3�P�U�E�B�T �F�M�F�L�U�S�J�T�D�I �B�C�H�F�M�F�O�L�U�F �4�U�S�B�I�M�Q�S�P�S�M �G�º�S �F�J�O�F�O �S�J�H�J�E�F�O �$�M�V�T�U�F�S �F�Y�B�L�U
�C�F�T�U�J�N�N�U �X�F�S�E�F�O�� �%�J�F�T�F �1�B�S�B�N�F�U�F�S �L�´�O�O�F�O �B�V�T �R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F�O �3�F�D�I�O�V�O�H�F�O �	�,�B�Q�J�U�F�M ���
 �F�S�I�B�M�U�F�O �X�F�S�E�F�O
�V�O�E �T�J�O�E �B�C�I�¢�O�H�J�H �W�P�O �E�F�S �H�F�P�N�F�U�S�J�T�D�I�F�O �4�U�S�V�L�U�V�S �E�F�T �$�M�V�T�U�F�S�T�� �4�P�N�J�U �J�T�U �º�C�F�S �E�F�O �7�F�S�H�M�F�J�D�I �E�F�T �T�J�N�V�M�J�F�S��
�U�F�O �4�U�S�B�I�M�Q�S�P�S�M�T �N�J�U �E�F�O �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O �F�J�O�F �4�U�S�V�L�U�V�S�E�J�T�L�S�J�N�J�O�J�F�S�V�O�H �N�´�H�M�J�D�I �<�����
 �����
 �����
 �����
 �����

�����>��

�q���q �&�I�W�G�L�V�I�M�F�Y�R�K �H�I�V �Q�E�K�R�I�X�M�W�G�L�I�R �%�F�P�I�R�O�Y�R�K

�;�F�F�N�B�O���&�N�F�L�U �V�O�E �"�W�P�J�E�F�E���$�S�P�T�T�J�O�H���.�P�E�F�M�M�*�N �'�B�M�M �F�J�O�F�T �"�U�P�N�T �J�N �.�B�H�O�F�U�G�F�M�E �T�Q�B�M�U�F�U �E�J�F �&�O�F�S�H�J�F
� �J�O�U;�N�B�H�J�O2J + 1 �;�V�T�U�¢�O�E�F �B�V�G�
 �X�P�C�F�JJ �E�J�F �2�V�B�O�U�F�O�[�B�I�M �E�F�T �F�M�F�L�U�S�P�O�J�T�D�I�F�O �(�F�T�B�N�U�E�S�F�I�J�N�Q�V�M�T �E�B�S�T�U�F�M�M�U�� �%�J�F
�"�V�G�T�Q�B�M�U�V�O�H �E�F�S �&�O�F�S�H�J�F�
 �E�J�F �B�V�D�I �J�N �V�S�T�Q�S�º�O�H�M�J�D�I�F�O �4�U�F�S�O���(�F�S�M�B�D�I���&�Y�Q�F�S�J�N�F�O�U �G�º�S �E�B�T �4�J�M�C�F�S�B�U�P�N �C�F�P�C�B�D�I�U�F�U
�X�V�S�E�F �<�����>�
 �X�J�S�E �B�M�T �;�F�F�N�B�O���&�R�F�L�U �C�F�[�F�J�D�I�O�F�U �V�O�E �J�T�U �º�C�F�S

� �J�O�U;�N�B�H= mJ gJ � �#B �	���������


�B�C�I�¢�O�H�J�H �W�P�O �E�F�S �.�B�H�O�F�U�T�V�T�T�E�J�D�I�U�F �E�F�T �F�Y�U�F�S�O�F�O �'�F�M�E�TB �
 �E�F�N �-�B�O�E�§���'�B�L�U�P�SgJ �V�O�E �E�F�S �N�B�H�O�F�U�J�T�D�I�F�O
�4�Q�J�O�R�V�B�O�U�F�O�[�B�I�MmJ �� �-�F�U�[�U�F�S�F �C�F�T�D�I�S�F�J�C�U �E�J�F �1�S�P�K�F�L�U�J�P�O �E�F�T �(�F�T�B�N�U�E�S�F�I�J�N�Q�V�M�T�F�T �B�V�G �E�J�F �'�F�M�E�B�D�I�T�F �V�O�E �L�B�O�O
�O�V�S �8�F�S�U�F �J�N �#�F�S�F�J�D�I �W�P�OmJ = f� J; � J + 1 ; :::; + J g �B�O�O�F�I�N�F�O �<�����
 �����>�� �%�B �E�B�T �"�U�P�N �X�F�E�F�S �3�P�U�B�U�J�P�O�T��
�O�P�D�I �4�D�I�X�J�O�H�V�O�H�T�G�S�F�J�I�F�J�U�T�H�S�B�E�F �C�F�T�J�U�[�U�
 �G�¢�M�M�U �E�J�F �&�O�F�S�H�J�F� 0 �B�V�T �(�M�F�J�D�I�V�O�H ������ �X�F�H �V�O�E �E�J�F �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F
�"�C�M�F�O�L�V�O�H �F�J�O�F�T �&�O�T�F�N�C�M�F�T �B�O �"�U�P�N�F�O �J�N �.�B�H�O�F�U�G�F�M�E �L�B�O�O �F�J�O�G�B�D�I �E�V�S�D�I �E�B�T �&�J�O�T�F�U�[�F�O �W�P�O�� z;�N�B�H= mJ gJ � �#

�J�O �(�M�F�J�D�I�V�O�H ������ �C�F�T�D�I�S�J�F�C�F�O �X�F�S�E�F�O��
�&�J�O �$�M�V�T�U�F�S �I�J�O�H�F�H�F�O �C�F�T�J�U�[�U �3�P�U�B�U�J�P�O�T�� �V�O�E �4�D�I�X�J�O�H�V�O�H�T�G�S�F�J�I�F�J�U�T�H�S�B�E�F�
 �T�P�E�B�T�T �T�J�D�I �T�F�J�O�F �Q�P�U�F�O�U�J�F�M�M�F �&�O�F�S�H�J�F
�J�N �.�B�H�O�F�U�G�F�M�E �O�B�D�I

� �N�B�H= � �S�P�U+ � �W�J�C+ mSg� �#B �	���������


�[�V�T�B�N�N�F�O�T�F�U�[�U�� �)�J�F�S�C�F�J �X�J�S�E �F�J�O �F�R�F�L�U�J�W�F�S �4�Q�J�O���)�B�N�J�M�U�P�O�P�Q�F�S�B�U�P�S �C�F�O�V�U�[�U�
 �C�F�J �E�F�N �E�J�F �;�F�F�N�B�O���&�O�F�S�H�J�F
�B�C�I�¢�O�H�J�H �W�P�O �E�F�O �4�Q�J�O�R�V�B�O�U�F�O�[�B�I�M�F�OS �V�O�EmS�
 �T�P�X�J�F �F�J�O�F�N �F�R�F�L�U�J�W�F�Og���'�B�L�U�P�S �C�F�U�S�B�D�I�U�F�U �X�F�S�E�F�O �L�B�O�O �<�����

�����>�� �*�O �E�J�F�T�F�Ng���'�B�L�U�P�S �T�J�O�E �E�J�F �#�B�I�O�B�O�U�F�J�M�F �[�V�N �.�B�H�O�F�U�J�T�N�V�T �[�V�T�B�N�N�F�O�H�F�G�B�T�T�U�
 �X�P�E�V�S�D�I �"�C�X�F�J�D�I�V�O�H�F�O
�W�P�N �8�F�S�U �E�F�T �G�S�F�J�F�O �&�M�F�L�U�S�P�O�TgJ = 2 ;0023� 2 �[�V�T�U�B�O�E�F �L�P�N�N�F�O �<�����
 �������>�� �%�B �W�P�S �B�M�M�F�N �E�J�F �3�P�U�B�U�J�P�O �E�B�T
�N�B�H�O�F�U�J�T�D�I�F �"�C�M�F�O�L�W�F�S�I�B�M�U�F�O �C�F�F�J�O�T�V�T�T�U�
 �T�P�M�M�F�O �[�V�O�¢�D�I�T�U �E�J�F �$�M�V�T�U�F�S �B�M�T �S�J�H�J�E�F �3�P�U�P�S�F�O �C�F�U�S�B�D�I�U�F�U �X�F�S�E�F�O��
�%�V�S�D�I �E�J�F �,�P�Q�Q�M�V�O�H �W�P�O �3�P�U�B�U�J�P�O�T�� �V�O�E �4�Q�J�O�G�S�F�J�I�F�J�U�T�H�S�B�E�F�O �J�O �$�M�V�T�U�F�S�O �L�P�N�N�U �F�T �[�V�S �"�V�G�T�Q�B�M�U�V�O�H �E�F�S �&�O�F�S�H�J�F�O
�J�N �.�B�H�O�F�U�G�F�M�E �G�º�S �K�F�E�F�O �3�P�U�B�U�J�P�O�T�[�V�T�U�B�O�E�� �%�B �E�J�F �F�O�F�S�H�F�U�J�T�D�I�F�O �"�C�T�U�¢�O�E�F �[�X�J�T�D�I�F�O �E�F�O �3�P�U�B�U�J�P�O�T�O�J�W�F�B�V�T �J�N
�7�F�S�H�M�F�J�D�I �[�V �E�F�S �"�V�G�T�Q�B�M�U�V�O�H �H�F�S�J�O�H �T�J�O�E�
 �F�O�U�T�U�F�I�F�O �,�S�F�V�[�V�O�H�F�O �W�P�O �&�O�F�S�H�J�F�O�J�W�F�B�V�T �W�F�S�T�D�I�J�F�E�F�O�F�S �4�Q�J�O�[�V�T�U�¢�O��

��



�E�F�� �*�T�U �E�J�F �&�S�I�B�M�U�V�O�H �E�F�T �F�M�F�L�U�S�P�O�J�T�D�I�F�O �(�F�T�B�N�U�E�S�F�I�J�N�Q�V�M�T�F�T �B�O �T�P �F�J�O�F�S �,�S�F�V�[�V�O�H �H�F�H�F�C�F�O�
 �B�M�T�PJz �J�O �C�F�J�E�F�O
�;�V�T�U�¢�O�E�F�O �H�M�F�J�D�I�
 �M�J�F�H�U �F�J�O�F �T�P�H�F�O�B�O�O�U�F �W�F�S�C�P�U�F�O�F �,�S�F�V�[�V�O�H �	�F�O�H�M���B�W�P�J�E�F�E���D�S�P�T�T�J�O�H�
 �W�P�S �<�������
 �������>�� �#�B�T�J�F�S�F�O�E
�B�V�G �E�F�S �%�F�S�O�J�U�J�P�O �W�P�OmR �M�¢�T�T�U �T�J�D�I �[�F�J�H�F�O�
 �E�B�T�T �T�P�M�D�I�F �W�F�S�C�P�U�F�O�F�O �,�S�F�V�[�V�O�H�F�O �C�F�J �F�J�O�F�N �H�F�H�F�C�F�O�F�OJz �B�C
�F�J�O�F�N �3�P�U�B�U�J�P�O�T�O�J�W�F�B�VR�N�J�O�H�F�N�¢�•

R�N�J�O= jJz � mS j �	���������


�B�V�G�U�S�F�U�F�O�� �#�F�J�N �1�B�T�T�J�F�S�F�O �E�F�T �J�O�I�P�N�P�H�F�O�F�O �.�B�H�O�F�U�G�F�M�E�T �F�S�G�¢�I�S�U �E�F�S �$�M�V�T�U�F�S �E�V�S�D�I �E�J�F �"�C�M�F�O�L�V�O�H �F�J�O�F
�7�F�S�¢�O�E�F�S�V�O�H �E�F�T �F�Y�U�F�S�O�F�O �'�F�M�E�T �V�O�E �L�B�O�O �T�P�N�J�U �F�J�O�F �T�P�M�D�I�F �W�F�S�C�P�U�F�O�F �,�S�F�V�[�V�O�H �E�V�S�D�I�M�B�V�G�F�O�� �%�B�C�F�J �L�B�O�O �T�J�D�I
�E�F�S �4�Q�J�O�[�V�T�U�B�O�EmS �E�F�T �$�M�V�T�U�F�S�T �¢�O�E�F�S�O�
 �X�B�T �B�V�D�I �B�M�T �4�Q�J�O�T�J�Q �C�F�[�F�J�D�I�O�F�U �X�J�S�E�
 �E�B �E�F�S �(�F�T�B�N�U�E�S�F�I�J�N�Q�V�M�T
�F�S�I�B�M�U�F�O �C�M�F�J�C�F�O �N�V�T�T�� �%�J�F �W�F�S�T�D�I�J�F�E�F�O�F�O �&�O�F�S�H�J�F�E�J�B�H�S�B�N�N�F �G�º�S �F�J�O �"�U�P�N�
 �F�J�O�F�O �S�J�H�J�E�F�O �T�Q�I�¢�S�J�T�D�I�F�O �$�M�V�T�U�F�S
�V�O�E �F�J�O�F�O �T�D�I�X�J�O�H�V�O�H�T�B�O�H�F�S�F�H�U�F�O �$�M�V�T�U�F�S �T�J�O�E �T�D�I�F�N�B�U�J�T�D�I �J�O �"�C�C�J�M�E�V�O�H ������ �	�W�P�O �M�J�O�L�T �O�B�D�I �S�F�D�I�U�T�
 �V�O�U�F�S�F�S
�5�F�J�M�
 �G�º�S �F�J�O �4�Z�T�U�F�N �N�J�U �F�J�O�F�N �4�Q�J�O�[�V�T�U�B�O�E �W�P�OS = 5/2 �B�C�H�F�C�J�M�E�F�U�� �;�V�T�¢�U�[�M�J�D�I �J�T�U �J�N �N�J�U�U�M�F�S�F�O �#�J�M�E �F�J�O�F
�W�F�S�C�P�U�F�O�F �,�S�F�V�[�V�O�H �W�F�S�H�S�´�•�F�S�U �H�F�[�F�J�H�U�� �;�V�S �7�F�S�F�J�O�G�B�D�I�V�O�H �T�J�O�E �E�J�F �[�X�F�J �W�F�S�T�D�I�J�F�E�F�O�F�O �4�Q�J�O�[�V�T�U�¢�O�E�F �I�J�F�S �B�M�T
�1�G�F�J�M �O�B�D�I �P�C�F�O �C�[�X�� �V�O�U�F�O �E�B�S�H�F�T�U�F�M�M�U��

�%�V�S�D�I�M�¢�V�G�U �E�F�S �$�M�V�T�U�F�S �P�I�O�F �4�Q�J�O�T�J�Q�T �E�B�T �.�B�H�O�F�U�G�F�M�E�
 �X�F�S�E�F�O �J�N �&�Y�Q�F�S�J�N�F�O�U �E�J�T�L�S�F�U�F �4�U�S�B�I�M�L�P�N�Q�P�O�F�O��
�U�F�O �C�F�P�C�B�D�I�U�F�U�
 �E�J�F �E�F�O �K�F�X�F�J�M�J�H�F�O �4�Q�J�O�[�V�T�U�¢�O�E�F�OmS �[�V�H�F�P�S�E�O�F�U �X�F�S�E�F�O �L�´�O�O�F�O�� �%�J�F�T�F�T �"�C�M�F�O�L�W�F�S�I�B�M�U�F�O
�X�J�S�E �B�M�T �T�V�Q�F�S�B�U�P�N�B�S �C�F�[�F�J�D�I�O�F�U�� �5�S�F�U�F�O �I�J�O�H�F�H�F�O �4�Q�J�O�T�J�Q�T �B�V�G�
 �L�P�N�N�U �F�T �J�O �"�C�I�¢�O�H�J�H�L�F�J�U �E�F�T �W�F�S�¢�O�E�F�S�U�F�O
�4�Q�J�O�[�V�T�U�B�O�E�T �B�V�D�I �[�V �F�J�O�F�S �‚�O�E�F�S�V�O�H �E�F�S �5�S�B�K�F�L�U�P�S�J�F �E�F�T �5�F�J�M�D�I�F�O�T �J�N �.�B�H�O�F�U�F�O�
 �T�P�E�B�T�T �E�J�F �E�J�T�L�S�F�U�F �.�P�M�F��
�L�V�M�B�S�T�U�S�B�I�M�B�V�G�T�Q�B�M�U�V�O�H �B�C�O�J�N�N�U �P�E�F�S �T�P�H�B�S �H�B�O�[ �W�F�S�T�D�I�X�J�O�E�F�U�� �4�U�B�U�U�E�F�T�T�F�O �X�J�S�E �N�J�U �[�V�O�F�I�N�F�O�E�F�S �"�O�[�B�I�M
�E�F�S �B�E�J�B�C�B�U�J�T�D�I �E�V�S�D�I�M�B�V�G�F�O�F�O �W�F�S�C�P�U�F�O�F�O �,�S�F�V�[�V�O�H�F�O �E�J�F �J�N �&�Y�Q�F�S�J�N�F�O�U �C�F�P�C�B�D�I�U�F�U�F �"�C�M�F�O�L�V�O�H �L�M�F�J�O�F�S��
�*�O �E�J�F�T�F�N �'�B�M�M �X�J�S�E �W�P�O �F�J�O�F�N �2�V�F�O�D�I�F�O �E�F�T �T�V�Q�F�S�B�U�P�N�B�S�F�O �7�F�S�I�B�M�U�F�O�T �H�F�T�Q�S�P�D�I�F�O�� �%�J�F �J�N �&�Y�Q�F�S�J�N�F�O�U
�C�F�P�C�B�D�I�U�C�B�S�F�O �4�U�S�B�I�M�Q�S�P�S�M�F �T�J�O�E �J�N �P�C�F�S�F�O �5�F�J�M �E�F�S �"�C�C�J�M�E�V�O�H ������ �H�F�[�F�J�H�U��
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�R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F�O �3�F�D�I�O�V�O�H�F�O �F�S�N�J�U�U�F�M�U�Fĝ���5�F�O�T�P�S�T �C�F�S�º�D�L�T�J�D�I�U�J�H�U �X�F�S�E�F�O��
�*�T�U �E�F�Sg���'�B�L�U�P�S �	�P�E�F�S �5�F�O�T�P�S�
 �B�V�T �R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F�O �3�F�D�I�O�V�O�H�F�O �C�F�L�B�O�O�U�
 �L�B�O�O �B�M�T�P �E�F�S �8�F�S�U �G�º�S �E�J�F
�4�Q�J�O���3�P�U�B�U�J�P�O�T���,�P�Q�Q�M�V�O�H�T�L�P�O�T�U�B�O�U�F �B�C�H�F�T�D�I�¢�U�[�U �V�O�E �E�J�F �4�Q�J�O�T�J�Q�X�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U �C�F�S�F�D�I�O�F�U �X�F�S�E�F�O�� �'�º�S
�E�F�O �P�C�F�O �H�F�O�B�O�O�U�F�O �T�Q�I�¢�S�J�T�D�I�F�O �$�M�V�T�U�F�S �4�O12�.�O �N�J�U� g � 0;03 �<�����> �F�S�H�J�C�U �T�J�D�I �T�P�N�J�U �F�J�O�F �4�Q�J�O���3�P�U�B�U�J�P�O�T��
�,�P�Q�Q�M�V�O�H�T�L�P�O�T�U�B�O�U�F �W�P�O� �4�3� 1 � 10� 8 �F�7�� �.�J�U �E�F�S �B�V�T �E�F�O �U�Z�Q�J�T�D�I�F�O �$�M�V�T�U�F�S�H�F�T�D�I�X�J�O�E�J�H�L�F�J�U�F�O �S�F�T�V�M�U�J�F��
�S�F�O�E�F�O �‚�O�E�F�S�V�O�H �E�F�T �.�B�H�O�F�U�G�F�M�E�T �W�P�O�EB �Et � 1 = 150 �5�T� 1 �X�J�S�E �E�B�S�B�V�T �X�J�F�E�F�S�V�N �º�C�F�S �(�M�F�J�D�I�V�O�H �������� �F�J�O�F
�8�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U �G�º�S �F�J�O�F�O �4�Q�J�O�T�J�Q �W�P�Op�B�E� 100�� �C�F�S�F�D�I�O�F�U�
 �T�P�E�B�T�T �O�B�I�F�[�V �B�M�M�F �W�F�S�C�P�U�F�O�F�O �,�S�F�V�[�V�O�H�F�O
�B�E�J�B�C�B�U�J�T�D�I �E�V�S�D�I�M�B�V�G�F�O �X�F�S�E�F�O �V�O�E �E�B�T �C�F�P�C�B�D�I�U�F�U�F �T�V�Q�F�S�B�U�P�N�B�S�F �7�F�S�I�B�M�U�F�O �H�S�´�•�U�F�O�U�F�J�M�T �H�F�R�V�F�O�D�I�U �T�F�J�O
�N�º�T�T�U�F�� �%�J�F�T �X�J�E�F�S�T�Q�S�J�D�I�U �K�F�E�P�D�I �E�F�O �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �#�F�P�C�B�D�I�U�V�O�H�F�O�
 �E�B �4�O12�.�O �O�B�I�F�[�V �W�P�M�M�T�U�¢�O�E�J�H �T�V�Q�F�S��
�B�U�P�N�B�S �J�N �.�B�H�O�F�U�G�F�M�E �B�V�G�T�Q�B�M�U�F�U �<�����
 �������>�� �8�F�J�U�F�S�F �6�O�U�F�S�T�V�D�I�V�O�H�F�O �E�F�T �N�B�H�O�F�U�J�T�D�I�F�O �"�C�M�F�O�L�W�F�S�I�B�M�U�F�O�T
�J�O �%�P�Q�Q�F�M���4�U�F�S�O���(�F�S�M�B�D�I �&�Y�Q�F�S�J�N�F�O�U�F�O�
 �C�F�J �E�F�O�F�O �E�J�F �T�V�Q�F�S�B�U�P�N�B�S �B�V�G�T�Q�B�M�U�F�O�E�F�O �4�U�S�B�I�M�L�P�N�Q�P�O�F�O�U�F�O �J�N
�[�X�F�J�U�F�O �.�B�H�O�F�U�G�F�M�E �S�F�G�P�L�V�T�T�J�F�S�U �X�F�S�E�F�O �<�������>�
 �F�S�H�F�C�F�O �F�J�O�F �4�Q�J�O�T�J�Q�X�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U �W�P�Op�B�E� 1 �� �<�����>��
�)�J�F�S �X�J�S�E �B�M�T�P �E�F�V�U�M�J�D�I�
 �E�B�T�T �F�T �F�J�O�F �T�U�B�S�L�F �%�J�T�L�S�F�Q�B�O�[ �[�X�J�T�D�I�F�O �E�F�O �R�V�B�O�U�F�O�D�I�F�N�J�T�D�I �W�P�S�I�F�S�H�F�T�B�H�U�F�O �V�O�E
�E�F�O �B�V�T �E�F�O �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O �F�Y�U�S�B�I�J�F�S�U�F�O �8�F�S�U�F�O �H�J�C�U�� �&�T �X�J�S�E �W�F�S�N�V�U�F�U�
 �E�B�T�T �E�J�F�T�F �%�J�T�L�S�F�Q�B�O�[ �E�B�S�B�V�T
�S�F�T�V�M�U�J�F�S�U�
 �E�B�T�T �E�J�F �I�J�F�S �H�F�O�V�U�[�U�F�O �R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F�O �.�F�U�I�P�E�F�O �	�T�J�F�I�F �,�B�Q�J�U�F�M ���
 �E�J�F �F�M�F�L�U�S�P�O�J�T�D�I�F �4�U�S�V�L�U�V�S
�V�O�E �E�B�N�J�U �E�J�F �N�B�H�O�F�U�J�T�D�I�F�O �&�J�H�F�O�T�D�I�B�G�U�F�O �O�J�D�I�U �B�V�T�S�F�J�D�I�F�O�E �H�V�U �G�º�S �N�B�O�D�I�F �F�J�O�G�B�D�I �E�P�U�J�F�S�U�F�O �5�F�U�S�F�M�D�M�V�T�U�F�S
�B�C�C�J�M�E�F�O �L�´�O�O�F�O �<�������>�� �6�N �E�F�O�O�P�D�I �E�J�F �N�B�H�O�F�U�J�T�D�I�F�O �"�C�M�F�O�L�Q�S�P�S�M�F �R�V�B�O�U�J�U�B�U�J�W �B�V�T�X�F�S�U�F�O �[�V �L�´�O�O�F�O�
 �L�B�O�O
�E�J�F �4�Q�J�O�E�Z�O�B�N�J�L �E�F�S �$�M�V�T�U�F�S �B�O �E�F�O �W�F�S�C�P�U�F�O�F�O �,�S�F�V�[�V�O�H�F�O �J�N �%�F�U�B�J�M �º�C�F�S �F�J�O�F �O�V�N�F�S�J�T�D�I�F �4�J�N�V�M�B�U�J�P�O�
 �E�J�F
�J�N �'�P�M�H�F�O�E�F�O �W�P�S�H�F�T�U�F�M�M�U �X�F�S�E�F�O �T�P�M�M�
 �C�F�T�D�I�S�J�F�C�F�O �X�F�S�E�F�O�� �%�J�F �4�Q�J�O�T�J�Q�X�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�Up�B�E�X�J�S�E �E�B�C�F�J
�B�M�T �'�J�U�Q�B�S�B�N�F�U�F�S �F�J�O�H�F�G�º�I�S�U �V�O�E �º�C�F�S �E�J�F �š�C�F�S�F�J�O�T�U�J�N�N�V�O�H �E�F�S �4�J�N�V�M�B�U�J�P�O �N�J�U �E�F�O �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O
�F�S�N�J�U�U�F�M�U��
�%�F�O�O�P�D�I �F�S�M�B�V�C�U �E�J�F �B�O�B�M�Z�U�J�T�D�I�F �#�F�S�F�D�I�O�V�O�H �W�P�O� �4�3�V�O�Ep�B�E�F�J�O�F �R�V�B�M�J�U�B�U�J�W�F �"�C�T�D�I�¢�U�[�V�O�H �E�F�T �N�B�H�O�F�U�J�T�D�I�F�O
�"�C�M�F�O�L�W�F�S�I�B�M�U�F�O�T �W�P�O �$�M�V�T�U�F�S�O �J�N �E�J�S�F�L�U�F�O �7�F�S�H�M�F�J�D�I �[�V�F�J�O�B�O�E�F�S�� �8�J�S�E �O�¢�N�M�J�D�I� �4�3�G�º�S �E�F�O �4�O12�"�M���$�M�V�T�U�F�S �N�J�U
�F�J�O�F�S �S�F�M�B�U�J�W �H�S�P�•�F�O �"�C�X�F�J�D�I�V�O�H �W�P�O� g = 0 ;7 �O�B�D�I �(�M�F�J�D�I�V�O�H �������� �C�F�S�F�D�I�O�F�U�
 �F�S�H�J�C�U �T�J�D�I �F�J�O �F�U�X�B �������N�B�M
�H�S�´�•�F�S�F�S �8�F�S�U �J�N �7�F�S�H�M�F�J�D�I �[�V �4�O12�.�O�� �%�B�S�B�V�T �S�F�T�V�M�U�J�F�S�U �F�C�F�O�G�B�M�M�Tp�B�E= 100 ���
 �E�B�T �B�C�F�S �B�V�D�I �F�Y�Q�F�S�J�N�F�O�U�F�M�M
�C�F�P�C�B�D�I�U�F�U �X�J�S�E �<�����>�
 �E�B �U�S�P�U�[ �E�F�S �H�F�S�J�O�H�F�O �"�O�[�B�I�M �B�O �E�V�S�D�I�M�B�V�G�F�O�F�O �W�F�S�C�P�U�F�O�F�O �,�S�F�V�[�V�O�H�F�O �F�J�O �H�S�P�•�F�S �5�F�J�M
�E�F�S �T�V�Q�F�S�B�U�P�N�B�S�F�O �"�V�G�T�Q�B�M�U�V�O�H �C�F�J �E�J�F�T�F�N �$�M�V�T�U�F�S �H�F�R�V�F�O�D�I�U �J�T�U��

�/�V�N�F�S�J�T�D�I�F �4�J�N�V�M�B�U�J�P�O�6�N �E�J�F �J�N �&�Y�Q�F�S�J�N�F�O�U �C�F�P�C�B�D�I�U�F�U�F �N�B�H�O�F�U�J�T�D�I�F �"�C�M�F�O�L�V�O�H �J�N �3�B�I�N�F�O �E�F�T �I�J�F�S
�F�S�M�¢�V�U�F�S�U�F�O�B�W�P�J�E�F�E���D�S�P�T�T�J�O�H���.�P�E�F�M�M�T �[�V �V�O�U�F�S�T�V�D�I�F�O�
 �L�B�O�O �E�J�F �8�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U�T�E�J�D�I�U�F�W�F�S�U�F�J�M�V�O�H� (�� z;�N�B�H)
�N�J�U�I�J�M�G�F �F�J�O�F�S �O�V�N�F�S�J�T�D�I�F�O �4�J�N�V�M�B�U�J�P�O �B�C�H�F�C�J�M�E�F�U �X�F�S�E�F�O�� �%�J�F�T�F �J�T�U �E�F�U�B�J�M�M�J�F�S�U �J�O �E�F�O �3�F�G�F�S�F�O�[�F�O �<�������
 �������>
�F�S�M�¢�V�U�F�S�U�
 �T�P�E�B�T�T �I�J�F�S �O�V�S �E�J�F �H�S�V�O�E�M�F�H�F�O�E�F�O �"�T�Q�F�L�U�F �C�F�T�D�I�S�J�F�C�F�O �X�F�S�E�F�O��
�'�º�S �E�J�F�T�F �4�J�N�V�M�B�U�J�P�O �X�J�S�E �[�V�O�¢�D�I�T�U �B�O�B�M�P�H �[�V�S �F�M�F�L�U�S�J�T�D�I�F�O �"�C�M�F�O�L�N�F�T�T�V�O�H �	�,�B�Q�J�U�F�M �������
 �G�º�S �F�J�O�F �W�P�S�H�F�H�F�C�F�O�F
�4�D�I�X�J�O�H�V�O�H�T�� �V�O�E �3�P�U�B�U�J�P�O�T�U�F�N�Q�F�S�B�U�V�S �F�J�O �L�B�O�P�O�J�T�D�I�F�T �&�O�T�F�N�C�M�F �W�P�O �������� �$�M�V�T�U�F�S�O �V�O�U�F�S �E�F�S �"�O�O�B�I�N�F
�F�J�O�F�S �#�P�M�U�[�N�B�O�O���7�F�S�U�F�J�M�V�O�H �F�S�[�F�V�H�U�� �%�B �E�J�F �/�V�M�M�G�F�M�E�B�V�G�T�Q�B�M�U�V�O�H �J�O �F�S�T�U�F�S �/�¢�I�F�S�V�O�H �J�H�O�P�S�J�F�S�U �X�J�S�E�
 �T�J�O�E �E�J�F
2S + 1 �4�Q�J�O�[�V�T�U�¢�O�E�F �C�F�J �F�J�O�F�S �W�P�S�H�F�H�F�C�F�O�F�O �.�V�M�U�J�Q�M�J�[�J�U�¢�US �W�P�S�N �&�J�O�U�S�J�U�U �J�O�T �.�B�H�O�F�U�G�F�M�E �F�O�U�B�S�U�F�U �V�O�E �X�F�S�E�F�O
�C�F�J �E�F�S �&�S�[�F�V�H�V�O�H �E�F�T �&�O�T�F�N�C�M�F�T �H�M�F�J�D�I�N�¢�•�J�H �C�F�T�F�U�[�U�� �"�O�B�M�P�H �[�V�S �4�J�N�V�M�B�U�J�P�O �E�F�S �F�M�F�L�U�S�J�T�D�I�F�O �"�C�M�F�O�L�V�O�H �X�J�S�E
�F�J�O �B�E�J�B�C�B�U�J�T�D�I�F�S �'�F�M�E�F�J�O�U�S�J�U�U �B�O�H�F�O�P�N�N�F�O�
 �T�P�E�B�T�T �E�B�O�O �E�J�F �(�F�T�B�N�U�F�O�F�S�H�J�F �G�º�S �K�F�E�F�T �5�F�J�M�D�I�F�O �J�O �"�C�I�¢�O�H�J�H�L�F�J�U

�ù�ù



�E�F�S �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �.�B�H�O�F�U�T�V�T�T�E�J�D�I�U�F �V�O�E �E�F�S �J�N �G�F�M�E�G�S�F�J�F�O �3�B�V�N �[�V�H�F�P�S�E�O�F�U�F�O �;�V�T�U�¢�O�E�F �C�F�S�F�D�I�O�F�U �X�F�S�E�F�O
�L�B�O�O�� �6�N �E�B�T �F�R�F�L�U�J�W �C�F�P�C�B�D�I�U�F�U�F �[�F�J�U�M�J�D�I �H�F�N�J�U�U�F�M�U�F �N�B�H�O�F�U�J�T�D�I�F �%�J�Q�P�M�N�P�N�F�O�U�� z;�N�B�H�K�F�E�F�T �F�J�O�[�F�M�O�F�O
�$�M�V�T�U�F�S�T �V�O�E �E�B�S�B�V�T �E�B�O�O� (�� z;�N�B�H) �E�F�T �&�O�T�F�N�C�M�F�T �[�V �F�S�I�B�M�U�F�O�
 �X�J�S�E �O�J�D�I�U �K�F�E�F �W�F�S�C�P�U�F�O�F �,�S�F�V�[�V�O�H �F�J�O�[�F�M�O
�C�F�U�S�B�D�I�U�F�U�� �4�U�B�U�U�E�F�T�T�F�O �X�J�S�E �E�J�F �N�J�U�U�M�F�S�F �4�U�F�J�H�V�O�H �E�F�S �&�O�F�S�H�J�F�[�V�T�U�¢�O�E�F �F�J�O�F�T �J�O�E�J�W�J�E�V�F�M�M�F�O �$�M�V�T�U�F�S�T �J�N
�3�P�U�B�U�J�P�O�T���;�F�F�N�B�O���%�J�B�H�S�B�N�N �C�F�S�F�D�I�O�F�U�� �)�J�F�S�G�º�S �X�J�S�E �B�V�T�H�F�I�F�O�E �W�P�O �E�F�S �(�F�T�B�N�U�F�O�F�S�H�J�F �[�V�S�º�D�L�W�F�S�G�P�M�H�U�
 �B�V�T
�X�F�M�D�I�F�O �3�P�U�B�U�J�P�O�T�F�O�F�S�H�J�F�O �C�F�J �B�V�T�H�F�T�D�I�B�M�U�F�U�F�N �'�F�M�EB = 0 �E�F�S �$�M�V�T�U�F�S �S�F�T�V�M�U�J�F�S�F�O �L�P�O�O�U�F�
 �J�O�E�F�N �E�J�F �;�F�F�N�B�O��
�&�O�F�S�H�J�F�O �G�º�S �B�M�M�F �N�´�H�M�J�D�I�F�O �4�Q�J�O�[�V�T�U�¢�O�E�FmS �W�P�O �E�F�S �(�F�T�B�N�U�F�O�F�S�H�J�F �T�V�C�U�S�B�I�J�F�S�U �X�F�S�E�F�O�� �+�F�E�F�S �B�V�T �E�F�O �T�P
�C�F�S�F�D�I�O�F�U�F�O �3�P�U�B�U�J�P�O�T�F�O�F�S�H�J�F�O �[�V�H�F�I�´�S�J�H�F �3�P�U�B�U�J�P�O�T�[�V�T�U�B�O�ER0�
 �E�F�S �E�J�F �&�S�I�B�M�U�V�O�H �E�F�T �%�S�F�I�J�N�Q�V�M�T�F�T �O�B�D�I
�(�M�F�J�D�I�V�O�H �������� �F�S�G�º�M�M�U�
 �X�J�S�E �E�B�O�O �J�O �E�J�F �;�V�T�U�B�O�E�T�E�J�D�I�U�F� mS �B�V�G�H�F�O�P�N�N�F�O�� �8�J�S�E �E�J�F �4�D�I�X�J�O�H�V�O�H�T�B�O�S�F�H�V�O�H
�G�º�S �E�J�F �4�J�N�V�M�B�U�J�P�O �C�F�S�º�D�L�T�J�D�I�U�J�H�U�
 �X�J�S�E �E�J�F �;�V�T�U�B�O�E�T�E�J�D�I�U�F� mS �F�Y�Q�P�O�F�O�U�J�F�M�M �V�N �E�J�F �C�F�J �E�F�S �W�P�S�H�F�H�F�C�F�O�F�O
�4�D�I�X�J�O�H�V�O�H�T�U�F�N�Q�F�S�B�U�V�ST�W�J�C�B�O�H�F�S�F�H�U�F�O �4�D�I�X�J�O�H�V�O�H�T�N�P�E�F�O �F�S�I�´�I�U�� �%�B �F�T �B�C�F�S �O�J�D�I�U �B�O �K�F�E�F�S �,�S�F�V�[�V�O�H �[�V
�F�J�O�F�N �4�Q�J�O�T�J�Q �L�P�N�N�F�O �N�V�T�T�
 �X�J�S�E� mS �V�N �E�F�O �8�F�S�U �W�P�Op�B�E�W�F�S�S�J�O�H�F�S�U�� �%�J�F �N�J�U�U�M�F�S�F �4�U�F�J�H�V�O�H �J�N �3�P�U�B�U�J�P�O�T��
�;�F�F�N�B�O���%�J�B�H�S�B�N�N �V�O�E �E�B�N�J�U �E�B�T �F�R�F�L�U�J�W�F �[�F�J�U�M�J�D�I �H�F�N�J�U�U�F�M�U�F �N�B�H�O�F�U�J�T�D�I�F �%�J�Q�P�M�N�P�N�F�O�U �F�S�S�F�D�I�O�F�U �T�J�D�I �G�º�S
�E�F�O �J�O�E�J�W�J�E�V�F�M�M�F�O �$�M�V�T�U�F�Si �O�B�D�I

�� z;�N�B�H;i = g� �#m� S;i = g� �#
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�%�J�F �E�B�S�B�V�T �S�F�T�V�M�U�J�F�S�F�O�E�F �7�F�S�U�F�J�M�V�O�H �E�F�T �&�O�T�F�N�C�M�F�T� (�� z;�N�B�H) �X�J�S�E �N�J�U �E�F�N �(�B�V�•�Q�S�P�S�M �E�F�T �O�J�D�I�U �B�C�H�F�M�F�O�L�U�F�O
�4�U�S�B�I�M�Q�S�P�S�M�T �H�F�G�B�M�U�F�U�� �%�B�T �T�P �F�S�I�B�M�U�F�O�F �T�J�N�V�M�J�F�S�U�F �4�U�S�B�I�M�Q�S�P�S�M �L�B�O�O �E�B�O�O �N�J�U �E�F�O �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O
�W�F�S�H�M�J�D�I�F�O �V�O�E �T�P�N�J�U �E�B�T �C�F�P�C�B�D�I�U�F�U�F �N�B�H�O�F�U�J�T�D�I�F �"�C�M�F�O�L�W�F�S�I�B�M�U�F�O �B�O�B�M�Z�T�J�F�S�U �X�F�S�E�F�O�� �%�B �E�B�T �B�C�H�F�M�F�O�L�U�F
�1�S�P�S�M �F�N�Q�S�O�E�M�J�D�I �W�P�O �E�F�S �4�Z�N�N�F�U�S�J�F �E�F�T �$�M�V�T�U�F�S�T �B�C�I�¢�O�H�U�
 �J�T�U �F�T �J�O �F�J�O�J�H�F�O �'�¢�M�M�F�O �T�P�H�B�S �N�´�H�M�J�D�I�
 �B�V�T �R�V�B�O��
�U�F�O�D�I�F�N�J�T�D�I�F�O �3�F�D�I�O�V�O�H�F�O �F�S�I�B�M�U�F�O�F �H�F�P�N�F�U�S�J�T�D�I�F �4�U�S�V�L�U�V�S�F�O �N�J�U�I�J�M�G�F �E�J�F�T�F�S �4�J�N�V�M�B�U�J�P�O �[�V �E�J�T�L�S�J�N�J�O�J�F�S�F�O�

�E�J�F �O�J�D�I�U �J�N �F�M�F�L�U�S�J�T�D�I�F�O �"�C�M�F�O�L�F�Y�Q�F�S�J�N�F�O�U �V�O�U�F�S�T�D�I�J�F�E�F�O �X�F�S�E�F�O �L�P�O�O�U�F�O �<�����>�� �&�T �N�V�T�T �E�B�S�B�V�G �I�J�O�H�F�X�J�F�T�F�O
�X�F�S�E�F�O�
 �E�B�T�T �E�J�F �7�B�S�J�B�C�M�Fp�B�E�J�O �E�J�F�T�F�S �4�J�N�V�M�B�U�J�P�O �B�M�T �'�J�U�Q�B�S�B�N�F�U�F�S �C�F�I�B�O�E�F�M�U �X�J�S�E�
 �E�B�
 �X�J�F �C�F�T�D�I�S�J�F�C�F�O�

�E�J�F �R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F �7�P�S�I�F�S�T�B�H�F �N�J�U�I�J�M�G�F �E�F�S �%�'�5 �O�J�D�I�U �B�V�T�S�F�J�D�I�F�O�E �H�F�O�B�V �J�T�U�� �)�J�F�S�C�F�J �X�J�S�E �K�F�E�P�D�I �E�B�S�B�V�G
�H�F�B�D�I�U�F�U�
 �E�B�T�T �C�F�J �F�J�O�F�Ng���'�B�L�U�P�S�
 �E�F�S �W�P�O �E�F�N �8�F�S�U �E�F�T �G�S�F�J�F�O �&�M�F�L�U�S�P�O�T �B�C�X�F�J�D�I�U�
 �F�J�O�F �I�P�I�F �4�Q�J�O�T�J�Q�X�B�I�S��
�T�D�I�F�J�O�M�J�D�I�L�F�J�U �F�J�O�H�F�T�F�U�[�U �X�J�S�E�
 �E�B �E�J�F�T�F �"�C�X�F�J�D�I�V�O�H �B�V�G �F�J�O�F �W�F�S�T�U�¢�S�L�U�F �4�Q�J�O���#�B�I�O���8�F�D�I�T�F�M�X�J�S�L�V�O�H �I�J�O�E�F�V�U�F�U
�V�O�E �T�P�N�J�U �4�Q�J�O�T�J�Q�T �C�F�H�º�O�T�U�J�H�U �X�F�S�E�F�O �<�������>��
�'�º�S �4�Z�T�U�F�N�F �N�J�U �4�Q�J�O�N�V�M�U�J�Q�M�J�[�J�U�¢�U�F�O �W�P�OS > 1/2 �L�B�O�O �[�V�T�¢�U�[�M�J�D�I �/�V�M�M�G�F�M�E�B�V�G�T�Q�B�M�U�V�O�H �	�F�O�H�M���[�F�S�P�����F�M�E �T�Q�M�J�U�U�J�O�H�

�;�'�4�
 �B�V�G�U�S�F�U�F�O�� �*�O �E�J�F�T�F�N �'�B�M�M �T�Q�B�M�U�F�O �E�J�F �4�Q�J�O�[�V�T�U�¢�O�E�F �C�F�S�F�J�U�T �W�P�S �E�F�N �&�J�O�U�S�J�U�U �J�O�T �.�B�H�O�F�U�G�F�M�E �B�V�G �<�������

�������>�� �%�J�F�T�F �[�V�T�¢�U�[�M�J�D�I�F �"�V�G�T�Q�B�M�U�V�O�H �E�F�S �3�P�U�B�U�J�P�O�T�O�J�W�F�B�V�T �C�F�JB = 0 �I�¢�O�H�U �E�B�C�F�J �W�P�O �E�F�S �;�'�4���,�P�O�T�U�B�O�U�F
D �B�C�� �*�I�S �8�F�S�U �L�B�O�O �J�O �E�F�S �(�S�´�•�F�O�P�S�E�O�V�O�H �E�F�S �O�J�F�E�S�J�H�T�U�F�O �4�D�I�X�J�O�H�V�O�H�T�N�P�E�F�O �M�J�F�H�F�O�� �*�T�UD �E�F�V�U�M�J�D�I �H�S�´��
�•�F�S �B�M�T �E�J�F �;�F�F�N�B�O���"�V�G�T�Q�B�M�U�V�O�H �J�N �.�B�H�O�F�U�G�F�M�E�
 �T�J�O�E �E�J�F �W�F�S�T�D�I�J�F�E�F�O�F�O �4�Q�J�O�[�V�T�U�¢�O�E�F� mS �F�O�F�S�H�F�U�J�T�D�I �T�P
�X�F�J�U �W�P�O�F�J�O�B�O�E�F�S �F�O�U�G�F�S�O�U�
 �E�B�T�T �C�F�J �O�J�F�E�S�J�H�F�O �%�º�T�F�O�U�F�N�Q�F�S�B�U�V�S�F�O �O�V�S �E�J�F �O�J�F�E�S�J�H�T�U�F�O �	D > 0 �D�N� 1�
 �P�E�F�S
�E�J�F �I�´�D�I�T�U�F�O �	D < 0 �D�N� 1�
 �4�Q�J�O�[�V�T�U�¢�O�E�F �C�F�T�F�U�[�U �T�J�O�E �V�O�E �E�J�F �%�J�D�I�U�F �B�O �W�F�S�C�P�U�F�O�F�O �,�S�F�V�[�V�O�H�F�O �T�U�B�S�L
�B�C�O�J�N�N�U�� �;�'�4 �L�P�O�O�U�F �C�J�T�I�F�S �G�º�S �.�F�U�B�M�M�D�M�V�T�U�F�S �O�P�D�I �O�J�D�I�U �F�J�O�E�F�V�U�J�H �J�N �.�P�M�F�L�V�M�B�S�T�U�S�B�I�M�B�C�M�F�O�L�F�Y�Q�F�S�J�N�F�O�U
�O�B�D�I�H�F�X�J�F�T�F�O �X�F�S�E�F�O�
 �X�P�C�F�J �U�F�N�Q�F�S�B�U�V�S�B�C�I�¢�O�H�J�H�F �N�B�H�O�F�U�J�T�D�I�F �"�C�M�F�O�L�N�F�T�T�V�O�H�F�O �W�P�O �4�O14�.�O �B�V�G �F�J�O�F
�U�F�N�Q�F�S�B�U�V�S�B�C�I�¢�O�H�J�H�F �‚�O�E�F�S�V�O�H �E�F�T �4�Q�J�O�[�V�T�U�B�O�E�T �I�J�O�E�F�V�U�F�U�
 �E�J�F �B�V�T �E�F�S �;�'�4 �S�F�T�V�M�U�J�F�S�F�O �L�´�O�O�U�F�O �<�����>��

�$�V�S�J�F���(�F�T�F�U�[�4�J�O�E �E�J�F �[�V �V�O�U�F�S�T�V�D�I�F�O�E�F�O �$�M�V�T�U�F�S �T�P �T�U�B�S�L �U�I�F�S�N�J�T�D�I �B�O�H�F�S�F�H�U�
 �E�B�T�T �T�J�D�I �F�J�O �J�O�U�F�S�O�F�T
�8�¢�S�N�F�C�B�E �B�V�T�C�J�M�E�F�O �L�B�O�O�
 �S�P�U�J�F�S�U �B�V�D�I �E�B�T �N�B�H�O�F�U�J�T�D�I�F �.�P�N�F�O�U �G�S�F�J �J�N �$�M�V�T�U�F�S �V�O�E �E�B�T �T�V�Q�F�S�B�U�P�N�B�S�F
�7�F�S�I�B�M�U�F�O �X�J�S�E �W�P�M�M�T�U�¢�O�E�J�H �H�F�R�V�F�O�D�I�U �<�����
 �������
 �������>�� �&�T �L�P�N�N�U �B�O�B�M�P�H �[�V�S �F�M�F�L�U�S�J�T�D�I�F�O �"�C�M�F�O�L�V�O�H �[�V �F�J�O�F�S
�/�F�U�U�P�N�B�H�O�F�U�J�T�J�F�S�V�O�H �E�F�T �&�O�T�F�N�C�M�F�T �V�O�E �F�T �S�F�T�V�M�U�J�F�S�U �F�J�O�F �F�J�O�T�F�J�U�J�H�F �7�F�S�T�D�I�J�F�C�V�O�H �E�F�T �4�U�S�B�I�M�Q�S�P�S�M�T �J�O �3�J�D�I�U�V�O�H
�E�F�T �'�F�M�E�H�S�B�E�J�F�O�U�F�O�� �%�J�F�T�F �7�F�S�T�D�I�J�F�C�V�O�H �J�T�U �B�C�I�¢�O�H�J�H �W�P�O �E�F�S �J�O�U�F�S�O�F�O �5�F�N�Q�F�S�B�U�V�S �E�F�S �$�M�V�T�U�F�ST�J�O�U�V�O�E �L�B�O�O
�N�J�U �E�F�N �$�V�S�J�F���(�F�T�F�U�[ �O�B�D�I
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�R�V�B�O�U�J�U�B�U�J�W �C�F�T�D�I�S�J�F�C�F�O �X�F�S�E�F�O�� �%�V�S�D�I �F�J�O�F �U�F�N�Q�F�S�B�U�V�S�B�C�I�¢�O�H�J�H�F �6�O�U�F�S�T�V�D�I�V�O�H �E�F�S �7�F�S�T�D�I�J�F�C�V�O�H �E�F�S �$�V�S�J�F��
�,�P�N�Q�P�O�F�O�U�F �L�B�O�O �T�P�N�J�U �E�F�Sg���'�B�L�U�P�S �J�O �"�C�I�¢�O�H�J�H�L�F�J�U �E�F�S �4�Q�J�O�N�V�M�U�J�Q�M�J�[�J�U�¢�US �C�F�T�U�J�N�N�U �X�F�S�E�F�O�
 �P�C�X�P�I�M �L�F�J�O�F
�T�V�Q�F�S�B�U�P�N�B�S �B�V�G�T�Q�B�M�U�F�O�E�F�O �4�U�S�B�I�M�L�P�N�Q�P�O�F�O�U�F�O �J�N �&�Y�Q�F�S�J�N�F�O�U �C�F�P�C�B�D�I�U�F�U �X�F�S�E�F�O �<�����
 �������>�� �&�T �X�V�S�E�F �C�F�J
�E�P�U�J�F�S�U�F�O �4�O���$�M�V�T�U�F�S�O �C�F�P�C�B�D�I�U�F�U�
 �E�B�T�T �F�J�O�F �W�P�M�M�T�U�¢�O�E�J�H�F �3�F�M�B�Y�B�U�J�P�O �E�F�T �N�B�H�O�F�U�J�T�D�I�F�O �.�P�N�F�O�U�T �B�C �F�J�O�F�S
�%�º�T�F�O�U�F�N�Q�F�S�B�U�V�S �W�P�OT�O�P�[�[�M�F> 85�, �H�F�H�F�C�F�O �J�T�U �<�������>�� �%�B �E�J�F �F�J�O�T�F�J�U�J�H�F �7�F�S�T�D�I�J�F�C�V�O�H �E�F�S �T�P�O�T�U �V�O�B�C�H�F�M�F�O�L�U�F�O
�,�P�N�Q�P�O�F�O�U�F �J�O �E�F�S �4�U�S�B�I�M�N�J�U�U�F �E�V�S�D�I �E�B�T �$�V�S�J�F���(�F�T�F�U�[ �C�F�T�D�I�S�J�F�C�F�O �X�F�S�E�F�O �L�B�O�O�
 �X�J�S�E �E�J�F�T�F �J�N �X�F�J�U�F�S�F�O
�7�F�S�M�B�V�G �E�F�S �"�S�C�F�J�U �B�M�T �$�V�S�J�F���,�P�N�Q�P�O�F�O�U�F �C�F�[�F�J�D�I�O�F�U��
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�r �5�Y�E�R�X�I�R�G�L�I�Q�M�W�G�L�I �1�I�X�L�S�H�I�R

�;�V�S �*�O�U�F�S�Q�S�F�U�B�U�J�P�O �E�F�S �Q�I�Z�T�J�L�P���D�I�F�N�J�T�D�I�F�O �&�J�H�F�O�T�D�I�B�G�U�F�O �E�F�S �[�V �V�O�U�F�S�T�V�D�I�F�O�E�F�O �$�M�V�T�U�F�S �V�O�E �J�O �E�F�O �W�P�S��
�I�F�S�J�H�F�O �,�B�Q�J�U�F�M�O �C�F�T�D�I�S�J�F�C�F�O�F�O �4�J�N�V�M�B�U�J�P�O�F�O �E�F�S �"�C�M�F�O�L�Q�S�P�S�M�F �N�V�T�T �E�J�F �H�F�P�N�F�U�S�J�T�D�I�F �V�O�E �F�M�F�L�U�S�P�O�J�T�D�I�F
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 �E�B�T�T �E�F�S �.�P�M�F�L�V�M�B�S�T�U�S�B�I�M �E�J�F �&�M�F�L�U�S�P�E�F �T�D�I�S�¢�H �Q�B�T�T�J�F�S�U�� �%�J�F�T �L�B�O�O �E�B�[�V �G�º�I�S�F�O�
 �E�B�T�T
�E�J�F �$�M�V�T�U�F�S �F�J�O�F �H�S�´�•�F�S�F �7�F�S�¢�O�E�F�S�V�O�H �E�F�T �F�M�F�L�U�S�J�T�D�I�F�O �'�F�M�E�F�T �C�F�J�N �1�B�T�T�J�F�S�F�O �E�F�S �&�M�F�L�U�S�P�E�F �F�S�G�B�I�S�F�O�� �&�T �L�P�O�O�U�F
�K�F�E�P�D�I �H�F�[�F�J�H�U �X�F�S�E�F�O�
 �E�B�T�T �E�J�F �E�B�N�J�U �F�J�O�I�F�S�H�F�I�F�O�E�F�O �&�R�F�L�U�F �G�º�S �E�J�F �4�U�S�B�I�M�L�P�N�Q�P�O�F�O�U�F�O �N�J�UmS = � 1/2
�N�J�O�J�N�B�M �T�J�O�E �<�����>��

�%�P�Q�Q�F�M�U�F �N�B�H�O�F�U�J�T�D�I�F �"�C�M�F�O�L�V�O�H �N�J�U �Q�B�S�B�M�M�F�M �B�V�T�H�F�S�J�D�I�U�F�U�F�O �'�F�M�E�H�S�B�E�J�F�O�U�F�O�%�B �E�J�F �F�J�O�T�F�J�U�J�H�F �7�F�S��
�T�D�I�J�F�C�V�O�H �E�F�S �$�V�S�J�F���,�P�N�Q�P�O�F�O�U�F�O �J�N �N�B�H�O�F�U�J�T�D�I�F�O �"�C�M�F�O�L�F�Y�Q�F�S�J�N�F�O�U �C�F�J �E�F�O �I�J�F�S �C�F�O�V�U�[�U�F�O �U�Z�Q�J�T�D�I�F�O
�'�F�M�E�H�S�B�E�J�F�O�U�F�O �T�F�I�S �H�F�S�J�O�H �J�T�U�
 �N�V�T�T �E�J�F�T�F �G�º�S �F�J�O�F �R�V�B�O�U�J�U�B�U�J�W�F �"�V�T�X�F�S�U�V�O�H �W�F�S�T�U�¢�S�L�U �X�F�S�E�F�O�� �)�J�F�S�[�V �X�F�S�E�F�O
�"�C�M�F�O�L�F�Y�Q�F�S�J�N�F�O�U�F �N�J�U �C�F�J�E�F�O �4�U�F�S�O���(�F�S�M�B�D�I���.�B�H�O�F�U�F�O �E�V�S�D�I�H�F�G�º�I�S�U�
 �E�F�S�F�O �(�S�B�E�J�F�O�U�F�O �B�O�E�F�S�T �B�M�T �C�F�J�N
�3�F�G�P�L�V�T�T�J�F�S�V�O�H�T�� �<�����> �V�O�E �3�F�T�P�O�B�O�[�F�Y�Q�F�S�J�N�F�O�U �<�������> �Q�B�S�B�M�M�F�M �B�V�T�H�F�S�J�D�I�U�F�U �T�J�O�E�� �%�J�F�T�F�S �"�V�×�B�V �J�T�U �J�O �"�C�C�J�M��
�E�V�O�H ������ �G�
 �E�B�S�H�F�T�U�F�M�M�U�� �%�F�S �"�C�T�U�B�O�E �[�X�J�T�D�I�F�O �E�F�S �G�F�T�U�F�O �1�P�T�J�U�J�P�O �E�F�T �.�B�H�O�F�U�F�O �"�
 �E�F�S �F�J�O�F �-�¢�O�H�F �W�P�O �F�U�X�B
���
���� �N �B�V�G�X�F�J�T�U�
 �V�O�E �E�F�T �B�V�G �E�F�S �1�P�T�J�U�J�P�O �� �J�O�T�U�B�M�M�J�F�S�U�F�O �.�B�H�O�F�U�F�O �# �C�F�U�S�¢�H�U ���
���� �N�� �&�T �X�F�S�E�F�O �O�V�S �E�J�F �[�X�F�J
�,�P�M�M�J�N�B�U�P�S�F�O �W�P�S �1�P�T�J�U�J�P�O �� �N�J�U �F�J�O�F�S �#�S�F�J�U�F �W�P�O ������ �s�N �W�F�S�X�F�O�E�F�U�� �#�F�J �C�S�F�J�U�F�S�F�O �,�P�M�M�J�N�B�U�J�P�O�T�T�D�I�M�J�U�[�F�O �S�F�T�V�M��
�U�J�F�S�U �F�J�O �C�S�F�J�U�F�S�F�T �4�U�S�B�I�M�Q�S�P�S�M �V�O�E �E�J�F �7�F�S�T�D�I�J�F�C�V�O�H �L�B�O�O �O�V�S �N�J�U �F�J�O�F�S �I�´�I�F�S�F�O �6�O�H�F�O�B�V�J�H�L�F�J�U �R�V�B�O�U�J�S�[�J�F�S�U
�X�F�S�E�F�O�� �'�º�S �E�J�F �6�O�U�F�S�T�V�D�I�V�O�H �E�F�S �N�B�H�O�F�U�J�T�D�I�F�O �&�J�H�F�O�T�D�I�B�G�U�F�O �º�C�F�S �E�J�F �7�F�S�T�D�I�J�F�C�V�O�H �E�F�S �$�V�S�J�F���,�P�N�Q�P�O�F�O�U�F�O
�X�F�S�E�F�O �O�B�D�I �E�F�S �"�V�G�O�B�I�N�F �E�F�S �$�M�V�T�U�F�S�J�O�U�F�O�T�J�U�¢�U �C�F�J �B�V�T�H�F�T�D�I�B�M�U�F�U�F�N �'�F�M�E �C�F�J�E�F �.�B�H�O�F�U�F �H�M�F�J�D�I�[�F�J�U�J�H �F�J�O�H�F��
�T�D�I�B�M�U�F�U�� �&�T �S�F�T�V�M�U�J�F�S�U �F�J�O �N�B�H�O�F�U�J�T�D�I�F�T �"�C�M�F�O�L�Q�S�P�S�M�
 �E�B�T �W�F�S�T�U�¢�S�L�U �J�O �(�S�B�E�J�F�O�U�F�O�S�J�D�I�V�O�H �W�F�S�T�D�I�P�C�F�O �J�T�U�� �%�J�F
�(�S�B�E�J�F�O�U�F�O �E�F�S �C�F�J�E�F�O �.�B�H�O�F�U�G�F�M�E�F�S �X�F�S�E�F�O �F�J�O�[�F�M�O �B�O�I�B�O�E �E�F�S �N�B�H�O�F�U�J�T�D�I�F�O �"�V�G�T�Q�B�M�U�V�O�H �E�F�T �#�J���"�U�P�N�T
�L�B�M�J�C�S�J�F�S�U�� �%�J�F�T�F �,�P�O�S�H�V�S�B�U�J�P�O �E�F�S �"�C�M�F�O�L�F�J�O�I�F�J�U�F�O �F�J�H�O�F�U �T�J�D�I �O�J�D�I�U�
 �V�N �T�V�Q�F�S�B�U�P�N�B�S�F �,�P�N�Q�P�O�F�O�U�F�O �B�O
�$�M�V�T�U�F�S�O �[�V �V�O�U�F�S�T�V�D�I�F�O�
 �E�B �E�J�F �4�Q�J�O�[�V�T�U�¢�O�E�F �E�F�S �$�M�V�T�U�F�S �C�F�J�N �"�V�T�U�S�J�U�U �B�V�T �E�F�N �F�S�T�U�F�O �'�F�M�E �V�O�E �X�J�F�E�F�S�V�N �E�F�N
�&�J�O�U�S�J�U�U �J�O�T �[�X�F�J�U�F �'�F�M�E �B�V�G�H�S�V�O�E �E�F�S �T�D�I�O�F�M�M�F�O �‚�O�E�F�S�V�O�H �E�F�T �.�B�H�O�F�U�G�F�M�E�T �O�J�D�I�U �F�S�I�B�M�U�F�O �C�M�F�J�C�F�O �<�������>��
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�*�O �E�J�F�T�F�N �,�B�Q�J�U�F�M �X�F�S�E�F�O �E�J�F �&�S�H�F�C�O�J�T�T�F �E�F�S �F�M�F�L�U�S�J�T�D�I�F�O �"�C�M�F�O�L�N�F�T�T�V�O�H�F�O �B�O �S�F�J�O�F�O �5�F�U�S�F�M�D�M�V�T�U�F�S�O �W�P�S�H�F�T�U�F�M�M�U��
�%�J�F�T�F �X�V�S�E�F�O �G�º�S �4�J���$�M�V�T�U�F�S �C�F�S�F�J�U�T �U�F�J�M�X�F�J�T�F �J�O �'�B�D�I�[�F�J�U�T�D�I�S�J�G�U�F�O �W�F�S�´�R�F�O�U�M�J�D�I�U �V�O�E �X�F�S�E�F�O �E�F�N�O�B�D�I �I�J�F�S
�J�O �E�J�F�T�F�S �'�P�S�N �B�V�D�I �Q�S�¢�T�F�O�U�J�F�S�U�� �)�J�F�S�C�F�J �X�V�S�E�F �[�V�N �F�J�O�F�O �E�B�T �T�U�S�V�L�U�V�S�F�M�M�F �8�B�D�I�T�U�V�N �E�F�S �$�M�V�T�U�F�S �V�O�E �[�V�N
�B�O�E�F�S�F�O �E�J�F �&�O�U�X�J�D�L�M�V�O�H �E�F�S �E�J�F�M�F�L�U�S�J�T�D�I�F�O �&�J�H�F�O�T�D�I�B�G�U�F�O �º�C�F�S �F�J�O�F�O �H�S�P�•�F�O �$�M�V�T�U�F�S�C�F�S�F�J�D�I�
 �J�O �E�F�N �R�V�B�T�J��
�T�Q�I�¢�S�J�T�D�I�F �4�U�S�V�L�U�V�S�F�O �W�P�S�I�F�S�H�F�T�B�H�U �X�F�S�E�F�O�
 �V�O�U�F�S�T�V�D�I�U�� �%�J�F �.�F�T�T�V�O�H�F�O �X�V�S�E�F�O �[�V�O�¢�D�I�T�U �B�O �4�J���$�M�V�T�U�F�S�O
�E�V�S�D�I�H�F�G�º�I�S�U�
 �E�B �N�B�L�S�P�T�L�P�Q�J�T�D�I�F�T �4�J�M�J�[�J�V�N �E�F�S �X�J�D�I�U�J�H�T�U�F �)�B�M�C�M�F�J�U�F�S �J�O �E�F�S �*�O�G�P�S�N�B�U�J�P�O�T�U�F�D�I�O�J�L �J�T�U�� �*�N �[�X�F�J�U�F�O
�5�F�J�M �X�F�S�E�F�O �E�B�O�O �B�O�B�M�P�H �E�B�[�V �E�J�F �&�O�U�X�J�D�L�M�V�O�H �E�F�T �F�M�F�L�U�S�J�T�D�I�F�O �%�J�Q�P�M�N�P�N�F�O�U�T �J�O �R�V�B�T�J���T�Q�I�¢�S�J�T�D�I�F�O �$�M�V�T�U�F�S�O
�G�º�S �B�O�E�F�S�F �5�F�U�S�F�M�T�Z�T�U�F�N�F �V�O�U�F�S�T�V�D�I�U �V�O�E �E�B�T �T�U�S�V�L�U�V�S�F�M�M�F �8�B�D�I�T�U�V�N �W�P�O �(�FN �$�M�V�T�U�F�S�O �N�J�UN = 15 � 26 �J�N
�7�F�S�H�M�F�J�D�I �[�V �E�F�O �4�J���$�M�V�T�U�F�S�O �H�F�O�B�V�F�S �B�O�B�M�Z�T�J�F�S�U��

�t���ø �9�R�X�I�V�W�Y�G�L�Y�R�K �H�I�W �T�V�S�P�E�X�I�R �;�E�G�L�W�X�Y�Q�W �O�P�I�M�R�I�V�I�V �7�M���'�P�Y�W�X�I�V

�*�O �E�F�S �F�S�T�U�F�O �I�J�F�S �H�F�[�F�J�H�U�F�O �7�F�S�´�R�F�O�U�M�J�D�I�V�O�H�� �X�V�S�E�F �E�B�T �T�U�S�V�L�U�V�S�F�M�M�F �8�B�D�I�T�U�V�N �W�P�O �4�JN �$�M�V�T�U�F�S�O �J�N �(�S�´��
�•�F�O�C�F�S�F�J�D�I �W�P�ON = 12 � 30�
 �J�O �E�F�N �Q�S�P�M�B�U�F �V�O�E �E�B�N�J�U �T�F�I�S �Q�P�M�B�S�F �H�F�P�N�F�U�S�J�T�D�I�F �4�U�S�V�L�U�V�S�F�O �W�F�S�N�V�U�F�U
�X�F�S�E�F�O�
 �T�U�V�E�J�F�S�U�� �%�J�F�T�F �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F �6�O�U�F�S�T�V�D�I�V�O�H �E�F�T �$�M�V�T�U�F�S�X�B�D�I�T�U�V�N�T �C�F�J �L�S�Z�P�H�F�O�F�O �5�F�N�Q�F�S�B�U�V�S�F�O
�J�O �,�P�N�C�J�O�B�U�J�P�O �N�J�U �R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F�O �3�F�D�I�O�V�O�H�F�O �I�B�U �H�F�[�F�J�H�U�
 �E�B�T�T �E�B�T �$�M�V�T�U�F�S�X�B�D�I�T�U�V�N �B�V�T�H�F�I�F�O�E �W�P�O
�F�J�O�F�N �L�P�N�Q�B�L�U�F�O �F�J�O�G�B�D�I���º�C�F�S�L�B�Q�Q�U�F�O �R�V�B�E�S�B�U�J�T�D�I�F�O �"�O�U�J�Q�S�J�T�N�B �B�M�T �(�S�V�O�E�C�B�V�T�U�F�J�O �F�J�O�E�J�N�F�O�T�J�P�O�B�M �º�C�F�S
�Q�S�P�M�B�U�F �4�U�S�V�L�U�V�S�F�O �W�F�S�M�¢�V�G�U�
 �J�O �E�F�O�F�O �T�J�D�I �T�U�B�C�J�M�F �4�U�S�V�L�U�V�S�N�P�U�J�W�F �X�J�F�E�F�S�I�P�M�F�O�
 �E�J�F �[�V�E�F�N �N�J�U �T�D�I�B�M�F�O�G�´�S��
�N�J�H�F�O �4�J6���6�O�U�F�S�F�J�O�I�F�J�U�F�O �W�F�S�C�V�O�E�F�O �T�J�O�E�� �"�C �E�F�S �(�S�´�•�F �W�P�O �4�J30 �L�M�J�O�H�U �E�B�T �Q�S�P�M�B�U�F �8�B�D�I�T�U�V�N �B�C�� �#�F�J �E�F�S
�4�U�S�V�L�U�V�S�P�Q�U�J�N�J�F�S�V�O�H �X�V�S�E�F�O �I�J�F�S �U�S�P�U�[ �E�F�S �T�F�I�S �V�N�G�B�O�H�S�F�J�D�I�F�O �-�J�U�F�S�B�U�V�S �[�V �R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F�O �4�U�V�E�J�F�O
�W�P�O �4�J���$�M�V�T�U�F�S�O �O�F�V�F �H�F�P�N�F�U�S�J�T�D�I�F �4�U�S�V�L�U�V�S�F�O �G�º�S �E�J�F �(�S�´�•�F�ON = 13; 14; 16� 19; 22; 23; 26; �V�O�E28� 30
�W�P�S�I�F�S�H�F�T�B�H�U�� �%�B �X�¢�I�S�F�O�E �E�F�T �Q�S�P�M�B�U�F�O �8�B�D�I�T�U�V�N�T �N�F�I�S�F�S�F �T�Z�N�N�F�U�S�J�T�D�I�F �4�U�S�V�L�U�V�S�J�T�P�N�F�S�F �H�F�G�V�O�E�F�O �X�V�S�E�F�O�

�L�P�O�O�U�F�O �I�J�F�S �[�V�N �F�S�T�U�F�O �.�B�M �E�J�F �4�U�S�B�I�M�Q�S�P�S�M�F �E�J�F�T�F�S �$�M�V�T�U�F�S �N�J�U�I�J�M�G�F �E�F�S �B�O�B�M�Z�U�J�T�D�I�F�O �8�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U�T�E�J�D�I��
�U�F�W�F�S�U�F�J�M�V�O�H� �T�Z�N(�� z;�F�M) �O�B�D�I �(�M�F�J�D�I�V�O�H �������� �B�C�H�F�C�J�M�E�F�U �X�F�S�E�F�O�� �&�T �X�V�S�E�F �E�B�C�F�J �H�F�[�F�J�H�U�
 �E�B�T�T �E�J�F �U�I�F�P�S�F�U�J�T�D�I
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�M�B�O�H�S�F�J�D�I�X�F�J�U�J�H�F�O �4�U�´�•�F�O �N�J�U �E�F�N �)�J�O�U�F�S�H�S�V�O�E�H�B�T �J�O �E�F�S �"�C�M�F�O�L�L�B�N�N�F�S �<�����>�
 �X�P�E�V�S�D�I �E�J�F �7�F�S�C�S�F�J�U�F�S�V�O�H
�E�F�T �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �"�C�M�F�O�L�Q�S�P�S�M�T �U�F�J�M�X�F�J�T�F �W�F�S�N�J�O�E�F�S�U �X�J�S�E�� �&�Y�F�N�Q�M�B�S�J�T�D�I�F �3�F�D�I�O�V�O�H�F�O �E�F�T �%�J�Q�P�M�N�P�N�F�O�U�T
�G�º�S �F�J�O�J�H�F �$�M�V�T�U�F�S�H�S�´�•�F�O �J�O �"�C�I�¢�O�H�J�H�L�F�J�U �E�F�T �C�F�O�V�U�[�U�F�O �Y�D���'�V�O�L�U�J�P�O�B�M�T �I�B�C�F�O �K�F�E�P�D�I �B�V�D�I �H�F�[�F�J�H�U�
 �E�B�T�T �E�F�S
�8�F�S�U �G�º�S �E�B�T �U�I�F�P�S�F�U�J�T�D�I�F �%�J�Q�P�M�N�P�N�F�O�U �C�J�T �[�V ���� �� �W�B�S�J�J�F�S�F�O �L�B�O�O�� �"�V�D�I �E�J�F �F�O�F�S�H�F�U�J�T�D�I�F �3�F�J�I�F�O�G�P�M�H�F �E�F�S
�H�F�G�V�O�E�F�O�F�O �4�U�S�V�L�U�V�S�J�T�P�N�F�S�F �W�F�S�¢�O�E�F�S�U �T�J�D�I �K�F �O�B�D�I �W�F�S�X�F�O�E�F�U�F�N �Y�D���'�V�O�L�U�J�P�O�B�M�� �%�J�F�T�F �-�J�N�J�U�J�F�S�V�O�H �E�F�S �%�'�5
�X�F�J�T�U �T�P�N�J�U �E�B�S�B�V�G �I�J�O�
 �E�B�T�T �G�º�S �E�J�F �%�F�V�U�V�O�H �W�P�O �F�M�F�L�U�S�J�T�D�I�F�O �"�C�M�F�O�L�F�Y�Q�F�S�J�N�F�O�U�F�O �B�V�D�I �F�O�F�S�H�F�U�J�T�D�I �I�´�I�F�S�M�J�F��
�H�F�O�E�F �4�U�S�V�L�U�V�S�J�T�P�N�F�S�F �O�J�D�I�U �H�S�V�O�E�T�¢�U�[�M�J�D�I �B�V�T�H�F�T�D�I�M�P�T�T�F�O �X�F�S�E�F�O �E�º�S�G�F�O�� �"�V�D�I �X�F�O�O �G�º�S �E�J�F �$�M�V�T�U�F�S�H�S�´�•�F�O
N = 26 �V�O�E28 �L�F�J�O�F �F�J�O�E�F�V�U�J�H�F �;�V�P�S�E�O�V�O�H �E�V�S�D�I�H�F�G�º�I�S�U �X�F�S�E�F�O �L�P�O�O�U�F�
 �E�B �T�J�D�I �E�J�F �4�U�S�V�L�U�V�S�J�T�P�N�F�S�F �J�O
�J�I�S�F�N �E�J�F�M�F�L�U�S�J�T�D�I�F�O �7�F�S�I�B�M�U�F�O �[�V �¢�I�O�M�J�D�I �T�J�O�E�
 �X�V�S�E�F�O �J�N �(�F�H�F�O�T�B�U�[ �[�V �F�J�O�J�H�F�O �4�ON ���$�M�V�T�U�F�S�O �<�����> �G�º�S �L�F�J�O�F
�E�F�S �I�J�F�S �V�O�U�F�S�T�V�D�I�U�F�O �$�M�V�T�U�F�S�H�S�´�•�F �[�X�F�J �T�J�N�V�M�U�B�O �J�N �.�P�M�F�L�V�M�B�S�T�U�S�B�I�M �Q�S�¢�T�F�O�U�F�O �4�U�S�V�L�U�V�S�J�T�P�N�F�S�F �C�F�P�C�B�D�I�U�F�U��

�� �/�V�U�[�V�O�H �N�J�U �(�F�O�F�I�N�J�H�V�O�H �W�P�O �+�� �1�I�Z�T�� �$�I�F�N�� �" ���������
 �������
 ���������Ñ���������� �$�P�Q�Z�S�J�H�I�U �������� �"�N�F�S�J�D�B�O �$�I�F�N�J�D�B�M �4�P�D�J�F�U�Z�

�I�U�U�Q�������Q�V�C�T���B�D�T���P�S�H���B�S�U�J�D�M�F�T�P�O�S�F�R�V�F�T�U���"�0�3���*�,�&�7�4�'�4���7�.�6�;�1�4�&�&�*�;�,�:
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Scaling of the permanent electric dipole moment
in isolated silicon clusters with near-spherical
shape†

Filip Rivic, * Andreas Lehr and Rolf Schäfer

In silicon clusters a structural transition from prolate to near-spherical structures takes place at a size of

about 25…30 atoms. While some of the prolate clusters are very polar, there has been no experimental

evidence of the presence of dipole moments in larger silicon clusters with near-spherical shape.

By means of electric molecular beam deflection experiments at cryogenic temperatures, it was possible

to prove for the first time that Si N clusters with more than N = 30 atoms are also polar. Interestingly, the

dipole moment per atom for clusters in the range between 30 and 80 or 90 atoms is almost constant

and amounts to 0.02 D. This unusual behaviour manifests in effective polarizabilities increasing linearly

with cluster size. The dipolar contribution to the polarizability means that Si N clusters with N = 80 atoms

can be polarized more than twice as well as a correspondingly small sphere with the dielectric

properties of bulk a-Si. This finding is analysed with quantum chemical calculations concerning the

geometric structure as well as the charge distribution and is related to the dielectric behaviour of polar

semiconductor nanocrystals.

1. Introduction
Although Si nanostructures have many potential applications
in nanoelectronics, 1…3the dielectric behaviour of Si clusters
has not been sufficiently investigated and understood. In an
older work, there was an indication that in Si N clusters with
N = 60…120 atoms, the dielectric constant is lowered as a
consequence of the quantum confinement compared to the
bulk material. 4 For this purpose, electric beam deflection
experiments were carried out. From the deflection of the
clusters by an inhomogeneous electric field, the polarizability
a was determined and converted into the dielectric constant
with the help of the Clausius…Mossotti relationship.5 In a more
recent work,6 this effect could not be confirmed, since the
values for the polarizabilities were found to agree well with
those of a small polarizable sphere with the dielectric prop erties
of bulk a-Si.7 However, the experiments were performed on
thermally excited clusters, for which a possible dipolar

contribution is almost completely quenched and therefore
hardly observable.8 In this work, we now present for the first
time electric molecular beam deflection experiments at cryo-
genic temperatures so that the nanoclusters are rigid to a good
approximation. 9 With this, it was possible to demonstrate that
SiN clusters are polar in the range between 30…80 or 90 atoms.
At first glance, this finding is somewhat unusual because Si N

clusters form compact, nearly spherical structures in this size
range. The detection of permanent electric dipole moments mis
equivalent to the fact that the Si atoms in the clusters are
permanently polarised, i.e. carry partial charges. Obviously, the
chemical bonding between the Si atoms in the clusters differs
from bulk Si. In connection with quantum chemical calcula-
tions and in comparison with the dielectric behaviour of II…VI
semiconductor nanoparticles, the physical cause of the obser-
vation is discussed.

2. Experiment
The experimental setup has already been described in detail in
the literature. 10 In contrast to the electric beam deflection
measurements at room temperature,6 a cluster source with a
nozzle is used for the experiments shown here, which is cooled
to Tnozzle = 16 K with the help of a closed-cycle cryostat.11,12

Since the lowest vibrational modes (cf. ESI†) are not consider-
ably thermally excited at 16 K, this ensures that the clusters can
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be regarded as rigid rotors to a good approximation. In contr ast,
at a nozzle temperature of 300 K, it is expected that the clusters
are strongly vibrationally excited, i.e. these clusters are floppy
and the electric dipole moment is completely quenched. 5

In total, two series of measurements are presented that were
performed with di�erent helium valve opening times and
hence at di�erent cluster generation conditions. Due to this
changed setting, the cluster velocities are di�erent in both
measurements, although the nozzle temperatures were the
same. In the first series of measurements, the velocity of the
clusters with N = 30…80 was (640� 20) m s� 1, while in
the second measurement the clusters were about 100 m s� 1

faster. In the second measurement, the intensities of the
clusters are higher, so that the corresponding data are charac-
terised by a better signal-to-noise ratio. Therefore, it was
possible to study clusters in the range N = 30…90. However,
the higher cluster velocities indicate that these clusters are
more rotationally excited, i.e. the ensemble of clusters in the
second measurement is characterised by a larger value of the
rotational temperature. 12 The first measurement was carried
out with a deflection voltage of U = 11 kV (electric field strength
E = 7 � 106 V m� 1), while in the second measurement U = 30 kV
(E = 2 � 107 V m� 1) were applied to the electrodes.

For the evaluation of the electric deflection profiles ( cf. ESI†
for details), it should be noted that the rotational energy and
the interaction energy of the electric dipole with the external
electric field is nearly the same for very polar structures, at least
for a deflection voltage of U = 30 kV. Thus, an evaluation of the
beam deflection profiles in order to determine the electric
dipole moment m is, strictly speaking, no longer justified
within the framework of the first-order perturbation theory
(FOPT).13 In addition, the application of FOPT presupposes
that the clusters are approximately spherical rotors. This, too ,
is not necessarily ensured a priori . Nevertheless, the beam
profiles were evaluated based on the FOPT because, on the one
hand, this means that no structural information is necessary
for the analysis and, on the other hand, deviations from the
spherical geometry usually have an e�ect of significantly less
than 20% on the determination of the dipole moments,
especially for near-spherical shaped clusters.13 Furthermore,
this procedure is by far the most e�ective, since only the
broadening of the beam profile due to the inhomogeneous
field has to be determined to extract the electric dipole
moment mwith

m
N

¼ 3

�������������������������������
bon

2h i � boff
2h i

p

N
(1)

where hb2i is the variance in Debye of a Gaussian function
fitted to the experimental beam defection profile with (on) and
without (o�) electric field. 8 In particular, this procedure is
justified for the fundamental clarification of the question of
whether the investigated SiN clusters are polar or not. The
broadening is determined by fitting a Gaussian function to
the beam deflection profile without and with electric field.
The e�ective polarizability ae� is obtained from the shift of the
beam profile when the electric field is applied. For the analysi s

of ae� , however, it is mandatory to apply the second-order
perturbation theory (SOPT)13…15

aeff

N
¼

ael

N
þ

2
9

m
N

� � 2

kBTRot
N; (2)

since in the case of polar clusters the dipolar contribution can
outweigh the intrinsic electronic contribution ael to the polariz-
ability. Strictly speaking, this relationship only applie s to spherical
rotors. For the estimation of the dipolar contribution, i.e. the
second term, values of the rotational temperature TRot and the
permanent electric dipole moment mof the clusters are necessary.

3. Results
The dependency of the electric dipole moment m and the
e�ective polarizability ae� on the cluster size N is shown in
Fig. 1 for the two measurements. For this purpose, the values of
the permanent electric dipole moment per atom m/N and of the
polarizability per atom ae� /N are plotted against the size of
the clusters. It can be clearly seen that the SiN clusters in the
investigated size range of 30…80 or 90 atoms are polar and have
an approximately size-independent dipole moment per atom,
i.e. the total dipole moment mincreases approximately linearly
with cluster size N. The value of the determined dipole moment
per atom of m/N = (2.00 � 0.04) � 10� 2 D is approximately the
same in both measurements. This finding indicates that the
clusters in both measurements can be regarded as rigid rotors
regardless of their different velocities. If in the second measure-
ment with higher velocities and stronger rotational excitation
the clusters were already vibrationally excited, one would expect
that the electric dipole moment would already be partially
quenched, i.e. the beam broadening would be reduced and
lower values of the dipole moment would be observed.8 Since
the dipolar contribution to the effective polarizability depends
on the square of the permanent dipole moment, a linear
increase in the effective polarizability per atom aeff/N with the
cluster size N is observed. However, the increase in polariz-
ability is different in the two measurements. In the first
measurement, the change in the effective polarizability per
atom with the cluster size is equal to (0.11 � 0.02) Å3, while
in the second measurement a value of (0.06 � 0.01) Å3 is
observed. This difference results from a different degree of
rotational excitation of the clusters in the two measurements.
If one uses the values of the dipole moment of m/N = (2.00 �
0.04) � 10� 2 D obtained from the beam broadening using the
FOPT, one obtains a value for the rotational temperature of
(6 � 1) K in the first measurement and (11 � 2) K in the second
measurement according to eqn (2). These two values for the
rotational temperature appear realistic for the measured cluster
velocities.12 Also plotted in Fig. 1 is the value of the polariz-
ability per atom of 3.71 Å3 expected for a small sphere with the
dielectric properties of bulk a-Si according to the Clausius…
Mossotti relationship. 5,7 It can be seen that the effective
polarizabilities of the smallest here investigated clusters with
30 atoms are similar to those expected for a small sphere with
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the bulk properties of a-Si within the limits of measurement
accuracy. Thus, the dipolar contribution plays almost no role
here. However, the dipolar contribution to the effective polariz-
ability of the largest clusters investigated here is comparable to
the intrinsic electronic polarizability, so that these clusters are
more than twice as polarisable as a correspondingly small
sphere with the dielectric properties of a-Si.

4. Quantum chemistry
Quantum chemical calculations were carried out to interpret
the observed behaviour. To analyse the dielectric responseof the
SiN clusters, structures of the clusters found in the literatur e16

were adopted and locally reoptimised. For this purpose, density
functional theory (DFT) was applied employing the hybrid
exchange…correlation functional PBE017 together with the cc-
pVTZ basis set.18 This level of theory has been chosen because

it has led to good results in the description of tetrel clusters in
the past.19,20 However, it should be noted that the starting
structures used do not necessarily belong to the global mini-
mum. Performing a global optimisation for the investigated Si N

clusters would be possible in principle, but enormously time
and resource consuming for the larger clusters under study at
the DFT level of theory. Even if the locally optimized structures
do not exactly match the structures of the clusters in the
experiment, one can still expect to see a trend regarding the
size dependence of the dielectric properties.

Table 1 shows the calculated dipole moments per atom
together with the experimental values from the two measure-
ments. It can be seen well that also the theoretically predicted
dipole moments per atom are approximately independent
of the cluster size, i.e. also theoretically it is observed that all
clusters are polar and the dipole moment increases linearly
with the cluster size to a good approximation. However, the
calculated values of the dipole moment are about twice as large

Fig. 1 Permanent electric dipole moments per atom m/N (top) and e�ective polarizabilities per atom ae� /N (bottom) obtained from electric molecular
beam deflection experiments at Tnozzle = 16 K and deflection voltages of U = 11 kV and 30 kV for SiN clusters with N = 30…80 or 90. Experimental
uncertainties are displayed as continuous error functions. Linear fits to guide the eye are shown as dashed lines; for the dipole moment per atom the
slope is set to zero and an average dipole moment per atom of (0 .020 � 0.04) D is determined. The bulk a-Si polarizability per atom of 3.71 Å 3 is
estimated from the Clausius…Mossotti relationship and is shown as gray horizontal line. 5,7
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than found in the experiment. This can have various causes:
In order to capture the influence of the exchange…correlation
functional employed, different hybrid functionals were used for
Si30 (cf. ESI† for details). For this purpose, a local geometry
optimisation was carried out in each case. It is demonstrated
that the computed value of the dipole moment can change by
30% to give a lower bound close to the experimental value,
whereas values up to almost three times as high compared to
the experimental value can be obtained depending on the
functional in use. From an experimental point of view, it must
be noted that the beam profile broadenings, i.e. the determina-
tion of m, were evaluated according to the FOPT and therefore
deviations from the spherical geometry are not taken into
account.‡13

Since very similar values for the dipole moment were
obtained at U = 11 kV and 30 kV, the influence of the electric
field strength seems to be negligible. It should be noted,
however, that although the experiments were carried out in
high vacuum at a base pressure of 4� 10� 7 mbar, ensuring a
mean free path of the clusters being significantly larger than
the dimensions of the apparatus, the background gas can still
have an impact on the rotational dynamics. 21 This can be
important, especially in the case of asymmetric rotors, and
lead to the beam broadening being partially quenched. Thus,
lower values of the dipole moment are obtained. However,
despite the discrepancies in the absolute value, the trend that
the dipole moment per atom is approximately constant is
theoretically correctly reproduced.

5. Discussion
In order to better understand the cause of the increasing
polarity of the Si N clusters with the cluster size, a population

analysis was carried out and partial (net atomic) charges dq
were calculated according to Mulliken. 22 However, one has to
take into account that the calculated dipole moments mbased
on the Mulliken atomic charges does not necessarily fit to the
predicted values shown in Table 1.23 Even though the decom-
position of the wave function is not unambiguous, this gives a
first insight to the partial charge distribution in the clusters.
The reoptimised structures of the clusters are shown in Fig. 2
oriented along their dipole moments mdisplayed as an arrow
with partial charges dq indicated by a colour code (blue:
negative, red: positive partial charge). It can be clearly seen
that there are areas in the clusters with a positive or negative
excess charge. It seems that, starting from the centre of the
cluster, a strongly negatively charged cluster core is formed,
which is surrounded by a shell of positively charged Si atoms.
As the cluster size increases, there are also more and more Si
atoms on the cluster surface, which are slightly negatively
charged. As the clusters grow, the amount of charges contained
in the negatively charge core and the positively charge
shell increase. Therefore, the electric dipole moment increases
as well.

In order to quantify this e�ect, the centres of positive and
negative charge have been localised and the sum of positive
partial charges dq(+) contained in these centres has been
calculated based on the Mulliken partial charges. These values
are given in Table 2. To see how the sum of positive partial
charges dqi(+) contained in these centres changes with cluster
size N, a double-logarithmic plot is shown in Fig. 3. This
demonstrates that the sum of positive partial charges increases
approximately linear with N2/3, which is proportional to the
surface area of the cluster. Interestingly, the electric dipole
moment per atom calculated from the partial charges is also
almost independent of size, except for N = 45 and 60. The
reason for the asymmetric charge distribution is that the
structures of the clusters do not represent a cut-out of the bulk
silicon structure. Due to the free surface, the cluster tries to
minimise its energy by forming di�erent coordination geo-
metries locally around each Si atom.25…28The resulting struc-
tures therefore rather resemble structural sections from amor-
phous than from crystalline silicon. 29

To quantify the di�erences in the coordination sphere,
coordination numbers (CNs) were calculated using a tolerance
criterion. All atoms within a sphere around a selected atom are
counted as part of the coordination sphere. The tolerance
criterion for the radius of this sphere was 1.1 d, where d is the
bond distance between two Si atoms in a-Si of 2.352 Å.24 Table 2
now shows CNs calculated in this way for Si atoms in the core
and the shell of the clusters. The outer bound of the cluster
shell is defined by the most distant Si atom relative to the
centre of mass and has a thickness of 0.5d, i.e. Nshell gives the
number of Si atoms in that shell. It can be clearly seen that
the negatively charged Si atoms in the cluster core have
significantly larger CNs than the positively charged atoms in
the shell surrounding them. As a result, the chemical bonding
between atoms in the cluster core and the surrounding shell
becomes polar, resulting in a non-vanishing electric dipole

Table 1 Calculated and experimental electric permanent dipole moments
and polarizabilities per atom m/N and ael/N as well as ae� /N of SiN clusters
with N = 30, 35, 40, 45, 50, 55, 60, 70 and 80. Values of the experiment al
uncertainties can be found in the ESI †

Simulation Experiment (11 kV) Experiment (30 kV)

N
m
N

=10� 2 D
ael

N
= �A3 m

N
=10� 2 D

aeff

N
= �A3 m

N
=10� 2 D

aeff

N
= �A3

30 3.80 4.35 2.41 4.15 1.91 4.84
35 4.98 4.31 1.40 5.87 1.67 4.86
40 3.02 4.30 2.12 8.77 2.07 5.84
45 6.82 4.20 1.92 8.55 1.65 5.40
50 4.34 4.32 2.09 8.35 2.25 5.89
55 4.31 4.33 2.16 9.70 1.92 5.99
60 4.11 4.24 2.06 7.46 2.44 5.94
70 4.95 4.34 2.35 9.98 2.34 6.67
80 3.43 4.35 1.95 12.53 1.61 7.38

‡ It is shown for the Ge15 cluster which is assumed to have a very prolate
geometric structure13 that the dipole moment obtained by the FOPT approach
used in our work deviates only about 16% from the one obtained by quantum
chemical calculations and confirmed by classical trajectory simulations. For the
clusters discussed in this work, the deviation from the spherical shape is much
smaller so that the di�erence between the electric dipole moments is assumed to
be smaller as well.
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moment that increases with the cluster size. The fact that the
coordination numbers of Si atoms in the cluster core are

significantly increased compared to atoms in the surrounding
shell has already been shown in a whole series of theoretical
papers.25…28Here, it is pointed out how the individually differ-
ent coordination geometry around each Si atom affects the total
dipole moment of the Si N clusters.

A similar behaviour has already been observed in semicon-
ductor nanocrystals (NCs).30 For example, in polar CdSe nano-
rods, it was observed that the dipole moment increases linearly
with the volume. 31 This was attributed to the naturally existing
polar character of the present wurtzite structure. Other
approaches point to structural deviations from the ideal wurt-
zite type as the cause of the presence of the dipole moment.32

Interestingly, permanent electric dipole moments are also
observed in ZnSe nanostructures of the zinc blende type, which
increase with the diameter of the NC.33 In a subsequent study,
it was shown that small deviations from the symmetric-
tetrahedral shape are responsible for the dipole moments. 34

Accordingly, even PbSe-NCs with a centrosymmetric crystal

Fig. 2 Geometric structures of Si N clusters with N = 30, 35, 40, 45, 50, 55, 60, 70 and 80 reoptimised at the PBE0/cc -pVTZ level of theory. The clusters
are oriented around their computed permanent dipole moment s mshown as vectors with absolute values given by the length of the vector ( cf. Table 1 for
details). Mulliken partial charges d are indicated by a colour code ranging from positive (red) to negative (blue) partial charges ( cf. ESI† for details).

Table 2 Sum of positive partial charges dq(+), number of core and shell
atoms Ncore and Nshell for the calculated Si N clusters with N = 30, 35, 40,
45, 50, 55, 60, 70 and 80 together with their corresponding av erage
coordination numbers CN calculated via a tolerance criterion of 1.1 d
where d = 2.352 Å is the Si…Si bond distance in bulka-Si.24

N
PN

i¼1
dqðþÞ

i Ncore CNcore Nshell CNshell

30 0.96 2 4.50 28 3.32
35 1.45 7 5.14 28 3.50
40 1.64 7 4.43 33 3.73
45 2.03 11 5.27 34 4.06
50 2.10 9 5.56 41 4.02
55 2.01 13 4.46 42 3.81
60 2.28 10 5.90 50 3.70
70 2.26 18 4.22 52 3.42
80 2.52 19 4.21 61 3.67
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lattice can be polar.35 How the coordination number a�ects
the partial charge of the atoms has been shown for InP
nanoclusters.36 Deviations of the arrangement of atoms on
the surface from the ideal tretrahedral structure leads to the
appearance of dipole moments in nanocrystals with a cubic
crystal lattice.35 In the case of the NCs, the reconstruction of the
structure due to the presence of the free surface causes the
formation of electric dipole moments, which is very similar
to the Si clusters. Correspondingly, the dipole moment density,
i.e. the dipole moment related to the volume, for the Si N

clusters examined here is with an experimental value of
(0.30� 0.01)mC cm� 2 in a similar range of values to that observed
for the CdSe nanocrystals.31,32 Interestingly, hydrogenated Si-NCs
also show dipole moments, which are important for the con-
trolled assembly of silicon-based nanostructures.37 With the work
presented here, it is now additionally shown that isolated Si N

nanoclusters in the gas phase are also polar despite their
compact, near-spherical shape.

6. Summary
In the present work, the dielectric properties of near-spherical
silicon clusters in the size range between 30 and 90 atoms were
investigated under cryogenic conditions for the first time. This
clearly demonstrated that the investigated SiN clusters are polar
and that the dipole moment per atom is almost constant. This
leads to the e�ective polarizability of the clusters increasing
linearly with the cluster size. The electric dipole moment results
from the structural shape of the cluster: in a surrounding sh ell a
core of Si atoms is located with significantly higher coordi nation
numbers. This asymmetry leads to a polar chemical bonding
between the Si atoms and ultimately to the formation of a
permanent electric dipole moment.
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�F�O�U�T�Q�S�F�D�I�F�O�E�F �,�V�H�F�M �N�J�U �E�F�O �&�J�H�F�O�T�D�I�B�G�U�F�O �W�P�O �N�B�L�S�P�T�L�P�Q�J�T�D�I�F�N �(�F�S�N�B�O�J�V�N�� �"�V�D�I �J�N �7�F�S�H�M�F�J�D�I �[�V �E�F�O
�4�J���$�M�V�T�U�F�S�O �X�F�J�T�F�O �T�J�F �E�F�V�U�M�J�D�I �I�´�I�F�S�F �8�F�S�U�F �J�O �T�P�X�P�I�M �E�F�S �1�P�M�B�S�J�T�J�F�S�C�B�S�L�F�J�U �B�M�T �B�V�D�I �J�N �%�J�Q�P�M�N�P�N�F�O�U �B�V�G��
�8�P�I�F�S �E�B�T �E�F�V�U�M�J�D�I �H�S�´�•�F�S�F �%�J�Q�P�M�N�P�N�F�O�U �J�O �E�F�O �(�F���$�M�V�T�U�F�S�O �I�F�S�S�º�I�S�U�
 �L�B�O�O �J�N �'�P�M�H�F�O�E�F�O �B�N �#�F�J�T�Q�J�F�M �W�P�O
�(�F55 �J�N �7�F�S�H�M�F�J�D�I �[�V�N �4�J55���$�M�V�T�U�F�S �<�����> �E�B�S�H�F�T�U�F�M�M�U �X�F�S�E�F�O�� �%�J�F�T�F �$�M�V�T�U�F�S�H�S�´�•�F �X�V�S�E�F �H�F�X�¢�I�M�U�
 �E�B �F�T �E�F�S
�H�S�´�•�U�F �(�FN ���$�M�V�T�U�F�S �J�T�U�
 �E�F�T�T�F�O �H�F�P�N�F�U�S�J�T�D�I�F �4�U�S�V�L�U�V�S �J�O �E�F�S �-�J�U�F�S�B�U�V�S �W�F�S�G�º�H�C�B�S �J�T�U �<�������>�� �*�O �"�C�C�J�M�E�V�O�H ������
�T�J�O�E �E�J�F �M�P�L�B�M �O�B�D�I�P�Q�U�J�N�J�F�S�U�F�O �H�F�P�N�F�U�S�J�T�D�I�F�O �4�U�S�V�L�U�V�S�F�O �E�F�S �C�F�J�E�F�O �$�M�V�T�U�F�S �E�B�S�H�F�T�U�F�M�M�U�
 �X�P�C�F�J �E�J�F �"�U�P�N�F
�F�O�U�T�Q�S�F�D�I�F�O�E �J�I�S�F�S �C�F�S�F�D�I�O�F�U�F�O �.�V�M�M�J�L�F�O���-�B�E�V�O�H �<�������> �F�J�O�H�F�G�¢�S�C�U �T�J�O�E��
�&�T �J�T�U �[�V �F�S�L�F�O�O�F�O�
 �E�B�T�T �G�º�S �C�F�J�E�F �$�M�V�T�U�F�S �O�B�I�F�[�V �E�J�F�T�F�M�C�F �H�F�P�N�F�U�S�J�T�D�I�F �4�U�S�V�L�U�V�S �W�P�S�I�F�S�H�F�T�B�H�U �X�J�S�E�
 �X�P�C�F�J

�%�F�F�M�P�H�Y�R�K �t���q���(�M�I �P�S�O�E�P �R�E�G�L�S�T�X�M�Q�M�I�V�X�I�R �K�I�S�Q�I�X�V�M�W�G�L�I�R �7�X�V�Y�O�X�Y�V�I�R ���4�&�)�w���H�I�J�r���8�>�:�4�4�
 �Z�S�R �7�M55 �Y�R�H �+�I55��
�(�M�I �%�X�S�Q�I �W�M�R�H �I�R�X�W�T�V�I�G�L�I�R�H �M�L�V�I�V �1�Y�P�P�M�O�I�R���0�E�H�Y�R�K �I�M�R�K�I�J�§�V�F�X�� �[�S�F�I�M �H�M�I �T�E�V�X�M�E�P �R�I�K�E�X�M�Z �K�I�P�E�H�I�R�I�R �%�X�S�Q�I
�M�R �F�P�E�Y �Y�R�H �H�M�I �T�E�V�X�M�E�P �T�S�W�M�X�M�Z �K�I�P�E�H�I�R�I�R �M�R �V�S�X �H�E�V�K�I�W�X�I�P�P�X �W�M�R�H�� �(�E�V�Y�R�X�I�V �W�M�R�H �N�I�[�I�M�P�W �H�M�I �%�R�^�E�L�P �H�I�V �%�X�S�Q�I
�M�Q �/�I�V�R ��N �G�S�V�I�
 �Y�R�H �M�R �H�I�V �7�G�L�E�P�I ��N �W�L�I�P�P�
�� �H�M�I �N�I�[�I�M�P�M�K�I�R �H�Y�V�G�L�W�G�L�R�M�X�X�P�M�G�L�I�R �/�S�S�V�H�M�R�E�X�M�S�R�W�^�E�L�P�I�R ���'�2 �G�S�V�I

�Y�R�H�'�2 �W�L�I�P�P�
�� �H�M�I �7�Y�Q�Q�I �H�I�V �T�S�W�M�X�M�Z�I�R �4�E�V�X�M�E�P�P�E�H�Y�R�K�I�R �M�Q �K�E�R�^�I�R �'�P�Y�W�X�I�V ��
P

�q (+) �
 �Y�R�H �H�I�V �%�F�W�X�E�R�H �H�I�V
�0�E�H�Y�R�K�W�W�G�L�[�I�V�T�Y�R�O�X�I ��d(+/ � ) �
 �M�R �%� �E�Y�J�K�I�P�M�W�X�I�X��

�E�J�F �#�J�O�E�V�O�H�T�M�¢�O�H�F �[�X�J�T�D�I�F�O �[�X�F�J �"�U�P�N�F�O �J�N �(�F55���$�M�V�T�U�F�S �F�U�X�B ���� �� �M�¢�O�H�F�S �T�J�O�E�� �%�F�T �8�F�J�U�F�S�F�O �J�T�U �J�O �C�F�J�E�F�O
�$�M�V�T�U�F�S�O �[�V �F�S�L�F�O�O�F�O�
 �E�B�T�T �E�J�F �"�U�P�N�F �J�N �,�F�S�O �F�I�F�S �F�J�O�F �O�F�H�B�U�J�W�F �1�B�S�U�J�B�M�M�B�E�V�O�H �C�F�T�J�U�[�F�O�
 �X�¢�I�S�F�O�E �E�J�F �"�U�P�N�F
�J�O �E�F�S �4�D�I�B�M�F �Q�B�S�U�J�B�M �Q�P�T�J�U�J�W �H�F�M�B�E�F�O �T�J�O�E�� �;�V�S �#�F�S�F�D�I�O�V�O�H �E�F�S �"�O�[�B�I�M �E�F�S �"�U�P�N�F �J�N �,�F�S�O �	N �D�P�S�F�
�
 �J�O �E�F�S
�4�D�I�B�M�F �	N �T�I�F�M�M�
 �V�O�E �J�I�S�F�O �F�O�U�T�Q�S�F�D�I�F�O�E�F�O �N�J�U�U�M�F�S�F�O �,�P�P�S�E�J�O�B�U�J�P�O�T�[�B�I�M�F�O �	�$�/�D�P�S�F�V�O�E�$�/�T�I�F�M�M�
�
 �E�J�F �B�O�B�M�P�H
�[�V�S �#�F�S�F�D�I�O�V�O�H �J�O �<�����> �E�V�S�D�I�H�F�G�º�I�S�U �X�V�S�E�F�
 �X�J�S�E �G�º�S �E�F�O �(�F���$�M�V�T�U�F�S �F�J�O�F �#�J�O�E�V�O�H�T�M�¢�O�H�F �[�X�J�T�D�I�F�O �[�X�F�J
�(�F���"�U�P�N�F�O �W�P�O2;45 �"� �B�O�H�F�O�P�N�N�F�O �<�������>�� �"�V�D�I �G�º�S �E�F�O �(�F55���$�M�V�T�U�F�S �X�J�S�E �I�J�F�S�C�F�J �F�S�T�J�D�I�U�M�J�D�I�
 �E�B�T�T �E�B�T
�F�M�F�L�U�S�J�T�D�I�F �%�J�Q�P�M�N�P�N�F�O�U �B�V�T �E�F�S �V�O�U�F�S�T�D�I�J�F�E�M�J�D�I�F�O �,�P�P�S�E�J�O�B�U�J�P�O�T�[�B�I�M �E�F�S �,�F�S�O�� �V�O�E �4�D�I�B�M�F�O�B�U�P�N�F�O �S�F�T�V�M�U�J�F�S�U�
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�P�C�X�P�I�M �F�J�O�F �R�V�B�T�J���T�Q�I�¢�S�J�T�D�I�F �4�U�S�V�L�U�V�S �W�P�S�M�J�F�H�U�� �%�B�T �F�M�F�L�U�S�J�T�D�I�F �%�J�Q�P�M�N�P�N�F�O�U �J�T�U �J�O �E�J�F�T�F�N �$�M�V�T�U�F�S �K�F�E�P�D�I
�H�S�´�•�F�S�
 �X�F�J�M �C�F�J �F�J�O�F�N �F�U�X�B �H�M�F�J�D�I�F�O �"�C�T�U�B�O�E �E�F�S �C�F�J�E�F�O �-�B�E�V�O�H�T�T�D�I�X�F�S�Q�V�O�L�U�Fd(+/ � ) �W�P�O �F�U�X�B0;2 �"� �E�J�F
�(�F�T�B�N�U�M�B�E�V�O�H �J�O �E�J�F�T�F�O �1�V�O�L�U�F�O �G�º�S �(�F55 �V�N �F�U�X�B ���� �� �H�S�´�•�F�S �J�T�U��
�*�N �'�B�M�M�F �E�F�S �#�M�F�J�D�M�V�T�U�F�S �	�H�S�º�O�F �3�B�V�U�F�O�
T�O�P�[�[�M�F= 30 �, �V�O�EU = 20 �L�7�
�
 �E�J�F �C�J�T �[�V �F�J�O�F�S �(�S�´�•�F �W�P�O �F�U�X�B ������
�"�U�P�N�F�O �E�F�U�F�L�U�J�F�S�U �X�F�S�E�F�O �L�P�O�O�U�F�O�
 �X�J�S�E �F�J�O �B�O�E�F�S�F�S �7�F�S�M�B�V�G �E�F�S �E�J�F�M�F�L�U�S�J�T�D�I�F�O �&�J�H�F�O�T�D�I�B�G�U�F�O �N�J�U �T�U�F�J�H�F�O�E�F�S
�"�U�P�N�B�O�[�B�I�M �C�F�P�C�B�D�I�U�F�U�� �%�J�F �1�P�M�B�S�J�T�J�F�S�C�B�S�L�F�J�U �G�¢�M�M�U �B�C �F�J�O�F�S �(�S�´�•�F �W�P�O �F�U�X�B ���� �"�U�P�N�F�O �B�C �V�O�E �L�P�O�W�F�S�H�J�F�S�U

�E�B�O�O �J�O �E�F�O �8�F�S�U �E�F�S �F�O�U�T�Q�S�F�D�I�F�O�E�F�O �Q�P�M�B�S�J�T�J�F�S�C�B�S�F�O �,�V�H�F�M �W�P�O� �$�. (�1�C) = ��:�� �ƒ
3
�� �%�B�T �E�F�V�U�F�U �E�B�S�B�V�G �I�J�O�


�E�B�T�T �B�C �F�J�O�F�S �"�U�P�N�B�O�[�B�I�M �W�P�O �F�U�X�BN = 60 �E�J�F �$�M�V�T�U�F�S �E�J�F �4�U�S�V�L�U�V�S �W�P�O �N�B�L�S�P�T�L�P�Q�J�T�D�I�F�O �#�M�F�J �B�C�C�J�M�E�F�O�� �%�J�F
�%�J�Q�P�M�N�P�N�F�O�U�F �[�F�J�H�F�O �E�B�C�F�J �J�N�N�F�S �O�P�D�I �8�F�S�U�F �W�P�O �F�U�X�B�T �º�C�F�S ���
���� �%�
 �X�B�T �E�J�F �%�F�U�F�L�U�J�P�O�T�H�S�F�O�[�F �E�F�S �F�M�F�L�U�S�J��
�T�D�I�F�O �%�J�Q�P�M�N�P�N�F�O�U�F �J�O �E�J�F�T�F�N �&�Y�Q�F�S�J�N�F�O�U �E�B�S�T�U�F�M�M�U�
 �V�O�E �G�B�M�M�F�O �L�P�O�T�U�B�O�U �B�C�� �%�J�F�T�F�S �7�F�S�M�B�V�G �X�F�J�T�U �F�C�F�O�G�B�M�M�T
�E�B�S�B�V�G �I�J�O�
 �E�B�T�T �E�J�F �$�M�V�T�U�F�S �L�P�N�Q�B�L�U�F �4�U�S�V�L�U�V�S�F�O �C�J�M�E�F�O�� �%�J�F �C�F�P�C�B�D�I�U�F�U�F �&�O�U�X�J�D�L�M�V�O�H �E�F�S �E�J�F�M�F�L�U�S�J�T�D�I�F�O
�(�S�´�•�F�O �F�O�U�T�Q�S�J�D�I�U �F�J�O�F�S �W�P�S�I�F�S�H�F�I�F�O�E�F�O �6�O�U�F�S�T�V�D�I�V�O�H �E�F�S �E�J�F�M�F�L�U�S�J�T�D�I�F�O �&�J�H�F�O�T�D�I�B�G�U�F�O �W�P�O �#�M�F�J�D�M�V�T�U�F�S�O �C�J�T
�F�U�X�B ���� �"�U�P�N�F�O �<�������>��
�&�T �L�B�O�O �T�P�N�J�U �B�V�D�I �G�º�S �L�B�M�U�F �R�V�B�T�J���T�Q�I�¢�S�J�T�D�I�F �(�FN �� �V�O�E �1�CN ���$�M�V�T�U�F�S �[�V�N �F�S�T�U�F�O �.�B�M �º�C�F�S �E�J�F�T�F�O �H�S�P�•�F�O
�#�F�S�F�J�D�I �H�F�[�F�J�H�U �X�F�S�E�F�O�
 �E�B�T�T �T�J�F �C�J�T �[�V �F�J�O�F�S �(�S�´�•�F �W�P�O �F�U�X�B ������ �C�J�T ������ �"�U�P�N�F �J�N�N�F�S �O�P�D�I �%�J�Q�P�M�N�P�N�F�O�U�F
�B�V�G�X�F�J�T�F�O �V�O�E �O�P�D�I �O�J�D�I�U �E�J�F �L�S�J�T�U�B�M�M�J�O�F �4�U�S�V�L�U�V�S �E�F�T �F�O�U�T�Q�S�F�D�I�F�O�E�F�O �'�F�T�U�L�´�S�Q�F�S�T �B�C�C�J�M�E�F�O�� �"�O�B�M�P�H �[�V �E�F�S
�#�F�P�C�B�D�I�U�V�O�H �C�F�J �E�F�O �W�P�S�I�F�S �E�J�T�L�V�U�J�F�S�U�F�O �4�J���$�M�V�T�U�F�S�O �M�J�F�H�U �E�J�F �6�S�T�B�D�I�F �I�J�F�S�G�º�S �E�B�S�J�O�
 �E�B�T�T �E�J�F �,�P�P�S�E�J�O�B�U�J�P�O�T�[�B�I�M
�J�N �,�F�S�O �E�F�T �$�M�V�T�U�F�S �H�S�´�•�F�S �J�T�U �V�O�E �T�J�D�I �E�B�E�V�S�D�I �Q�P�M�B�S�F �#�J�O�E�V�O�H�F�O �B�V�T�C�J�M�E�F�O�
 �E�J�F �J�O �F�J�O�F�N �%�J�Q�P�M�N�P�N�F�O�U
�S�F�T�V�M�U�J�F�S�F�O �<�����>�� �(�M�F�J�D�I�[�F�J�U�J�H �L�P�O�O�U�F �H�F�[�F�J�H�U �X�F�S�E�F�O�
 �E�B�T�T �E�J�F �(�F���$�M�V�T�U�F�S �E�F�V�U�M�J�D�I �I�´�I�F�S�F �1�P�M�B�S�J�T�J�F�S�C�B�S�L�F�J�U�F�O
�B�M�T �E�B�T �F�O�U�T�Q�S�F�D�I�F�O�E�F �7�P�M�V�N�F�O�N�B�U�F�S�J�B�M�
 �B�C�F�S �B�V�D�I �E�J�F �W�P�S�I�F�S �W�P�S�H�F�T�U�F�M�M�U�F�O �4�J���$�M�V�T�U�F�S �B�V�G�X�F�J�T�F�O �V�O�E �E�B�I�F�S
�C�F�T�P�O�E�F�S�T �J�O�U�F�S�F�T�T�B�O�U �G�º�S �X�F�J�U�F�S�F �6�O�U�F�S�T�V�D�I�V�O�H�F�O �J�O �#�F�[�V�H �B�V�G �[�V�L�º�O�G�U�J�H�F �U�F�D�I�O�J�T�D�I�F �"�O�X�F�O�E�V�O�H�F�O �G�º�S
�C�F�J�T�Q�J�F�M�T�X�F�J�T�F �E�J�F �.�J�O�J�B�U�V�S�J�T�J�F�S�V�O�H �W�P�O �J�O�U�F�H�S�J�F�S�U�F�O �4�D�I�B�M�U�V�O�H�F�O �P�E�F�S �4�P�M�B�S�[�F�M�M�F�O �T�J�O�E �<���
 ���>��

�t���s �7�X�V�Y�O�X�Y�V�H�M�W�O�V�M�Q�M�R�M�I�V�Y�R�K �O�P�I�M�R�I�V�I�V �+�I���'�P�Y�W�X�I�V
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�V�O�E �1�C �<�������> �J�O �F�J�O�F�S �,�P�N�C�J�O�B�U�J�P�O �B�V�T �R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F�O �3�F�D�I�O�V�O�H�F�O �V�O�E �.�P�M�F�L�V�M�B�S�T�U�S�B�I�M�B�C�M�F�O�L�F�Y�Q�F�S�J�N�F�O��
�U�F�O �C�F�S�F�J�U�T �H�F�O�B�V�F�S �V�O�U�F�S�T�V�D�I�U�� �'�º�S �(�F �X�V�S�E�F �E�J�F�T�F�T �7�P�S�H�F�I�F�O �K�F�E�P�D�I �O�V�S �G�º�S �F�J�O�J�H�F �B�V�T�H�F�X�¢�I�M�U�F �$�M�V�T�U�F�S�H�S�´�•�F�O
�E�V�S�D�I�H�F�G�º�I�S�U �<�����>�
 �T�P�E�B�T�T �J�O �E�J�F�T�F�N �"�C�T�D�I�O�J�U�U �F�J�O�F �V�N�G�¢�O�H�M�J�D�I�F �4�U�S�V�L�U�V�S�E�J�T�L�S�J�N�J�O�J�F�S�V�O�H �W�P�O �L�B�M�U�F�O �(�FN ��
�$�M�V�T�U�F�S�O �N�J�UN = 15 � 26 �B�V�G �#�B�T�J�T �W�P�O �C�J�T�I�F�S �V�O�W�F�S�´�R�F�O�U�M�J�D�I�U�F�O �F�M�F�L�U�S�J�T�D�I�F�O �"�C�M�F�O�L�E�B�U�F�O �W�P�S�H�F�T�U�F�M�M�U �X�F�S�E�F�O
�T�P�M�M�� �)�J�F�S�G�º�S �X�V�S�E�F�O �E�J�F �"�C�M�F�O�L�F�Y�Q�F�S�J�N�F�O�U�F �C�F�J �F�J�O�F�S �%�º�T�F�O�U�F�N�Q�F�S�B�U�V�S �W�P�OT�O�P�[�[�M�F= 16 �, �E�V�S�D�I�H�F�G�º�I�S�U�
 �V�N
�[�V �H�F�X�¢�I�S�M�F�J�T�U�F�O�
 �E�B�T�T �F�J�O �(�S�P�•�U�F�J�M �E�F�S �$�M�V�T�U�F�S �S�J�H�J�E�F �W�P�S�M�J�F�H�U�� �%�F�T �8�F�J�U�F�S�F�O �X�V�S�E�F �F�J�O�F �"�C�M�F�O�L�T�Q�B�O�O�V�O�H �W�P�O
U = 5 �L�7 �H�F�X�¢�I�M�U�
 �V�N �[�V�N �F�J�O�F�O �E�J�F �"�C�M�F�O�L�Q�S�P�S�M�F �W�P�O �T�Z�N�N�F�U�S�J�T�D�I�F�O �3�P�U�P�S�F�O �N�J�U�I�J�M�G�F �E�F�S �(�M�F�J�D�I�V�O�H ��������
�B�O�B�M�Z�U�J�T�D�I �C�F�T�D�I�S�F�J�C�F�O �[�V �L�´�O�O�F�O �V�O�E �[�V�N �B�O�E�F�S�F�O �E�B�T �2�V�F�O�D�I�F�O �E�F�T �C�F�P�C�B�D�I�U�F�U�F�O �F�R�F�L�U�J�W�F�O �F�M�F�L�U�S�J�T�D�I�F�O
�%�J�Q�P�M�N�P�N�F�O�U�T �E�V�S�D�I �4�U�´�•�F �N�J�U �E�F�N �)�J�O�U�F�S�H�S�V�O�E�H�B�T �J�O �E�F�S �"�C�M�F�O�L�L�B�N�N�F�S �<�����> �[�V �N�J�O�J�N�J�F�S�F�O�� �%�J�F �H�F�P�N�F�U�S�J��
�T�D�I�F�O �4�U�S�V�L�U�V�S�F�O �X�F�S�E�F�O �º�C�F�S �E�J�F �J�O �,�B�Q�J�U�F�M �� �C�F�T�D�I�S�J�F�C�F�O�F �3�P�V�U�J�O�F �N�J�U�I�J�M�G�F �F�J�O�F�S �H�M�P�C�B�M�F�O �V�O�E �O�B�D�I�G�P�M�H�F�O�E�F�O
�M�P�L�B�M�F�O �0�Q�U�J�N�J�F�S�V�O�H �H�F�O�F�S�J�F�S�U�� �;�V�T�¢�U�[�M�J�D�I �E�B�[�V �X�F�S�E�F�O �M�P�L�B�M�F �/�B�D�I�P�Q�U�J�N�J�F�S�V�O�H�F�O �G�º�S �B�M�M�F �$�M�V�T�U�F�S�H�S�´�•�F�O
�B�V�G �#�B�T�J�T �E�F�S �[�V�W�P�S �W�P�S�H�F�T�U�F�M�M�U�F�O �4�JN ���4�U�S�V�L�U�V�S�F�O �V�O�E �B�V�D�I �E�F�S �[�V�H�F�P�S�E�O�F�U�F�O �H�F�P�N�F�U�S�J�T�D�I�F�O �4�U�S�V�L�U�V�S�F�O �G�º�S
�4�ON ���$�M�V�T�U�F�S�O �<�����> �E�V�S�D�I�H�F�G�º�I�S�U��
�*�O �E�F�O �G�P�M�H�F�O�E�F�O �"�C�C�J�M�E�V�O�H�F�O �T�J�O�E �E�J�F �H�F�O�F�S�J�F�S�U�F�O �4�U�S�V�L�U�V�S�J�T�P�N�F�S�F �J�O �F�J�O�F�N �&�O�F�S�H�J�F�C�F�S�F�J�D�I �W�P�O� E = 0 ;2 �F�7
�S�F�M�B�U�J�W �[�V�N �(�. �N�J�U �J�I�S�F�S �#�F�[�F�J�D�I�O�V�O�H �	�"�O�[�B�I�M �(�F���"�U�P�N�F �V�O�E �F�O�F�S�H�F�U�J�T�D�I�F �3�F�J�I�F�O�G�P�M�H�F �B�M�T �S�´�N�J�T�D�I�F �;�J�R�F�S�
�

�E�F�S �1�V�O�L�U�H�S�V�Q�Q�F �E�F�S �H�F�P�N�F�U�S�J�T�D�I�F�O �4�U�S�V�L�U�V�S �J�O �,�M�B�N�N�F�S�O�
 �E�F�S �F�C�F�O �H�F�O�B�O�O�U�F�O �S�F�M�B�U�J�W�F�O �&�O�F�S�H�J�F �J�O �F�7�

�E�F�N �C�F�S�F�D�I�O�F�U�F�O �F�M�F�L�U�S�J�T�D�I�F�O �%�J�Q�P�M�N�P�N�F�O�U� 0;�F�M�J�O �%�F�C�Z�F �V�O�E �E�F�S �O�J�F�E�S�J�H�T�U�F�O �4�D�I�X�J�O�H�V�O�H�T�N�P�E�F�~�N�J�O�J�O
�D�N� 1 �E�B�S�H�F�T�U�F�M�M�U�� �%�B�S�V�O�U�F�S �T�J�O�E �E�J�F �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �4�U�S�B�I�M�Q�S�P�S�M�F �C�F�J �B�V�T�H�F�T�D�I�B�M�U�F�U�F�N �	�H�S�B�V�F �3�B�V�U�F�O�
 �V�O�E
�F�J�O�H�F�T�D�I�B�M�U�F�U�F�N �F�M�F�L�U�S�J�T�D�I�F�O �'�F�M�E �	�C�M�B�V�F �,�S�F�J�T�F�
 �H�F�[�F�J�H�U�� �%�J�F �T�J�N�V�M�J�F�S�U�F�O �4�U�S�B�I�M�Q�S�P�S�M�F �E�F�S �F�O�U�T�Q�S�F�D�I�F�O�E�F�O
�*�T�P�N�F�S�F �T�J�O�E �J�O �G�B�S�C�J�H�F�O �H�F�T�U�S�J�D�I�F�M�U�F�O �-�J�O�J�F�O �Q�S�¢�T�F�O�U�J�F�S�U�� �8�J�F�E�F�S�B�V�G�U�S�F�U�F�O�E�F �4�U�S�V�L�U�V�S�C�B�V�T�U�F�J�O�F �X�F�S�E�F�O �B�O�B�M�P�H
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�[�V �E�F�O �4�JN ���4�U�S�V�L�U�V�S�F�O �G�B�S�C�M�J�D�I �H�F�L�F�O�O�[�F�J�D�I�O�F�U�� �W�F�S�[�F�S�S�U�F�S �0�L�U�B�F�E�F�S �	�%�0�
 �J�O �H�S�º�O�
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�	�1�#�
 �J�O �C�M�B�V�
 �E�S�F�J�G�B�D�I �º�C�F�S�L�B�Q�Q�U�F �U�S�J�H�P�O�B�M�F �#�J�Q�Z�S�B�N�J�E�F �	�5�5�#�
 �C�S�B�V�O�
 �E�S�F�J�G�B�D�I �º�C�F�S�L�B�Q�Q�U�F�T �U�S�J�H�P�O�B�M�F�T �1�S�J�T�N�B
�	�5�5�1�
 �P�S�B�O�H�F�
 �F�J�O�G�B�D�I �º�C�F�S�L�B�Q�Q�U�F�T �R�V�B�E�S�B�U�J�T�D�I�F�T �"�O�U�J�Q�S�J�T�N�B �	�4�4�"�
 �J�O �W�J�P�M�F�U�U �V�O�E �E�B�T �[�X�F�J�G�B�D�I �º�C�F�S�L�B�Q�Q�U�F
�R�V�B�E�S�B�U�J�T�D�I�F �"�O�U�J�Q�S�J�T�N�B �	�%�4�"�
 �J�O �S�P�U�� �%�J�F �"�C�L�º�S�[�V�O�H�F�O �C�F�[�J�F�I�F�O �T�J�D�I �I�J�F�S�C�F�J �B�V�G �E�J�F �F�O�H�M�J�T�D�I�F �#�F�[�F�J�D�I�O�V�O�H
�E�F�S �(�F�P�N�F�U�S�J�F�O �	�T�J�F�I�F �<�����>�
�� �%�J�F �B�V�D�I �W�P�S�I�F�S �C�F�P�C�B�D�I�U�F�U�F�O �6�O�U�F�S�F�J�O�I�F�J�U�F�O �B�V�T �T�F�D�I�T �"�U�P�N�F�O �<�����
 �������>�

�E�J�F �E�J�F �X�J�F�E�F�S�L�F�I�S�F�O�E�F�O �4�U�S�V�L�U�V�S�C�B�V�T�U�F�J�O�F �W�F�S�C�J�O�E�F�O�
 �X�F�S�E�F�O �I�J�F�S �F�C�F�O�G�B�M�M�T �N�J�U �F�J�O�F�S �H�F�T�U�S�J�D�I�F�M�U�F�O �-�J�O�J�F
�N�B�S�L�J�F�S�U�� �*�O �"�C�C�J�M�E�V�O�H ������ �T�J�O�E �E�J�F�T�F �&�S�H�F�C�O�J�T�T�F �[�V�O�¢�D�I�T�U �G�º�S �E�J�F �(�FN ���$�M�V�T�U�F�S �N�J�UN = 15 � 18 �H�F�[�F�J�H�U��

�'�º�S �B�M�M�F �$�M�V�T�U�F�S �J�O �E�J�F�T�F�N �(�S�´�•�F�O�C�F�S�F�J�D�I �X�V�S�E�F �N�F�I�S �B�M�T �F�J�O �*�T�P�N�F�S �J�N �#�F�S�F�J�D�I �W�P�O ���
�� �F�7 �S�F�M�B�U�J�W �[�V�N
�(�. �J�E�F�O�U�J�S�[�J�F�S�U�� �*�N �'�B�M�M �E�F�T �$�M�V�T�U�F�S�T �(�F15 �F�O�U�T�Q�S�F�D�I�F�O �E�J�F �C�F�J�E�F�O �*�T�P�N�F�S�F�������*�*�V�O�E�������*�*�*�4�U�S�V�L�U�V�S�F�O �E�F�T
�4�J15���$�M�V�T�U�F�S�T�
 �X�P�C�F�J �&�S�T�U�F�S�F�T �F�J�O �T�Z�N�N�F�U�S�J�T�D�I�F�S �3�P�U�P�S �N�J�UC���W���4�Z�N�N�F�U�S�J�F �J�T�U �V�O�E �C�F�J�N �4�J���$�M�V�T�U�F�S �E�B�T �(�.
�E�B�S�T�U�F�M�M�U�� �%�B�T �*�T�P�N�F�S�������*�F�O�U�T�Q�S�J�D�I�U �E�F�N �(�. �E�F�T �F�O�U�T�Q�S�F�D�I�F�O�E�F�O �4�O���$�M�V�T�U�F�S�T�
 �E�B�T �B�V�D�I �B�N �X�B�I�S�T�D�I�F�J�O�M�J�D�I�T�U�F�O
�J�N �&�Y�Q�F�S�J�N�F�O�U �Q�S�¢�T�F�O�U �J�T�U�� �"�O�B�M�P�H �[�V �E�F�S �4�U�S�V�L�U�V�S�E�J�T�L�S�J�N�J�O�J�F�S�V�O�H �E�F�T �(�F15���$�M�V�T�U�F�S�T �B�O�I�B�O�E �W�P�O �F�M�F�L�U�S�J�T�D�I�F�O
�"�C�M�F�O�L�F�Y�Q�F�S�J�N�F�O�U�F�O �B�V�T �F�J�O�F�S �G�S�º�I�F�S�F�O �"�S�C�F�J�U �<�����> �L�B�O�O �E�B�T �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F �1�S�P�S�M �O�J�D�I�U �E�V�S�D�I �E�B�T �T�J�N�V��
�M�J�F�S�U�F �4�U�S�B�I�M�Q�S�P�S�M�T �F�J�O�F�T �F�J�O�[�F�M�O�F�O �*�T�P�N�F�S�T �E�B�S�H�F�T�U�F�M�M�U �X�F�S�E�F�O�� �&�T �J�T�U �[�V �C�F�B�D�I�U�F�O�
 �E�B�T�T �E�J�F �J�N �&�Y�Q�F�S�J�N�F�O�U
�C�F�P�C�B�D�I�U�F�U�F �7�F�S�C�S�F�J�U�F�S�V�O�H �W�P�S �B�M�M�F�N �C�F�J �H�S�P�•�F�O �%�J�Q�P�M�N�P�N�F�O�U�F�O�
 �X�J�F �F�T �E�B�T �[�X�F�J�U�F �*�T�P�N�F�S�������*�*�C�F�T�J�U�[�U�

�H�F�R�V�F�O�D�I�U �T�F�J�O �L�´�O�O�U�F�� �&�J�O�F �F�J�O�E�F�V�U�J�H�F �4�U�S�V�L�U�V�S�E�J�T�L�S�J�N�J�O�J�F�S�V�O�H �J�T�U �U�S�P�U�[�E�F�N �B�V�G �#�B�T�J�T �E�J�F�T�F�S �F�M�F�L�U�S�J�T�D�I�F�O
�"�C�M�F�O�L�E�B�U�F�O �O�J�D�I�U �N�´�H�M�J�D�I�� �'�º�S �E�F�O �$�M�V�T�U�F�S �(�F16 �X�F�S�E�F�O �[�X�F�J �*�T�P�N�F�S�F �H�F�G�V�O�E�F�O�
 �X�P�W�P�O �E�B�T �(�.�������*�E�F�S
�4�U�S�V�L�U�V�S �E�F�T �J�N �&�Y�Q�F�S�J�N�F�O�U �Q�S�¢�T�F�O�U�F�O �4�O16���$�M�V�T�U�F�S�T �F�O�U�T�Q�S�J�D�I�U �V�O�E �*�T�P�N�F�S�������*�*�F�J�O�F �O�F�V�F �4�U�S�V�L�U�V�S �B�V�G�X�F�J�T�U�

�E�J�F �X�F�E�F�S �C�F�J�N �B�O�B�M�P�H�F�O �4�J�� �O�P�D�I �C�F�J�N �F�O�U�T�Q�S�F�D�I�F�O�E�F�O �4�O���$�M�V�T�U�F�S �W�P�S�I�F�S�H�F�T�B�H�U �X�V�S�E�F�� �)�J�F�S �M�J�F�H�U �N�J�U �I�P�I�F�S
�8�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U �E�B�T �(�.�������*�W�P�S�
 �E�B �E�B�T �T�J�N�V�M�J�F�S�U�F �1�S�P�S�M �E�J�F �*�O�U�F�O�T�J�U�¢�U �J�O �E�F�O �'�M�B�O�L�F�O �C�F�T�T�F�S �C�F�T�D�I�S�F�J�C�U��
�&�T �N�V�T�T �K�F�E�P�D�I �E�B�S�B�V�G �I�J�O�H�F�X�J�F�T�F�O �X�F�S�E�F�O�
 �E�B�T�T �E�B�T �[�X�F�J�U�F �*�T�P�N�F�S �F�J�O�F �T�F�I�S �X�F�J�D�I�F �4�D�I�X�J�O�H�V�O�H�T�N�P�E�F �W�P�O
�~�N�J�O= 9 �D�N� 1 �C�F�T�J�U�[�U�
 �T�P�E�B�T�T �E�J�F�T�F �4�D�I�X�J�O�H�V�O�H �C�F�S�F�J�U�T �C�F�J �E�F�S �%�º�T�F�O�U�F�N�Q�F�S�B�U�V�S �W�P�OT�O�P�[�[�M�F= 16 �, �U�I�F�S�N�J�T�D�I
�B�O�H�F�S�F�H�U �J�T�U �V�O�E �E�B�T �C�F�P�C�B�D�I�U�F�U�F �%�J�Q�P�M�N�P�N�F�O�U �J�N �&�Y�Q�F�S�J�N�F�O�U �U�F�J�M�X�F�J�T�F �H�F�R�V�F�O�D�I�U �X�¢�S�F�� �%�J�F�T�F�S �&�R�F�L�U �L�B�O�O
�J�O �E�F�S �4�J�N�V�M�B�U�J�P�O �E�F�S �3�P�U�B�U�J�P�O�T�E�Z�O�B�N�J�L �[�V�S�[�F�J�U �O�J�D�I�U �R�V�B�O�U�J�U�B�U�J�W �B�C�H�F�C�J�M�E�F�U �X�F�S�E�F�O�� �%�B�T �C�F�E�F�V�U�F�U �B�C�F�S�

�E�B�T�T �E�B�T �[�X�F�J�U�F �*�T�P�N�F�S �O�J�D�I�U �H�¢�O�[�M�J�D�I �B�V�T�H�F�T�D�I�M�P�T�T�F�O �X�F�S�E�F�O �E�B�S�G�� �*�O�U�F�S�F�T�T�B�O�U�F�S�X�F�J�T�F �X�F�J�T�U�������*�*�F�J�O�F�O
�%�4�"���4�U�S�V�L�U�V�S�C�B�V�T�U�F�J�O �B�V�G�
 �E�F�S �E�B�N�J�U �G�S�º�I�F�S �B�M�T �C�F�J�N �$�M�V�T�U�F�S�X�B�D�I�T�U�V�N �E�F�S �4�J���$�M�V�T�U�F�S �	�4�J19�
 �B�V�G�U�S�J�U�U�� �*�N �(�F�H�F�O��
�T�B�U�[ �E�B�[�V�
 �X�J�S�E �C�F�J �E�F�O �4�O���$�M�V�T�U�F�S�O �E�J�F�T�F�T �4�U�S�V�L�U�V�S�N�P�U�J�W �C�F�S�F�J�U�T �C�F�J �4�O14 �W�P�S�I�F�S�H�F�T�B�H�U �<�����>�� �*�N �'�B�M�M�F �W�P�O
�(�F17 �T�J�O�E �C�F�J�E�F �C�F�S�F�D�I�O�F�U�F�O �4�U�S�V�L�U�V�S�F�O �B�O�B�M�P�H �[�V �H�F�G�V�O�E�F�O�F�O �4�U�S�V�L�U�V�S�F�O �E�F�T �F�O�U�T�Q�S�F�D�I�F�O�E�F�O �4�J���$�M�V�T�U�F�S�T�

�X�P�C�F�J �E�B�T �[�V�H�F�X�J�F�T�F�O�F �*�T�P�N�F�S �W�P�O �4�J17 �N�J�UC���W���4�Z�N�N�F�U�S�J�F�
 �I�J�F�S �B�V�•�F�S�I�B�M�C �E�F�T �S�F�M�F�W�B�O�U�F�O �&�O�F�S�H�J�F�C�F�S�F�J�D�I�T
�	� E = 0 ;37 �F�7�
 �M�J�F�H�U�� �&�T �X�V�S�E�F �B�N �#�F�J�T�Q�J�F�M �F�J�O�J�H�F�S �4�J���$�M�V�T�U�F�S �H�F�[�F�J�H�U�
 �E�B�T�T �E�J�F �&�O�F�S�H�J�F �F�J�O�F�T �*�T�P�N�F�S�T �T�F�I�S
�T�U�B�S�L �W�P�O �E�F�N �H�F�O�V�U�[�U�F�O �Y�D���'�V�O�L�U�J�P�O�B�M �[�V�S �#�F�S�F�D�I�O�V�O�H �E�F�S �H�F�P�N�F�U�S�J�T�D�I�F�O �4�U�S�V�L�U�V�S�F�O �B�C�I�¢�O�H�U�� �&�T �L�´�O�O�U�F
�I�J�F�S �B�M�T�P �T�F�J�O�
 �E�B�T�T �F�J�O �B�O�E�F�S�F�T �Y�D���'�V�O�L�U�J�P�O�B�M �E�J�F �F�O�F�S�H�F�U�J�T�D�I�F �3�F�J�I�F�O�G�P�M�H�F �W�F�S�¢�O�E�F�S�U �V�O�E �E�J�F �T�Z�N�N�F�U�S�J�T�D�I�F
�4�U�S�V�L�U�V�S �E�F�T �4�J17 �B�V�D�I �C�F�J�N �(�F17 �J�N �S�F�M�F�W�B�O�U�F�O �&�O�F�S�H�J�F�C�F�S�F�J�D�I �M�J�F�H�F�O �L�´�O�O�U�F�� �&�J�O�F �;�V�P�S�E�O�V�O�H �E�F�S �4�U�S�V�L�U�V�S �J�T�U
�C�F�J�N �(�F17 �N�J�U �E�F�N �1�#�&�����'�V�O�L�U�J�P�O�B�M �V�O�E �E�F�O �I�J�F�S �Q�S�¢�T�F�O�U�J�F�S�U�F�O �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O �K�F�E�P�D�I �O�J�D�I�U �N�´�H�M�J�D�I�

�E�B �L�F�J�O�F�T �E�F�S �C�F�J�E�F�O �*�T�P�N�F�S�F �E�B�T �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F �4�U�S�B�I�M�Q�S�P�S�M �J�O �B�V�T�S�F�J�D�I�F�O�E �H�V�U�F�S �š�C�F�S�F�J�O�T�U�J�N�N�V�O�H �B�C�C�J�M�E�F�O
�L�B�O�O�� �&�T �M�J�F�H�U �E�B�N�J�U �F�J�O �¢�I�O�M�J�D�I�F�S �'�B�M�M �X�J�F �C�F�J�N �(�F15 �W�P�S�� �"�M�M�F �H�F�G�V�O�E�F�O�F�O �4�U�S�V�L�U�V�S�F�O �E�F�T �(�F18���$�M�V�T�U�F�S�T
�F�O�U�T�Q�S�F�D�I�F�O �H�F�G�V�O�E�F�O�F�O �4�U�S�V�L�U�V�S�F�O �E�F�T �4�J���"�O�B�M�P�H�P�O�T�� �%�J�F �T�J�N�V�M�J�F�S�U�F�O �4�U�S�B�I�M�Q�S�P�S�M�F �E�F�S �*�T�P�N�F�S�F�������*�V�O�E
�������*�7�¢�I�O�F�M�O �T�J�D�I�
 �E�B �B�V�D�I �J�I�S�F �H�F�P�N�F�U�S�J�T�D�I�F �4�U�S�V�L�U�V�S �T�F�I�S �¢�I�O�M�J�D�I �J�T�U�
 �X�P�C�F�J �E�B�T �(�. �F�J�O �T�Z�N�N�F�U�S�J�T�D�I�F�S
�3�P�U�P�S �J�T�U�� �#�F�J�E�F �4�U�S�V�L�U�V�S�F�O �L�´�O�O�F�O �E�B�T �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F �4�U�S�B�I�M�Q�S�P�S�M �J�O �H�V�U�F�S �/�¢�I�F�S�V�O�H �B�C�C�J�M�E�F�O��
�'�º�S �E�J�F�T�F�O �(�S�´�•�F�O�C�F�S�F�J�D�I �N�J�UN = 15 � 18 �(�F���"�U�P�N�F�O �L�B�O�O �B�M�T�P �H�F�T�B�H�U �X�F�S�E�F�O�
 �E�B�T�T �B�M�M�F �I�J�F�S �[�V�H�F�P�S�E�O�F�U�F�O
�4�U�S�V�L�U�V�S�F�O �B�V�G �5�5�1���#�B�V�T�U�F�J�O�F�O �C�B�T�J�F�S�F�O �V�O�E �Q�S�P�M�B�U�F �4�U�S�V�L�U�V�S�F�O �C�J�M�E�F�O��
�*�O �"�C�C�J�M�E�V�O�H ������ �T�J�O�E �E�J�F �&�S�H�F�C�O�J�T�T�F �G�º�S �E�J�F �(�F���$�M�V�T�U�F�S �N�J�U �F�J�O�F�S �"�U�P�N�B�O�[�B�I�M �W�P�ON = 19 � 22 �H�F�[�F�J�H�U�� �"�V�D�I
�I�J�F�S �X�V�S�E�F�O �G�º�S �E�S�F�J �$�M�V�T�U�F�S�H�S�´�•�F�O �N�F�I�S�F�S�F �4�U�S�V�L�U�V�S�J�T�P�N�F�S�F �H�F�G�V�O�E�F�O��
�%�B�T �F�J�O�[�J�H �W�P�S�I�F�S�H�F�T�B�H�U�F �4�U�S�V�L�U�V�S�J�T�P�N�F�S �G�º�S �(�F19 �C�F�T�D�I�S�F�J�C�U �E�J�F �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O �J�O �H�V�U�F�S �š�C�F�S�F�J�O�T�U�J�N��
�N�V�O�H�
 �T�P�E�B�T�T �I�J�F�S �E�J�F�T�F�M�C�F �4�U�S�V�L�U�V�S �X�J�F �G�º�S �E�B�T �4�J19 �[�V�H�F�P�S�E�O�F�U �X�F�S�E�F�O �L�B�O�O�� �"�V�D�I �J�N �'�B�M�M�F �E�F�T �$�M�V�T�U�F�S�T
�(�F20 �M�J�F�H�U �N�J�U �I�´�D�I�T�U�F�S �8�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U �E�B�T �(�. �V�O�E �E�B�N�J�U �E�J�F�T�F�M�C�F �4�U�S�V�L�U�V�S �X�J�F �C�F�J�N �B�O�B�M�P�H�F�O �4�J���$�M�V�T�U�F�S
�J�N �&�Y�Q�F�S�J�N�F�O�U �W�P�S�
 �E�B �E�J�F �B�O�E�F�S�F�O �*�T�P�N�F�S�F �E�J�F �*�O�U�F�O�T�J�U�¢�U�F�O �J�O �E�F�O �'�M�B�O�L�F�O �V�O�U�F�S�T�D�I�¢�U�[�F�O�� �%�B�T �(�. �W�P�O �(�F21

�t�t



�%�F�F�M�P�H�Y�R�K �t���r���%�P�P�I �F�I�V�I�G�L�R�I�X�I�R �7�X�V�Y�O�X�Y�V�M�W�S�Q�I�V�I ���S�F�I�R�
 �J�¿�V �H�M�I �+�IN ���'�P�Y�W�X�I�V �Q�M�XN = 15 � 18 �M�Q �)�R�I�V��
�K�M�I�F�I�V�I�M�G�L �Z�S�R� E = 0 ;2 �I�: �V�I�P�E�X�M�Z �^�Y�Q �+�1�� �(�M�I �W�M�G�L �[�M�I�H�I�V�L�S�P�I�R�H�I�R �7�X�V�Y�O�X�Y�V�F�E�Y�W�X�I�M�R�I �W�M�R�H �J�E�V�F�P�M�G�L
�Y�R�X�I�V�P�I�K�X ���W�M�I�L�I �8�I�\�X�
 �Y�R�H �H�M�I �+�I6���:�I�V�F�M�R�H�Y�R�K�W�I�M�R�L�I�M�X�I�R �Q�M�X �I�M�R�I�V �K�I�W�X�V�M�G�L�I�P�X�I�R �0�M�R�M�I �Q�E�V�O�M�I�V�X�� �-�R �/�P�E�Q�Q�I�V�R
�M�W�X �H�M�I �4�Y�R�O�X�K�V�Y�T�T�I�� �H�E�V�Y�R�X�I�V �H�M�I �V�I�P�E�X�M�Z�I �)�R�I�V�K�M�I �^�Y�Q �+�1�� �H�E�W �I�P�I�O�X�V�M�W�G�L�I �(�M�T�S�P�Q�S�Q�I�R�X �Y�R�H �H�M�I �R�M�I�H�V�M�K�W�X�I
�7�G�L�[�M�R�K�Y�R�K�W�Q�S�H�I �K�I�P�M�W�X�I�X�� �(�M�I �I�\�T�I�V�M�Q�I�R�X�I�P�P�I�R �7�X�V�E�L�P�T�V�S�x�P�I ���Y�R�X�I�R�
 �F�I�M �E�Y�W�K�I�W�G�L�E�P�X�I�X�I�R ���K�V�E�Y�I �6�E�Y�X�I�R�

�Y�R�H �I�M�R�K�I�W�G�L�E�P�X�I�X�I�Q �I�P�I�O�X�V�M�W�G�L�I�R �*�I�P�H ���F�P�E�Y�I �/�V�I�M�W�I�
 �F�I�M �I�M�R�I�V �(�¿�W�I�R�X�I�Q�T�I�V�E�X�Y�V �Z�S�RT�R�S�^�^�P�I= 16 �/ �Y�R�H
�I�M�R�I�V �%�F�P�I�R�O�W�T�E�R�R�Y�R�K �Z�S�RU = 5 �O�: �W�M�R�H �E�F�K�I�F�M�P�H�I�X�� �>�Y�W�§�X�^�P�M�G�L �W�M�R�H �H�M�I �W�M�Q�Y�P�M�I�V�X�I�R �7�X�V�E�L�P�T�V�S�x�P�I �E�P�W �J�E�V�F�M�K�I
�K�I�W�X�V�M�G�L�I�P�X�I �0�M�R�M�I�R �J�¿�V �H�M�I �I�R�X�W�T�V�I�G�L�I�R�H�I�R �-�W�S�Q�I�V�I �H�E�V�K�I�W�X�I�P�P�X�� �%�Y�¢�I�V�H�I�Q �[�Y�V�H�I �H�M�I �I�P�I�O�X�V�M�W�G�L�I �%�F�P�I�R�O�Y�R�K
�H�I�V �W�]�Q�Q�I�X�V�M�W�G�L�I�R �6�S�X�S�V�I�R �Q�M�X�L�M�P�J�I �Z�S�R �+�P�I�M�G�L�Y�R�K �r���ù�w �F�I�V�I�G�L�R�I�X �Y�R�H �I�F�I�R�J�E�P�P�W �E�P�W �J�E�V�F�M�K�I �K�I�W�X�V�M�G�L�I�P�X�I
�0�M�R�M�I �E�F�K�I�F�M�P�H�I�X��

�C�F�T�D�I�S�F�J�C�U �E�B�T �&�Y�Q�F�S�J�N�F�O�U �F�C�F�O�G�B�M�M�T �J�O �B�V�T�S�F�J�D�I�F�O�E �H�V�U�F�S �/�¢�I�F�S�V�O�H�
 �º�C�F�S�T�D�I�¢�U�[�U �B�C�F�S �E�J�F �*�O�U�F�O�T�J�U�¢�U�F�O �J�O �E�F�S
�4�U�S�B�I�M�N�J�U�U�F�� �%�B�T �F�O�F�S�H�F�U�J�T�D�I �G�B�T�U �F�O�U�B�S�U�F�U�F �[�X�F�J�U�F �*�T�P�N�F�S�������*�*�
 �E�B�T �O�J�D�I�U �B�V�G �F�J�O�F�S �W�P�S�I�F�S�H�F�T�B�H�U�F�O �4�U�S�V�L�U�V�S
�G�º�S �E�B�T �4�J21 �C�B�T�J�F�S�U�
 �C�F�T�D�I�S�F�J�C�U �E�J�F�T�F �F�U�X�B�T �C�F�T�T�F�S�
 �º�C�F�S�T�D�I�¢�U�[�U �B�C�F�S �E�B�G�º�S �E�J�F �*�O�U�F�O�T�J�U�¢�U�F�O �J�O �E�F�S �'�M�B�O�L�F��
�8�J�S�E �E�B�T �N�´�H�M�J�D�I�F �2�V�F�O�D�I�F�O �E�F�S �J�N �&�Y�Q�F�S�J�N�F�O�U �C�F�P�C�B�D�I�U�F�U�F�O �7�F�S�C�S�F�J�U�F�S�V�O�H �E�F�T �4�U�S�B�I�M�Q�S�P�S�M�T �C�F�B�D�I�U�F�U�
 �L�B�O�O

�t�u



�%�F�F�M�P�H�Y�R�K �t���s���)�V�K�I�F�R�M�W�W�I �H�I�V �U�Y�E�R�X�I�R�G�L�I�Q�M�W�G�L�I�R �6�I�G�L�R�Y�R�K�I�R �Y�R�H �I�\�T�I�V�M�Q�I�R�X�I�P�P�I �%�F�P�I�R�O�T�V�S�x�P�I �H�I�V �+�IN ��
�'�P�Y�W�X�I�V �Q�M�XN = 19 � 22�� �*�¿�V �(�I�X�E�M�P�W �^�Y�V �(�E�V�W�X�I�P�P�Y�R�K �[�M�V�H �E�Y�J �H�M�I �&�M�P�H�Y�R�X�I�V�W�G�L�V�M�J�X �Z�S�R �%�F�F�M�P�H�Y�R�K �u���s �Z�I�V�[�M�I�W�I�R��

�F�O�U�T�Q�S�F�D�I�F�O�E �B�V�D�I �E�J�F�T�F�T �*�T�P�N�F�S �J�N �.�P�M�F�L�V�M�B�S�T�U�S�B�I�M �Q�S�¢�T�F�O�U �T�F�J�O�� �*�N �'�B�M�M�F �E�F�T �(�F22���$�M�V�T�U�F�S�T �H�J�C�U �E�B�T �(�.�

�X�B�T �F�J�O�F �J�E�F�O�U�J�T�D�I�F �4�U�S�V�L�U�V�S �[�V�N �(�. �E�F�T �4�J22 �B�V�G�X�F�J�T�U�
 �E�J�F �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O �O�J�D�I�U �X�J�F�E�F�S�
 �E�B �E�B�T
�%�J�Q�P�M�N�P�N�F�O�U �H�F�O�B�V �X�J�F �C�F�J�N �[�X�F�J�U�F�O �*�T�P�N�F�S�������*�*�V�O�U�F�S�T�D�I�¢�U�[�U �X�J�S�E�� �%�J�F �7�F�S�C�S�F�J�U�F�S�V�O�H �X�J�S�E �I�J�O�H�F�H�F�O �C�F�J�N
�E�S�J�U�U�F�O �*�T�P�N�F�S�
�������*�*�*�
 �º�C�F�S�T�D�I�¢�U�[�U�� �4�P�N�J�U �L�B�O�O �B�V�D�I �G�º�S �E�J�F�T�F�O �$�M�V�T�U�F�S �¢�I�O�M�J�D�I �X�J�F �C�F�J �E�F�O �[�V�W�P�S �E�J�T�L�V�U�J�F�S�U�F�O
�(�F15 �V�O�E �(�F17 �L�F�J�O�F �F�J�O�E�F�V�U�J�H�F �;�V�P�S�E�O�V�O�H �T�U�B�U�U�S�O�E�F�O��
�5�S�P�U�[�E�F�N �M�¢�T�T�U �T�J�D�I �B�V�D�I �G�º�S �E�J�F�T�F�O �(�S�´�•�F�O�C�F�S�F�J�D�I �[�V�T�B�N�N�F�O�G�B�T�T�F�O�E �T�B�H�F�O�
 �E�B�T�T �Q�S�P�M�B�U�F �4�U�S�V�L�U�V�S�F�O �H�F�C�J�M�E�F�U
�X�F�S�E�F�O�
 �E�J�F �B�V�G �E�F�N �%�4�"���#�B�V�T�U�F�J�O �C�B�T�J�F�S�F�O�
 �X�P�C�F�J �F�J�O�F �F�J�O�E�F�V�U�J�H�F �;�V�P�S�E�O�V�O�H �G�º�S �(�F21 �V�O�E �(�F22 �N�J�U �E�F�O
�I�J�F�S �H�F�[�F�J�H�U�F�O �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O �O�J�D�I�U �N�´�H�M�J�D�I �J�T�U��
�*�O �"�C�C�J�M�E�V�O�H ������ �T�J�O�E �E�J�F �&�S�H�F�C�O�J�T�T�F �E�F�T �O�¢�D�I�T�U�F�O �(�S�´�•�F�O�C�F�S�F�J�D�I�T �N�J�UN = 23 � 26 �"�U�P�N�F�O �H�F�[�F�J�H�U�� �*�N
�(�F�H�F�O�T�B�U�[ �[�V�N �"�C�M�F�O�L�Q�S�P�S�M �E�F�T �4�J23���$�M�V�T�U�F�S�T �L�B�O�O �I�J�F�S �F�J�O�E�F�V�U�J�H �E�B�T �[�X�F�J�U�F �*�T�P�N�F�S �E�F�T �(�F23���$�M�V�T�U�F�S�T�
�������*�*�

�X�B�T �F�O�F�S�H�F�U�J�T�D�I �R�V�B�T�J���F�O�U�B�S�U�F�U �[�V�N �(�. �J�T�U�
 �E�F�O �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O �[�V�H�F�P�S�E�O�F�U �X�F�S�E�F�O�� �#�F�J �E�F�O �B�O�E�F�S�F�O
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�%�F�F�M�P�H�Y�R�K �t���t���)�V�K�I�F�R�M�W�W�I �H�I�V �U�Y�E�R�X�I�R�G�L�I�Q�M�W�G�L�I�R �6�I�G�L�R�Y�R�K�I�R �Y�R�H �I�\�T�I�V�M�Q�I�R�X�I�P�P�I �%�F�P�I�R�O�T�V�S�x�P�I �H�I�V �+�IN ��
�'�P�Y�W�X�I�V �Q�M�XN = 23 � 26�� �*�¿�V �(�I�X�E�M�P�W �^�Y�V �(�E�V�W�X�I�P�P�Y�R�K �[�M�V�H �E�Y�J �H�M�I �&�M�P�H�Y�R�X�I�V�W�G�L�V�M�J�X �Z�S�R �%�F�F�M�P�H�Y�R�K �u���s �Z�I�V�[�M�I�W�I�R��

�C�F�J�E�F�O �*�T�P�N�F�S�F �J�T�U �E�B�T �W�P�S�I�F�S�H�F�T�B�H�U�F �%�J�Q�P�M�N�P�N�F�O�U �J�N �7�F�S�H�M�F�J�D�I �[�V�N �&�Y�Q�F�S�J�N�F�O�U �[�V �H�S�P�•�� �&�T �L�B�O�O �K�F�E�P�D�I
�O�J�D�I�U �B�V�T�H�F�T�D�I�M�P�T�T�F�O �X�F�S�E�F�O�
 �E�B�T �W�P�S �B�M�M�F�N �G�º�S �E�B�T �*�T�P�N�F�S�������*�*�*�N�J�U �F�J�O�F�S �O�J�F�E�S�J�H�F�O �4�D�I�X�J�O�H�V�O�H�T�N�P�E�F �W�P�O
�O�V�S ���� �D�N� 1 �F�J�O �2�V�F�O�D�I�F�O �E�V�S�D�I �U�I�F�S�N�J�T�D�I�F �"�O�S�F�H�V�O�H �T�U�B�U�U�S�O�E�F�U �V�O�E �E�B�I�F�S �E�J�F �7�F�S�C�S�F�J�U�F�S�V�O�H �J�N �&�Y�Q�F�S�J�N�F�O�U
�O�J�F�E�S�J�H�F�S �B�V�T�G�¢�M�M�U�� �"�V�D�I �E�B�T �T�J�N�V�M�J�F�S�U�F �4�U�S�B�I�M�Q�S�P�S�M �E�F�T �F�J�O�[�J�H�F�O �H�F�G�V�O�E�F�O�F�O �*�T�P�N�F�S�T �G�º�S �(�F24 �	�H�M�F�J�D�I�F �4�U�S�V�L�U�V�S
�X�J�F �E�B�T �(�. �W�P�O �4�J24�
 �º�C�F�S�T�D�I�¢�U�[�U �E�J�F �J�N �&�Y�Q�F�S�J�N�F�O�U �C�F�P�C�B�D�I�U�F�U�F �7�F�S�C�S�F�J�U�F�S�V�O�H �M�F�J�D�I�U�� �*�N �'�B�M�M�F �E�F�T �F�J�O�[�J�H�F�O
�*�T�P�N�F�S�T �E�F�T �(�F25���$�M�V�T�U�F�S�T �I�J�O�H�F�H�F�O�
 �E�B�T �F�J�O�F �O�J�F�E�S�J�H�F�S�F �4�D�I�X�J�O�H�V�O�H�T�N�P�E�F �B�V�G�X�F�J�T�U �V�O�E �B�V�D�I �E�F�N �(�.
�E�F�T �4�J25 �F�O�U�T�Q�S�J�D�I�U�
 �X�J�S�E �E�B�T �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F �"�C�M�F�O�L�Q�S�P�S�M �N�J�U �H�V�U�F�S �š�C�F�S�F�J�O�T�U�J�N�N�V�O�H �B�C�H�F�C�J�M�E�F�U�� �%�J�F �W�J�F�S
�H�F�G�V�O�E�F�O�F�O �*�T�P�N�F�S�F �E�F�T �(�F26���$�M�V�T�U�F�S�T �T�J�O�E �T�J�D�I �J�O �E�F�S �4�U�S�V�L�U�V�S �V�O�E �E�F�S �&�O�F�S�H�J�F �T�F�I�S �¢�I�O�M�J�D�I�
 �E�B �T�J�F �B�M�M�F �B�V�T
�[�X�F�J �%�4�"���&�J�O�I�F�J�U�F�O �C�F�T�U�F�I�F�O�
 �E�J�F �N�J�U �F�J�O�F�S �(�F6���6�O�U�F�S�F�J�O�I�F�J�U �W�F�S�C�V�O�E�F�O �T�J�O�E�
 �X�P�C�F�J �E�J�F �"�V�T�S�J�D�I�U�V�O�H �E�F�S
�C�F�J�E�F�O �#�B�V�T�U�F�J�O�F �[�V�F�J�O�B�O�E�F�S �W�B�S�J�J�F�S�U�� �0�C�X�P�I�M �E�J�F �T�J�N�V�M�J�F�S�U�F�O �4�U�S�B�I�M�Q�S�P�S�M�F �E�F�S �C�F�J�E�F�O �*�T�P�N�F�S�F�������*�*�*�V�O�E
�������*�7�E�B�T �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F �4�U�S�B�I�M�Q�S�P�S�M �C�F�T�T�F�S �X�J�F�E�F�S�H�F�C�F�O�
 �L�B�O�O �F�J�O�F �U�I�F�S�N�J�T�D�I�F �"�O�S�F�H�V�O�H �E�F�S �C�F�J�E�F�O �B�O�E�F�S�F�O
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�%�F�F�M�P�H�Y�R�K �t�������)�\�T�I�V�M�Q�I�R�X�I�P�P�I �%�F�P�I�R�O�T�V�S�x�P�I �H�I�V �+�IN ���'�P�Y�W�X�I�V �Q�M�XN = 15; 17 �Y�R�H22 �F�I�M �I�M�R�I�V �%�F�P�I�R�O�W�T�E�R��
�R�Y�R�K �Z�S�RU = 24 �O�: �Y�R�HT�R�S�^�^�P�I= 16 �/�� �>�Y�W�§�X�^�P�M�G�L �W�M�R�H �H�M�I �W�M�Q�Y�P�M�I�V�X�I�R �7�X�V�E�L�P�T�V�S�x�P�I �H�I�V �H�E�^�Y�K�I�L�¹�V�M�K�I�R
�7�X�V�Y�O�X�Y�V�M�W�S�Q�I�V�I �E�P�W �K�I�W�X�V�M�G�L�I�P�X�I �0�M�R�M�I �E�F�K�I�F�M�P�H�I�X��

�*�T�P�N�F�S�F�
 �C�F�J �E�F�O�F�O �E�B�T �%�J�Q�P�M�N�P�N�F�O�U �º�C�F�S�T�D�I�¢�U�[�U �J�T�U�
 �O�J�D�I�U �H�¢�O�[�M�J�D�I �B�V�T�H�F�T�D�I�M�P�T�T�F�O �X�F�S�E�F�O�� �%�B�E�V�S�D�I �J�T�U �F�J�O�F
�F�J�O�E�F�V�U�J�H�F �;�V�P�S�E�O�V�O�H �E�F�S �4�U�S�V�L�U�V�S �G�º�S �(�F26 �O�J�D�I�U �N�´�H�M�J�D�I�� �%�F�O�O�P�D�I �X�J�S�E �B�V�D�I �G�º�S �E�J�F�T�F�O �(�S�´�•�F�O�C�F�S�F�J�D�I
�E�F�V�U�M�J�D�I�
 �E�B�T�T �Q�S�P�M�B�U�F �4�U�S�V�L�U�V�S�F�O �W�P�S�M�J�F�H�F�O�
 �E�J�F �F�C�F�O�G�B�M�M�T �B�V�G �%�4�"���#�B�V�T�U�F�J�O�F�O �C�B�T�J�F�S�F�O �V�O�E �J�N �(�F�H�F�O�T�B�U�[ �[�V
�E�F�N �W�P�S�I�F�S�H�F�I�F�O�E�F�O �(�S�´�•�F�O�C�F�S�F�J�D�I �º�C�F�S �(�F6���6�O�U�F�S�F�J�O�I�F�J�U�F�O �W�F�S�C�V�O�E�F�O �T�J�O�E��
�%�B �G�º�S �E�J�F �(�FN ���$�M�V�T�U�F�S �N�J�UN = 15; 17 �V�O�E22 �L�F�J�O�T �E�F�S �W�P�S�I�F�S�H�F�T�B�H�U�F�O �4�U�S�V�L�U�V�S�J�T�P�N�F�S�F �[�V �E�F�O �F�Y�Q�F�S�J��
�N�F�O�U�F�M�M�F�O �"�C�M�F�O�L�Q�S�P�S�M�F�O �C�F�J �F�J�O�F�S �F�M�F�L�U�S�J�T�D�I�F�O �4�Q�B�O�O�V�O�H �W�P�OU = 5 �L�7 �[�V�H�F�P�S�E�O�F�U �X�F�S�E�F�O �L�B�O�O�
 �X�F�S�E�F�O
�B�C�T�D�I�M�J�F�•�F�O�E �G�º�S �E�J�F�T�F �$�M�V�T�U�F�S �E�J�F �4�J�N�V�M�B�U�J�P�O�F�O �C�F�J �F�J�O�F�S �I�´�I�F�S�F�O �"�C�M�F�O�L�T�Q�B�O�O�V�O�H �W�P�OU = 24 �L�7 �E�V�S�D�I�H�F��
�G�º�I�S�U �V�O�E �N�J�U �F�O�U�T�Q�S�F�D�I�F�O�E�F�O �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O �W�F�S�H�M�J�D�I�F�O�
 �E�B �E�F�S �&�R�F�L�U �B�V�G �E�J�F �"�C�M�F�O�L�V�O�H �E�F�S �$�M�V�T�U�F�S
�H�S�´�•�F�S �J�T�U�� �%�J�F �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O �C�F�JU = 24 �L�7 �T�J�O�E �G�º�S �(�FN �N�J�UN = 15; 17; 22 �J�O �E�F�S �G�P�M�H�F�O�E�F�O
�"�C�C�J�M�E�V�O�H ������ �N�J�U �E�F�O �F�O�U�T�Q�S�F�D�I�F�O�E�F�O �4�J�N�V�M�B�U�J�P�O�F�O �B�V�G �#�B�T�J�T �E�F�S �P�C�F�O �H�F�[�F�J�H�U�F�O �W�P�S�I�F�S�H�F�T�B�H�U�F�O �4�U�S�V�L�U�V�S�F�O
�H�F�[�F�J�H�U�� �#�F�J�N �7�F�S�H�M�F�J�D�I �E�F�S �4�J�N�V�M�B�U�J�P�O �[�V �E�F�O �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O �C�F�J �E�F�S �I�´�I�F�S�F�O �"�C�M�F�O�L�T�Q�B�O�O�V�O�H
�X�J�S�E �F�S�T�J�D�I�U�M�J�D�I�
 �E�B�T�T �G�º�S �(�F15 �E�B�T �1�S�P�S�M �E�F�T �F�S�T�U�F�O �*�T�P�N�F�S�T�
�������*�
 �E�J�F �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O �F�J�O�E�F�V�U�J�H �B�N
�C�F�T�U�F�O �C�F�T�D�I�S�F�J�C�U �V�O�E �N�J�U �I�P�I�F�S �8�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U �J�N �&�Y�Q�F�S�J�N�F�O�U �W�P�S�M�J�F�H�U�� �#�F�J�N �(�F17 �I�J�O�H�F�H�F�O �L�B�O�O �C�F�J �E�F�S
�I�´�I�F�S�F�O �"�C�M�F�O�L�T�Q�B�O�O�V�O�H �E�B�T �F�S�T�U�F �*�T�P�N�F�S�������*�B�V�T�H�F�T�D�I�M�P�T�T�F�O �X�F�S�E�F�O�
 �T�P�E�B�T�T �E�B�T �*�T�P�N�F�S�������*�*�J�N �&�Y�Q�F�S�J�N�F�O�U
�W�P�S�M�J�F�H�U�� �*�N �'�B�M�M �W�P�O �(�F22 �J�T�U �E�J�F �;�V�P�S�E�O�V�O�H �B�V�D�I �C�F�J �E�F�S �I�´�I�F�S�F�O �"�C�M�F�O�L�T�Q�B�O�O�V�O�H �O�J�D�I�U �F�J�O�E�F�V�U�J�H�� �"�V�D�I �X�F�O�O
�E�B�T �E�S�J�U�U�F �*�T�P�N�F�S �W�P�M�M�L�P�N�N�F�O �B�V�T�H�F�T�D�I�M�P�T�T�F�O �X�F�S�E�F�O �L�B�O�O�
 �¢�I�O�F�M�O �T�J�D�I �E�J�F �T�J�N�V�M�J�F�S�U�F�O �1�S�P�S�M�F �E�F�S �*�T�P�N�F�S�F
�������*�V�O�E�������*�*�[�V �T�F�I�S�� �#�F�J�E�F �*�T�P�N�F�S�F �T�D�I�F�J�O�F�O �E�B�T �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F �%�J�Q�P�M�N�P�N�F�O�U �K�F�E�P�D�I �[�V �V�O�U�F�S�T�D�I�¢�U�[�F�O��
�%�V�S�D�I �E�J�F �T�Z�T�U�F�N�B�U�J�T�D�I�F �4�U�S�V�L�U�V�S�E�J�T�L�S�J�N�J�O�J�F�S�V�O�H �W�P�O �(�FN �N�J�UN = 15 � 26 �L�P�O�O�U�F �H�F�[�F�J�H�U �X�F�S�E�F�O�
 �E�B�T�T �E�J�F
�$�M�V�T�U�F�S �T�J�D�I �T�U�S�V�L�U�V�S�F�M�M �T�F�I�S �¢�I�O�M�J�D�I �[�V �E�F�O �H�M�F�J�D�I�H�S�P�•�F�O �4�JN ���$�M�V�T�U�F�S�O �W�F�S�I�B�M�U�F�O�
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Magnetism of single-doped paramagnetic tin
clusters studied using temperature-dependent
Stern…Gerlach experiments with enhanced
sensitivity: impact of the diamagnetic ligand
field and paramagnetic dopant †

Filip Rivic * and Rolf Schäfer

In this work, the magnetic properties of tetrel clusters Sn NTM, which are singly doped with transition

metals (TM), are investigated. On the one hand, the number of tetrel atoms ( N = 11, 12, 14 and 17 with

TM = Mn) is varied; on the other hand, di�erent transition metals ( N = 14, TM = Cr, Mn, Fe) are studied.

Magnetic deflection experiments under cryogenic conditions show that the variation of the number of

tetrel atoms strongly changes the magnetic properties of the Mn-doped clusters. It is observed that

Sn12Mn, Sn11Mn and Sn14Mn partially show super-atomic behaviour, while spin relaxation occurs in

Sn17Mn. Magnetic deflection experiments at higher nozzle temperatures were carried out for the first

time enhanced by a second parallel-aligned Stern…Gerlach magnet to achieve larger deflections. The

resulting temperature-dependent one-sided deflections are quantitatively analysed using Curie•s law and

show that Sn17Mn possesses the highest magnetic moment of these clusters, followed by Sn 12Mn and

Sn11Mn. Sn14Mn shows the lowest magnetic moment. The replacement of Mn by Cr in Sn 14Mn leads to a

diamagnetic singlet, i.e., the magnetic moment of Cr in Sn 14Cr is completely quenched. The

replacement of Mn by Fe in turn leads to a paramagnetic species, whereby Sn 14Fe is most likely present

as a triplet. On this basis, the geometrical and electronic structures are analysed using quantum

chemical calculations, indicating an arachno-type structure for Sn 14Cr, Sn14Mn and Sn14Fe, which has

already been predicted in the literature for Si 14Cr. This is experimentally confirmed by deflection of

molecular beams with an electric field under cryogenic conditions, suggesting that the arachno-type

geometry is crucial for the overall stability of the transition-metal-doped tetrel clusters Sn 14TM with

TM = Cr, Mn, Fe.

1 Introduction
The interplay between geometric structure and magnetic pro-
perties is crucial for applications of nanomaterials in sensor
technology, catalysis and spintronics.1…3Paramagnetic single-
atom-doped tetrel clusters as nano-systems are ideal models for
understanding the influence of particle size on the magnetic
behaviour.4…7Since the pure tetrel clusters are diamagnetic,
doping with a transition metal makes it possible to prepare
magnetic cluster compounds in a targeted manner. The
fact that such compounds have great application potential is

demonstrated by paramagnetic nitrogen defects in the dia-
mond lattice, which are used as magnetosensors or can also
have applications in quantum cryptography as emitters in a
solid-state-based single photon source.8,9 In order to investigate
the intrinsic magnetic behaviour of the doped tetrel clusters,
i.e., without environmental influences, Stern…Gerlach deflec-
tion experiments can be used.10…13

The internal temperature of the clusters is an important
factor, especially influencing the magnetic response.6,14…18Only
a single-sided deflection of the cluster beam due to spin
relaxation is generally observed, if the clusters are vibrationally
excited. In contrast, deflection experiments under cryogenic
conditions can also enable the observation of super-atomic
behaviour.6,15,19 This directly permits the determination of
the spin multiplicity 2 S + 1 and the g-factor of the investigated
cluster species. However, it must be noted that for clusters with
a spin quantum number S 4 1/2, zero-field splitting (ZFS) can
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also influence the observed magnetic response.20,21 Depending
on the sign and magnitude of the ZFS, only a part of the
magnetic states MS is accessible under cryogenic conditions.
This means that if the zero-field splitting energy is comparable
or even larger than the internal thermal energy of the clusters,
only a sub-ensemble of the spin states is occupied. Therefore,
investigation of the magnetic behaviour over the widest possi-
ble temperature range is desirable. Furthermore, the observed
one-sided deflection at high temperatures is still an important
indicator, since, on the one hand, the value of g2S(S+ 1) can be
determined from an observed linear behaviour 16 enabling
information about the g-factor and the multiplicity to be
obtained without the observation of super-atomic behaviour
and, on the other hand, deviations from this linear behaviour
with the reciprocal temperature might also reveal the impor-
tance of zero-field effects.

There have been many theoretical studies investigating the
geometric structure and magnetic properties of tetrel clusters
doped with transition metals, especially for silicon. 22…35Inter-
estingly, for some of the transition-metal-doped clusters, a
complete quenching of magnetic moment has been predicted.
On the one hand, photoelectron spectroscopy studies on anio-
nic cluster systems were able to partially confirm predictions
concerning the geometric structure. 27,29,36 On the other hand,
the magnetic behaviour of tetrel clusters doped with transition
metals has been investigated using X-ray magnetic circular
dichroism (XMCD), which also revealed the quenching of
high-spin states for endohedral doping. 35 An experimental
validation of the predicted magnetic behaviour for neutral
clusters is still pending. However, it must be noted that the
magnetic deflection of the model nano-systems investigated
here, in which only one paramagnetic centre is present, is
extremely small and thus the precise investigation of the
magnetic deflection behaviour is a major challenge. Therefore
here, for the first time, magnetic experiments are carried out
with two consecutively positioned parallel-aligned Stern…Ger-
lach deflectors in series in order to increase the effect and,
thus, make the magnetic deflection more accessible experimen-
tally. The results show that the magnetic behaviour depends
sensitively on the size of the tetrel cluster cage and the transi-
tion metal. Exemplary experiments on single Mn-doped tetrel
clusters with 11, 12, 14 and 17 tin atoms, and on single
Fe-doped and Cr-doped species with 14 tin atoms, are pre-
sented here to demonstrate the influence of cluster size and
paramagnetic dopant on the geometrical structure and the
magnetic properties.

2 Methods
2.1 Stern…Gerlach experiments

The experimental setup is already described in detail elsewhere
in the literature, 14,37,38 therefore only a brief overview is given
here. The molecular beam is generated in a pulsed (10 Hz) laser
vaporization source by focusing a frequency-doubled Nd:YAG
laser onto a rotating and translating alloyed target rod

containing 5 atom% Mn, Fe or Cr in tin. By feeding He gas to
the emerging plasma through a pulsed valve, clusters are
formed in an agglomeration chamber and thermalized together
with the He in a cryogenic nozzle. This nozzle can be cooled
down to Tnozzle = 16 K and higher temperatures can be adjusted
using a heater cartridge. The cluster beam then expands
through a double-skimmer into high-vacuum and passes up
to three collimating slits. The experiments at Tnozzle = 16 K were
carried out with a single Stern…Gerlach magnet (length
140 mm). Two collimators with a width of 400 mm and a third
collimator with a width of 200 mm, located directly in front of
the magnet, are used. At higher nozzle temperatures, a second
Stern…Gerlach magnet (75 mm) mounted 300 mm in front of
the first magnet is introduced. Here, only two collimators with
a width of 200 mm are utilized, both in front of the first magnet.
Each Stern…Gerlach magnet is characterized by a two-wire
geometry39,40and the direction of both magnetic field gradients
is parallel-aligned to maximize the beam deflection in the
z-direction. The deflection is probed by a scanning slit along
the z-axis and the clusters are then ionized by a F2 excimer laser
(7.9 eV). The laser beam is widened by a plane-concave lens to
avoid two-photon absorption. Afterwards, the clusters are
detected in a time-of-flight mass spectrometer. At every posi-
tion, which is approached in random order, a mass spectrum
averaged over 150 single-shots without an applied field is
recorded at first. Then, at the same position, the magnetic
field(s) is (are) applied and another mass spectrum is recorded
directly afterwards. This procedure is done 2…3 times per
position within the course of the measurement of one beam
profile.

To improve the significance of the beam profiles, several
experimental runs are displayed together. This is especially
important for the quantitative interpretation of the magnetic
deflection of the beam at higher nozzle temperatures. Since
here the expected deflection is very small, up to 15 beam
profiles are recorded for one nozzle temperature to minimize
the statistical errors originating from scattering of the data
points. However, in order to do this, the deflection dz has to be
transformed into the time-averaged magnetic dipole moment
in field direction �mmag,z. For the deflection experiments in
which only a single Stern…Gerlach magnet is used, the proce-
dure is already explained in the literature. 15,41 In the case of the
magnetic deflection with two parallel-aligned Stern…Gerlach
magnets, �mmag,z can be calculated by

�mmag;z

mB
¼

dzmvx
2

lA;1
2

2
þ lA;1lA;2

� �
þ

lB;1
2

2
þ lB;1lB;2

� �
dB
dz

� � � 1

; (1)

with cluster mass m, field length lA,1 of the first magnet A, field
length lB,1 of the second magnet B, the drift length between
both magnetic fields lA,2, the drift length after magnet B lB,2 and

the magnetic flux gradient
dB
dz

. Please note that
dB
dz

was cali-

brated with the Bi atom 14 and is the same for both magnets.
The velocity of the cluster in the flight direction vx is measured
using a mechanical shutter based on a hard disk drive. 42
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By measuring the deflection at higher nozzle temperatures, the
temperature-dependent magnetic response of the cluster can
be interpreted using the Curie law with 16,43

�mmag;z

mB
¼ g2SðS þ 1Þ �zðT Þ;

with zðT Þ ¼
mBB

3kBT
:

(2)

Orbital contributions to the magnetic moment and thus devia-
tions from pure spin magnetism are taken into account by
introducing an effective spin quantum number S, which is
why the g-factor then deviates from the value of the free
electron.41,44 Since the internal temperature T is not directly
accessible from our experiments, Tnozzle is used to analyse the
magnetic deflection data. As will be shown, the assumption
that T = Tnozzle is valid for Tnozzle 4 90 K.

2.2 Beam deflection by an electric field

In order to interpret the results from the beam deflection
experiments using a magnetic field, it is necessary to investi-
gate the geometric structure of the clusters. For this, cryogenic
beam deflection experiments using an electric field are a
suitable and established method.45 The experimental routine
and the interpretation of the results in combination with the
classical trajectory simulation is already described in detail in
the literature, 45…48so that here also only a brief overview is
given. The beam deflection profile of a rigid cluster with a non-
zero electric dipole moment is broadened in an inhomoge-
neous electric field compared to the beam profile without a
field. Additionally, an overall shift occurs due to the electronic
polarizability. 45

For a quantitative analysis, profiles of beam deflection by an
electric field can be simulated based on geometric structures
given by quantum chemical calculations. 47 Then, a discrimina-
tion of potential structural isomers is feasible by comparing the
simulated deflection profiles to the experimental ones. 45,49,50

The simulated profiles are generated using a classical trajectory
consideration of the rotational dynamics in the electric field
considering the moments of inertia, and the electric properties.
For this, a canonical ensemble of 5000 particles is generated
assuming a rotational temperature of TRot = 20 K, which is
appropriate for a nozzle temperature of Tnozzle = 16 K.37 Taking
the spatial components of the electric dipole moment mx, my and
mz into account, the dipole moment distribution function can
be obtained by solving the equations of motion in the electric
field. 45,46,48 A beam profile is then generated by convolution of
this distribution function with a Gaussian function, which is
fitted to the experimental data without an applied field.

3 Results
3.1 Influence of the number of tin atoms on the magnetic
response

In Fig. 1 the results of the beam deflection experiments using a
magnetic field are shown for the SnNMn clusters with N = 12,

11, 17 at Tnozzle = 16 K (top) and Tnozzle = 100 K (middle).
By fitting a Gaussian function at higher Tnozzle to both profiles
with and without the magnetic fields as shown for the profiles
at Tnozzle = 100 K, the temperature-dependent deflection of the
molecular beam can be determined. The magnetic moments
�mmag;z, which were calculated from the deflection dz according

to eqn (1), are plotted against the reciprocal nozzle temperature
as shown in eqn (2) (bottom).

The beam deflection profile of Sn 12Mn at low nozzle tem-
peratures splits into 6 components indicated by a black dashed
line in Fig. 1. The g-factor determined from the splitting of the
components is based on calibration with a Bi atom 14,37,51and is
about g= 2.0. The focusing of the components at �mmag,z o 0 and
the defocusing of the components in the gradient direction are
a consequence of the two-wire field and can be taken into
account quantitatively using a simulation based on the Wigner
function formalism. 52 Sn12Mn is a special system because it has
Ih symmetry.7,19 Therefore, it shows no ZFS and has a low spin…
orbit (SO) coupling53 so that the g-factor is close to the value
of the free electron. Because of this, it possesses a low spin-
rotation (SR) interaction overall. 16,54 The spherical symmetry
results in a low density of states in the rotational Zeeman
diagram and the few avoided crossings that the cluster is
passing within the magnetic field are traversed diabatically
(no spin flips), due to the low SR interaction, so that super-
atomic behaviour is observed for clusters that are not vibra-
tionally excited.15,19,54 At high nozzle temperatures, the situa-
tion changes fundamentally because vibrations are thermally
excited; since (a) deviations from the Ih symmetry lead to
dynamic ZFS and (b) the density of states increases strongly
due to vibrational excitation. 16,19,54,55 Quantum chemical cal-
culations of the Sn12Mn cluster predict the lowest vibrational
mode at approximately 65 cm� 1,19 i.e., if the clusters are
thermalized in the source, spin relaxation is expected to be
observed starting from a nozzle temperature of about 50 K,
as a result of spin flips due to the higher number of avoided
crossings.

This is exactly what the experiment shows:e.g.at Tnozzle = 100 K,
only a one-sided deflection of approximately 110 mm is
observed. From this shift, the magnitude of the magnetic

moment m0 ¼ g
�������������������
SðS þ 1Þ

p
mB can be obtained using eqn (2).

The plot of �mmag,z based on this equation shows linear beha-
viour for Sn12Mn. The extracted value ofm0/mB = 4.9� 0.2 agrees
very well with the low-temperature behaviour, i.e., S = 5/2 and
g = 2.0, if it is assumed that the internal temperature T of the
cluster is equal to the nozzle temperature Tnozzle. Looking at
this the other way around, this implies that the clusters in the
molecular beam are well thermalized by the cluster source and
also that the assumption T = Tnozzle for Tnozzle 4 90 K is valid.

The Sn12Mn cluster is characterized by a spherical shape
with low spin-rotational coupling. 7,19,53 The other systems that
were examined di�er in contrast to Sn 12Mn: on the one hand,
they are not spherical rotors.7 As a result, the density of states
in the rotational Zeeman diagram increases by approximately 2
orders of magnitude because the degeneracy of the rotational
levels is partially lifted. 16 On the other hand, ZFS is also
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expected to appear for clusters possessing non-cubic symmetry
with S 4 1/2, which makes an additional contribution to the
SO coupling. This, in turn, additionally contributes to the SR
interaction and the avoided crossings are preferably passed
through adiabatically (spin flips). 53,54 Both e�ects make the
observation of super-atomic behaviour less likely. However, if
the magnitude of the ZFS is larger than the internal thermal
energy of the cluster, then at low Tnozzle, only a sub-ensemble of
the di�erent MS states is su�ciently populated, so that again
the observation of super-atomic behaviour is facilitated. In this
case, the temperature-dependent study of the magnetic

behaviour is particularly important because with increasing
Tnozzle, all MS states gradually become accessible, which would
result in a deviation from the Curie behaviour.

Based on this, Sn11Mn is considered. The most probable
structure of Sn11Mn is deduced from the Sn12Mn icosahedron
with one vertex missing, resulting in a Mn-centered single-
capped pentagonal anti-prism, i.e., a symmetrical rotor with C5v

symmetry.7 At low Tnozzle, about half of the clusters behave
super-atomically, the other half already shows Curie behaviour.
However, individual super-atomic components cannot be resolved.
This suggests that most of the super-atomically behaving clusters

Fig. 1 Experimental results from the di�erent experiments of beam deflection by a magnetic field on Sn NMn with N = 12, 11, 17 (from left to right) at
Tnozzle = 16 K (top), and at Tnozzle = 100 K (middle) for the exemplary deflection experiments at higher nozzle temperatures. The profiles are displayed
without (grey diamonds) and with (red circles) applied magnetic field(s). A Gaussian function is fitted to the data without an applied field in both
experiments (grey solid line), but only at high Tnozzle, a Gaussian function is also fitted to the beam profile with the magnetic field switched on (red dashed
line) to determine the beam deflections quantitatively. In the case of the Sn 12Mn cluster, a fit function consisting of 6 Gaussian profiles (one for each
possible MS state) is displayed additionally (black dashed line). The magnetic moments mmag,z (black squares), which were calculated from the deflection
dz according to eqn (1), are plotted against the reciprocal nozzle temperature as shown in eqn (2) (bottom). The nozzle temperature ranges from 90 to
240 K and the value of the magnetic flux density B is 1.3 T in all experiments. From these so-called Curie plots, the slope of g2S(S+ 1) is obtained by linear
regression (red solid line) and is also listed in the upper left corner. Theoretical curves (gray solid lines) for di�erent spin quantum numbers S are also
shown as a guide, with the g-factor set equal to the value of the free electron.
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have already undergone a spin flip in the magnet. This makes i t
particularly di�cult to observe the clusters with MS= � Ssince they
traverse the most avoided-crossings in the same range of the
experienced magnetic field, due to their highest slopes in t he
rotational Zeeman diagram compared to the other states.16,53

Therefore, the beam profile would appear to be cut o� at the le ft
and right edges. Assuming that all super-atomic components are
visible, the comparison with Sn 12Mn indicates that the spin
quantum number S is smaller than 5/2, since otherwise the g-
factor would have to be in turn significantly smaller compar ed to
Sn12Mn. If the Sn11Mn is present as a quartet with S= 3/2, then the
g-factor is approximately 2.0. In principle, a value of S= 1/2 cannot
be ruled out, but here the g-factor would be approximately equal to
6, which is very unlikely. For a cluster with S = 3/2 and non-cubic
symmetry, ZFS results. The uniform smearing of the molecular
beam shows that the components with MS = � 3/2 and � 1/2 are
similarly intense and therefore equally populated, so that the ZFS
must be significantly lower than the thermal energy of appro xi-
mately 10 cm� 1. Also at higher Tnozzle, the beam profile indicates
that the magnitude of the magnetic moment m0 is lower for
Sn11Mn compared to Sn12Mn. Assuming the same spin multi-
plicity for both species, the g-factor of Sn11Mn would again be
much lower than that of Sn 12Mn. With S= 3/2, one gets a value of
g= 2.3� 0.2 at high temperatures, and thus a consistent picture in
combination with the measurement at 16 K emerges. A value of
S= 1/2 can be excluded here as well because otherwise theg-factor
would have to be extremely large again. Since about 50% of the
clusters behave super-atomically at low temperatures, theg-factor
should indeed be close to the value of the free electron, because
only then will the SO coupling, and thus the SR interaction an d
ZFS, be weak. Otherwise, it would be di�cult to understand wh y
even for a symmetrical rotor about 50% of the clusters behave
super-atomically.

The Sn17Mn cluster does not show any super-atomic beha-
viour at low temperature, but only a shift and a tailing of the
beam profile in the direction of the gradient is visible. The
latter indicates the presence of a fraction of rotationally-cold
clusters, i.e., clusters in such low rotation states that no avoided
crossings can occur when traversing the magnets.16,37 However,
the vast majority of the clusters already show Curie behaviour
at Tnozzle = 16 K, which means that many spin flips occur and
only a one-sided deflection of the molecular beam becomes
visible. The di�erence compared to Sn 11Mn may be due to the
fact that Sn17Mn is an asymmetrical rotor 7 and/or has an
increased SR interaction as a result of significant ZFS or SO
coupling. At higher Tnozzle, a stronger deflection is observed in
comparison to Sn12Mn. Assuming a sextet spin state (S = 5/2)
for Sn17Mn, g E 2.3 results. If the clusters are present with
S= 7/2, the g-factor is about g = 1.5. Based on the experimental
data, no distinction can be made between these two possibi-
lities. In both cases, however, there are significant deviations in
the g-factor from the value of the free electron, which indicates
the presence of a strong orbital contribution to the magnetic
moment. Whether this is a result of ZFS cannot be clarified
with the current data. However, the presence of an octet state in
a single transition-metal-doped tetrel cluster would be very

unusual and could only be explained by additional unpaired
electrons on the cage of the Sn atoms.

The variation of the number of ligands, i.e., the number of
tin atoms, has already shown that the cluster magnetism
depends very sensitively on the number of diamagnetic host
atoms. If super-atomic behaviour is observed in at least some of
the clusters for the spherical Sn12Mn and the symmetrical
Sn11Mn, this is not the case for the asymmetrical Sn 17Mn. If
the spin state of Sn12Mn, and probably also of Sn17Mn, is of a
sextet multiplicity, it is very likely for Sn 11Mn to be in a quartet
state when comparing the slopes of the Curie plots. Further-
more, while the g-factors for Sn12Mn and Sn11Mn are close to 2,
the g-factor of Sn17Mn is significantly di�erent from the free
electron value, so that for Sn17Mn an additional orbital con-
tribution has to be taken into account.

3.2 Influence of the paramagnetic dopant

In Fig. 2 the results of the beam deflection experiments using
a magnetic field are shown for the Sn14TM clusters with
TM = Mn, Fe and Cr (left to right) at Tnozzle = 16 K (top) and
Tnozzle = 100 K (middle). The temperature-dependent deflection
of the molecular beam are displayed as magnetic moments
�mmag;z, which were calculated from the deflection dz according

to eqn (1) and are plotted against the reciprocal nozzle tem-
perature as shown in eqn (2).

The Sn14Mn cluster di�ers significantly in its magnetic
behaviour from the cases discussed so far. At lowTnozzle, about
two-thirds of all clusters are super-atomic, the rest show Curie
behaviour. A g-factor of g = 2.0 can be extracted from the well-
resolved two super-atomic components. The fact that only two
components are observed means that either a doublet is pre-
sent or, if Sn14Mn has a spin multiplicity of S 4 1/2, the value
of the ZFS is so large that at low temperatures only the two
energetically lowest states with MS = � 1/2 are thermally occu-
pied. However, on one hand, since the ZFS is closely related to
SO coupling and thus in turn to SR coupling, one would expect
for a spin isomer with S4 1/2 and ZFS that most of the avoided
crossings in the rotational Zeeman diagram are passed adiaba-
tically, i.e., with a spin flip taking place, so that the observation
of super-atomic behaviour is very unlikely. Therefore, a cluster
with a doublet ground state and cubic symmetry, i.e., a sphe-
rical rotor without ZFS, would most likely explain the low-
temperature magnetic behaviour. At higher Tnozzle, only a small
single-sided deflection of the beam profile is visible. The typical
deflection of about 14 mm can only be observed here thanks to
the improved experimental setup with the two magnets con-
nected in series. However, the deflection at high temperatures
appears to be a bit too large for a pure doublet state, especially
if g = 2 from the measurement at Tnozzle = 16 K is taken into
account. The linear dependence of the magnetic moment
in eqn (2) on the reciprocal nozzle temperature is also not
observed. On the contrary, �mmag,z appears to be approximately
independent of the nozzle temperature. A possible explanation
for this would be that a cluster with S 4 1/2 in combination
with a ZFS that is larger than the internal thermal energy of the
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cluster is present. Then, at low Tnozzle, the majority of the
clusters would not only be in the vibrational ground state,
but also exclusively in states with MS = � 1/2. Through thermal
excitation at higher Tnozzle, the clusters would not only be
flexible, i.e., vibrationally excited, but also the other spin states
with | MS| 4 1/2 would be occupied. Due to the temperature
dependence of these occupation numbers, deviations from the
Curie behaviour result and the magnetic moment remains
approximately constant in the temperature range in which
the states with |MS| 4 1/2 become noticeably occupied.
This is because at higher Tnozzle, states with larger magnetic
moments contribute to the overall magnetic response. How-
ever, this means that the ZFS constantD must be significantly
larger than +10 cm� 1. Please note that the ZFS constant has to
be positive, since at values ofD o 0, the states with the highest
possible |MS| are occupied first. 21 A fit to the experimental data,
taking the temperature-dependent population of the MS states

(with S= 5/2) into account and assuming a Boltzmann distribu-
tion function, yields a ZFS value of about D = 90 cm� 1 (cf. the
ESI†). Alternatively, it would also be conceivable that there are
two spin isomers: a doublet as a ground state, which is solely
present at low temperatures, and a spin isomer with S 4 1/2
that becomes populated with increasing temperature. However,
in this case, the two isomers must be quasi-degenerate in
energy so that the higher-energy isomer becomes thermally
populated from around 140 K on.

In order to investigate the influence of the transition metal
on the magnetic behaviour, Sn14Cr and Sn14Fe were also
examined, i.e., Mn was replaced by the two neighbouring
transition metals in the periodic table of elements.

For Sn14Cr, no magnetic deflection is observed at low and
high Tnozzle, so that the cluster is a singlet in which all electrons
are paired. When comparing Sn14Cr with Sn14Mn, it becomes
clear that with the two parallel aligned Stern…Gerlach magnets

Fig. 2 Experimental results from the di�erent experiments of beam deflection by a magnetic field on Sn 14TM with TM = Mn, Fe and Cr (left to right) at
Tnozzle = 16 K (top), at Tnozzle = 100 K (middle) for the exemplary deflection experiments at higher nozzle temperatures, and the resulting Curie plots
(bottom). For further details, refer to Fig. 1. Please note that the listed slope of the linear fit function to the temperature-dependent deflection of Sn 14Fe is
extracted without considering the data point at Tnozzle = 200 K.
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in series it is indeed possible to clearly discriminate the
magnetic deflection of a paramagnetic species with S = 1/2
and g = 2 from a diamagnetic cluster, even though the clusters
examined here have a mass of more than 1500 daltons and
therefore a very small single-sided shift. Based on the observed
behaviour of Sn14Cr, a doublet ground state for Sn14Mn would
be reasonable, if a similar geometric structure exists in both
clusters, since an additional valence electron is simply added
to the diamagnetic cluster by replacing Cr with Mn. When
replacing Mn with Fe, again assuming similar structures,
it would be expected that either a singlet state or a triplet with
S = 1 is formed. The behaviour at low Tnozzle clearly demon-
strates that Sn14Fe is paramagnetic, although no super-atomic
behaviour is observed. If the outlier at 200 K in the Curie plot is
not taken into account, a triplet state with a g-factor of 2.5 � 0.2
is most likely to be present for Sn14Fe. The g-factor therefore
deviates somewhat from the value of the free electron, which
indicates an orbital contribution to the magnetic moment. This
also results in an enhanced SR interaction, so that the avoided
crossings were primarily passed through with spin flips. The
existence of a quintet, S = 2, cannot be completely ruled out.
However, the g-factor would then be significantly lower than 2,
so that an orbital moment would also have to be taken into
account here.

In order to interpret the magnetic behaviour in more detail,
it is necessary to consider the geometric structure of the
clusters. Therefore, electric deflection experiments were carried
out together with quantum chemical calculations for the doped
Sn14TM species to obtain conclusions regarding the cluster
geometry. The geometric structures are generated by applying
density functional theory (DFT) with the pure-GGA functional
PBE56 and the def2-TZVPP basis set57 using the computational
program Gaussian 1658 and the energies are calculated for
several spin states (S= 2, 1, 0). Afterwards, a frequency analysis
is carried out and the electric dipole moments, as well as the
electronic structures, are calculated. The resulting geometric
and valence electronic structures are shown in Fig. 3(a) and (c),
together with the profiles of electric deflection of the beam
under cryogenic conditions shown in Fig. 3(b).

The influence of a 14-atom tetrel cage on the structure of Cr-
doped clusters has been extensively studied theoretically,
mainly for the lighter tetrel homologous Si. A C2v-symmetrical
structure is predicted quantum chemically for Si 14Cr, which
can be understood as an electron-precise cluster.24 Formally,
the 18 valence electron count for Cr with the electron configu-
ration 4s23d104p6 is fulfilled in this cluster and a diamagnetic
ground state results in which the magnetic moment of the
chromium is completely quenched. The corresponding struc-
ture can be derived from the arachno-cluster Si14

6� , which is
formally endohedrally saturated with a Cr 6+ ion.26,33 Interest-
ingly, the isoelectronic Si14Mn+ is predicted to possess a
fullerene-like structure with D3h symmetry.23 Here too, a singlet
ground state is present. However, infrared spectroscopic stu-
dies of Si14Mn+ could not validate this structure. 59 XMCD
studies of this cluster show that Si 14Mn+ is indeed diamagnetic,
i.e., the magnetic moment is completely quenched. 35 The cluster

Si14V
� is also isoelectronic to Si14Cr. Here, photoelectron

spectroscopic studies again indicate the presence of the arachno
structure with C2v symmetry.36 This structure is also predicted
for the valence-isoelectronic Ge14Cr.28 The arachno-structural
motif with C2v symmetry also appears to be retained in Ge14Mn,
resulting in a doublet spin state. 32 Both the a-HOMO and the
a-LUMO are formed from atomic 3d states that are essentially
localized on Mn. However, the hybridization of these Mn
d-states with Ge p-states has to be taken into account. Photo-
electron spectroscopic studies on the isoelectronic Si14Cr�

are also consistent with the arachno structure with C2v

symmetry.27,29 For Si14Fe, various quantum-chemical investiga-
tions predict an octahedral structure with Oh symmetry, which
has a singlet ground state,22,25,30 i.e., here too the magnetic
moment of the central Fe atom would be completely quenched.
Interestingly, the photoelectron spectroscopy results for the
valence-isoelectronic Ge14Mn � are consistent with the arachno-
structural motif, with a triplet ground state now present in which
the spin density is localized almost exclusively on the Mn centre.31

The theoretical and experimental investigations indicate that the
geometric structure, and thus also the magnetism, depend sensi-
tively on the total number of valence electrons, i.e., the endohedral
transition metal and the charge state of the doped tetrel clu ster. In
a theoretical work in which the binding situation of the clus ters
was analyzed in detail,26 it is shown how sensitively the geometric
structure reacts to the electron density of the cluster and, there-
fore, how sensitively the predicted electronic structure d epends in
particular on the exchange…correlational functionals used. This,
once again, illustrates how important the experimental inv estiga-
tion of the clusters is for probing the theoretical predicti ons on
the magnetic properties.

Based on the electric deflection experiments shown in
Fig. 3(b), certain structural motifs can be ruled out. For all
clusters with 14 tin atoms investigated here, i.e., Sn14Mn,
Sn14Fe and Sn14Cr, a broadening of the molecular beam was
observed with the inhomogeneous electric field applied. There-
fore, polar geometries must be present so that the proposed
octahedral structure for Si14Fe and the fullerene-like geometry
for Si14Mn+ with D3h symmetry can definitively be excluded for
Sn14Fe and Sn14Cr. The quantum chemical analysis of Sn14Cr
based on the calculations mentioned above identified a singlet
spin isomer, whose geometric structure is based on the
arachno-motif found for Si 14Cr (see Fig. 3(a)).24,26,33 The simu-
lation of the beam broadening with an electric field that is
observed for Sn14Cr, taking the predicted electric dipole
moment and the moments of inertia into account, can describe
the experimental data in very good agreement. The valence
electronic structure, which is shown in Fig. 3(c), reveals that
9 of the 10 highest occupied molecular orbitals (MOs) are
mainly determined by s, p and d-states localized at the Cr
centre, i.e., Sn14Cr seems to also be an electron-precise cluster
fulfilling the 18 valence electron count for Cr. However, signi-
ficant hybridization with s and p-states from the Sn atoms takes
place. The energy interval of about 0.7 eV, in which the
18 valence electrons are found, is quite small due to the
compact geometric structure of the Sn14Cr cluster.
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Fig. 3 The geometric and electronic structures of the Sn 14TM clusters with TM = Mn, Fe and Cr are illustrated. In (a), the geometric structures for Sn 14Cr,
Sn14Mn and Sn14Fe (left to right) given by quantum chemical calculation at the PBE/def2-TZVPP 56,57 level of theory are shown. Below the geometric
structure and its designation, the spin quantum number S and the point group are listed. In the last line, the magnitude of the calculated electric dipole
moment mel,0 is shown. In (b), beam deflection profiles at Tnozzle = 16 K with (blue circles) and without (grey diamonds) an electric field are presented.
A Gaussian function (grey solid line) is fitted to the beam profile with the electric field switched o�. The simulated profiles generated by the classical
trajectory simulation (see text) and taking the arachno-structures into account are given as blue dashed lines. In (c), the valence electronic structures of
the clusters are presented, showing spin-unrestricted Kohn…Sham orbitals. The occupied molecular orbitals (MOs) are displayed as black solid lines and
the unoccupied MOs as green dashed lines, with the number of the corresponding orbital labelling it. For the relevant MOs (see text), the shape of the iso-
surface of the molecular orbitals is shown (isovalue 0.03 a0

� 3/2), with the designation underneath, in a perspective that the contribution of the atomic
orbital of the TM is clearly visible. The lowest unoccupied molecular orbital is referred to as the LUMO and the singly occupied molecular orbitals as
SOMO. The arrows indicate the transition of the MOs by exchanging the paramagnetic dopants.
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Since both the magnetic and electrical deflection behaviour
of Sn14Cr can be explained with the singlet arachno-type
structure, this polar structural motif forms the starting point
for the discussion of Sn14Mn and Sn14Fe. Indeed the quantum
chemical analysis also reveals arachno-type structures for
Sn14Mn and Sn14Fe (Fig. 3(a)). Here, too, the experimentally
measured electric deflection of the beam agrees satisfactorily
with the simulations taking into account the quantum-
chemically calculated electric dipole moments, even if the
simulated profile of Sn 14Fe underestimates the beam broad-
ening. It should be noted that this may be due to the fact that
the calculation underestimates the electric dipole moment. 50

On the other hand, it is possible that the geometric structure
present in the experiment is more distorted than theoretically
predicted and thus a stronger beam broadening is observed
experimentally. However, the general course of the experi-
mental profile of Sn 14Fe is well reproduced by the simulation.
Therefore, both the quantum chemical calculations and the
magnetic data of Sn14Fe at high temperatures suggest the
presence of a triplet state.

Qualitatively, when Cr is replaced by Mn, another valence
electron is available, which occupies the lowest unoccupied MO
(LUMO) of Sn14Cr. This MO also exhibits a strong contribution
from the 3d states of the central transition metal ( cf. the ESI†).
By increasing the e�ective nuclear charge through the exchange
of Cr to Mn, this MO gets stabilized and hybridisation with the
s and p-states of tin is significantly increased. When Fe is now
integrated into the cluster, the geometric structure gets slightly
distorted and the a-LUMO of Sn14Mn is energetically stabilized,
which allows the uptake of a second unpaired electron. This
MO is also largely formed by d-states of the transition metal,
which hybridize with s and p-states of the Sn atoms. In order to
energetically stabilize a triplet compared to a singlet state, the
spin pairing energy must outweigh the excitation energy to
form the triplet. Both the quantum chemical calculations and
the magnetic deflection data suggest that a triplet state is
formed for Sn14Fe. Moreover, the predicted polar arachno-
type geometry of Sn14Fe can explain the measured electric
deflection of the beam su�ciently well considering the pre-
dicted electric dipole moment. Therefore, the investigation of
Sn14Cr, Sn14Mn and Sn14Fe indicates that the substitution of
the transition metals leaves the overall geometric structure of
the cluster skeleton unchanged, but the altered electron count
modifies the magnetic properties. This indicates that, in addi-
tion to the electron count, the most stable geometric structure
is decisive for the overall stability of the clusters.

4 Conclusions
In this work, the magnetic properties of tetrel clusters Sn NTM
that are singly doped with transition metals (TM) are investi-
gated. On the one hand, the number of tetrel atoms ( N = 11, 12,
14 and 17 with TM = Mn) is varied, and, on the other hand,
di�erent TMs ( N = 14, TM = Cr, Mn, Fe) are introduced.
Magnetic deflection experiments under cryogenic conditions

show that the variation of the number of tetrel atoms strongly
changes the magnetic properties of the Mn-doped clusters.
If parts of Sn12Mn, Sn11Mn and Sn14Mn show super-atomic
behaviour, spin relaxation occurs in Sn17Mn, so that the beam
profile is only shifted in the field direction. A portion of the
Sn17Mn clusters with low rotational quantum numbers (rota-
tionally cold clusters) is noticeable as a shoulder in the beam
profile. Magnetic deflection experiments at higher nozzle tem-
peratures were carried out for the first time with two parallel-
aligned Stern…Gerlach magnets connected in series to achieve
larger deflections. At nozzle temperatures above 90 K, only one-
sided displacement of the molecular beam is observed for all
clusters. This displacement, which depends on the nozzle
temperature, is analysed quantitatively using Curie•s law. The
magnetic deflection experiments over the temperature range
examined here show that the magnetic moment strongly
decreases from Sn17Mn to Sn12Mn over Sn11Mn to Sn14Mn.
Interestingly, the shifts of the molecular beam for Sn 14Mn are
almost independent of temperature. This observation is dis-
cussed in the context of zero-field splitting effects.

We also studied how the replacement of Mn with Fe and Cr
a�ects the electrical and magnetic behaviour. Electrical deflec-
tion measurements of Sn14Mn, Sn14Cr, and Sn14Fe under
cryogenic conditions demonstrate that all three clusters must
have a polar structure. The arachno-type geometry of Si14Cr
discussed in the literature is also predicted quantum chemi-
cally for the three Sn clusters and the calculated values of the
electric dipole moments fit well to the electric deflection data
well. The beam deflection experiments using a magnetic field
show that the spin multiplicity of Sn 14Cr, which exists as a
diamagnetic singlet, increases through Sn14Mn, a doublet, and
further to Sn 14Fe, which exists most probably as a triplet.
A quantum chemical analysis of the valence electron structure
indicates that the increasing e�ective nuclear charge when
exchanging Cr to Mn stabilizes the lowest unoccupied molecu-
lar orbital of Sn 14Cr and enables the occupation of the addi-
tional electron in Sn 14Mn. When Fe is incorporated, the energy
of the a-LUMO in Sn14Mn is lowered to such an extent that a
triplet ground state is formed. The geometric structure of the
clusters and even the appearance of the relevant MOs change
only slightly when the TMs are exchanged. This indicates that
although the altered valence electron number during the
transition from Sn 14Cr to Sn14Mn to Sn14Fe determines the
magnetic properties, the arachno-type geometry is crucial
for the overall stability of the transition-metal-doped tetrel
clusters.
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�"�V�D�I �C�F�J �E�F�O �4�U�S�B�I�M�Q�S�P�S�M�F�O �E�F�S �4�ON �'�F���$�M�V�T�U�F�S�
 �E�J�F �J�O �"�C�C�J�M�E�V�O�H ������ �H�F�[�F�J�H�U �T�J�O�E�
 �J�T�U �F�J�O �¢�I�O�M�J�D�I�F�T �N�B�H�O�F�U�J�T�D�I�F�T
�"�C�M�F�O�L�W�F�S�I�B�M�U�F�O �[�V �F�S�L�F�O�O�F�O�� �"�V�•�F�S �J�N �'�B�M�M �W�P�O �4�O12�'�F �X�J�S�E �L�F�J�O �O�F�O�O�F�O�T�X�F�S�U�F�T �T�V�Q�F�S�B�U�P�N�B�S�F�T �7�F�S�I�B�M�U�F�O
�C�F�P�C�B�D�I�U�F�U�� �%�J�F �6�O�U�F�S�T�V�D�I�V�O�H �E�F�S �U�F�N�Q�F�S�B�U�V�S�B�C�I�¢�O�H�J�H�F�O �7�F�S�T�D�I�J�F�C�V�O�H �E�F�S �$�V�S�J�F���,�P�N�Q�P�O�F�O�U�F �[�F�J�H�U �K�F�E�P�D�I�

�E�B�T�T �B�M�M�F �$�M�V�T�U�F�S �J�N �.�B�H�O�F�U�G�F�M�E �F�J�O�F �"�C�M�F�O�L�V�O�H �F�S�G�B�I�S�F�O �V�O�E �T�P�N�J�U �L�F�J�O�F �E�F�S �I�J�F�S �V�O�U�F�S�T�V�D�I�U�F�O �$�M�V�T�U�F�S
�E�J�B�N�B�H�O�F�U�J�T�D�I �T�J�O�E�� �&�T �G�¢�M�M�U �[�V�E�F�N �B�V�G�
 �E�B�T�T �E�J�F �4�U�F�J�H�V�O�H �E�F�S �M�J�O�F�B�S�F�O �'�J�U�G�V�O�L�U�J�P�O �N�J�U �"�V�T�O�B�I�N�F �E�F�T �$�M�V�T�U�F�S�T
�N�J�UN = 12 �J�N �#�F�S�F�J�D�I �W�P�Om = g2S(S + 1) = 13 �C�J�T15 �M�J�F�H�U�� �%�B�T �E�F�V�U�F�U �E�B�S�B�V�G �I�J�O�B�V�T�
 �E�B�T�T �E�B�T �N�B�H�O�F�U�J�T�D�I�F
�.�P�N�F�O�U �C�F�J �E�F�O �'�F���E�P�U�J�F�S�U�F�O �4�O���,�¢�S�H�F�O �J�N �(�F�H�F�O�T�B�U�[ �[�V �E�F�O �W�P�S�I�F�S �E�J�T�L�V�U�J�F�S�U�F�O �4�ON �$�S �V�O�E �4�ON �.�O �O�¢�I�F��
�S�V�O�H�T�X�F�J�T�F �O�J�D�I�U �W�P�O �E�F�S �"�O�[�B�I�M �E�F�S �;�J�O�O�B�U�P�N�F �B�C�I�¢�O�H�U�� �%�F�Sg���'�B�L�U�P�S �J�T�U �E�B�N�J�U �V�O�B�C�I�¢�O�H�J�H �W�P�N �4�Q�J�O�[�V�T�U�B�O�E
�V�O�E �E�F�S �"�O�[�B�I�M �B�O �4�O���"�U�P�N�F�O �E�F�V�U�M�J�D�I �W�F�S�T�D�I�J�F�E�F�O �W�P�Og = 2 �
 �T�P�E�B�T�T �F�J�O�F �T�U�B�S�L�F �4�Q�J�O���#�B�I�O���8�F�D�I�T�F�M�X�J�S�L�V�O�H
�W�P�S�M�J�F�H�U�� �%�J�F�T�F �"�C�X�F�J�D�I�V�O�H �X�J�S�E �B�V�D�I �G�º�S �E�F�O �$�M�V�T�U�F�S �N�J�UN = 12 �C�F�P�C�B�D�I�U�F�U�� �&�T �X�J�S�E �E�F�N�O�B�D�I �W�F�S�N�V�U�F�U�
 �E�B�T�T
�E�J�F �8�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U �G�º�S �F�J�O�F�O �4�Q�J�O�T�J�Q �B�O �F�J�O�F�S �W�F�S�C�P�U�F�O�F�O �,�S�F�V�[�V�O�H �C�F�J ������ �� �M�J�F�H�U�
 �X�P�S�B�V�T �E�B�T �2�V�F�O�D�I�F�O
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�%�F�F�M�P�H�Y�R�K �����ø���(�M�I �Q�E�K�R�I�X�M�W�G�L�I�R �%�F�P�I�R�O�T�V�S�x�P�I �Z�S�R �7�RN �'�V �Q�M�XN = 10 � 16 �F�I�MT�R�S�^�^�P�I= 16 �/ ���S�F�I�R�
 �Y�R�H �H�M�I
�X�I�Q�T�I�V�E�X�Y�V�E�F�L�§�R�K�M�K�I �:�I�V�W�G�L�M�I�F�Y�R�K �H�I�V �'�Y�V�M�I���/�S�Q�T�S�R�I�R�X�I�R �F�I�MT�R�S�^�^�P�I= 90 � 240�/ ���Y�R�X�I�R�
�� �(�M�I �7�X�I�M�K�Y�R�K
�H�I�V �P�M�R�I�E�V�I�R �*�M�X�J�Y�R�O�X�M�S�Rm �E�Y�W �H�I�V �%�Y�J�X�V�E�K�Y�R�K �H�I�V �:�I�V�W�G�L�M�I�F�Y�R�K �H�I�V �'�Y�V�M�I���/�S�Q�T�S�R�I�R�X�I �Y�R�H �H�I�V �H�E�V�E�Y�W
�V�I�W�Y�P�X�M�I�V�I�R�H�Ig���*�E�O�X�S�V �F�I�M �H�I�V �E�R�K�I�R�S�Q�Q�I�R�I�R �7�T�M�R�Q�Y�P�X�M�T�P�M�^�M�X�§�XS �M�Q �-�R�H�I�\ �W�M�R�H �^�Y�W�§�X�^�P�M�G�L �K�I�P�M�W�X�I�X��
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�%�F�F�M�P�H�Y�R�K �����q���(�M�I �Q�E�K�R�I�X�M�W�G�L�I�R �%�F�P�I�R�O�T�V�S�x�P�I �Z�S�R �7�RN �*�I �Q�M�XN = 10 � 16 �F�I�MT�R�S�^�^�P�I= 16 �/ ���S�F�I�R�
 �Y�R�H �H�M�I
�X�I�Q�T�I�V�E�X�Y�V�E�F�L�§�R�K�M�K�I �:�I�V�W�G�L�M�I�F�Y�R�K �H�I�V �'�Y�V�M�I���/�S�Q�T�S�R�I�R�X�I�R �F�I�MT�R�S�^�^�P�I= 90 � 240�/ ���Y�R�X�I�R�
�� �(�M�I �7�X�I�M�K�Y�R�K
�H�I�V �P�M�R�I�E�V�I�R �*�M�X�J�Y�R�O�X�M�S�Rm �E�Y�W �H�I�V �%�Y�J�X�V�E�K�Y�R�K �H�I�V �:�I�V�W�G�L�M�I�F�Y�R�K �H�I�V �'�Y�V�M�I���/�S�Q�T�S�R�I�R�X�I �Y�R�H �H�I�V �H�E�V�E�Y�W
�V�I�W�Y�P�X�M�I�V�I�R�H�Ig���*�E�O�X�S�V �F�I�M �H�I�V �E�R�K�I�R�S�Q�Q�I�R�I�R �7�T�M�R�Q�Y�P�X�M�T�P�M�^�M�X�§�XS �M�Q �-�R�H�I�\ �W�M�R�H �^�Y�W�§�X�^�P�M�G�L �K�I�P�M�W�X�I�X��
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�E�F�T �T�V�Q�F�S�B�U�P�N�B�S�F�O �7�F�S�I�B�M�U�F�O�T �S�F�T�V�M�U�J�F�S�U�� �%�J�F�T�F �*�O�U�F�S�Q�S�F�U�B�U�J�P�O �E�F�D�L�U �T�J�D�I �N�J�U �E�F�S �#�F�P�C�B�D�I�U�V�O�H�
 �E�B�T�T �U�S�P�U�[ �E�F�S
�¢�I�O�M�J�D�I�F�O �H�F�P�N�F�U�S�J�T�D�I�F�O �4�U�S�V�L�U�V�S �W�P�O �4�O14�.�O �V�O�E �4�O14�'�F �J�N �&�Y�Q�F�S�J�N�F�O�U �G�º�S �E�J�F �'�F���E�P�U�J�F�S�U�F �4�Q�F�[�J�F�T �L�F�J�O�F
�T�V�Q�F�S�B�U�P�N�B�S�F�O �4�U�S�B�I�M�L�P�N�Q�P�O�F�O�U�F�O �O�B�D�I�H�F�X�J�F�T�F�O �X�F�S�E�F�O �L�´�O�O�F�O �<�������>�� �*�N �7�F�S�H�M�F�J�D�I �[�V�N �4�U�S�B�I�M�Q�S�P�S�M �W�P�O
�4�O12�$�S �[�F�J�H�U �E�F�S �$�M�V�T�U�F�S �4�O12�'�F �K�F�E�P�D�I �F�J�O�F�O �H�S�´�•�F�S�F�O �T�V�Q�F�S�B�U�P�N�B�S�F�O �"�O�U�F�J�M�� �%�J�F �W�P�S�I�F�S�H�F�T�B�H�U�F �H�F�P�N�F�U�S�J�T�D�I�F
�4�U�S�V�L�U�V�S �W�P�O �4�O12�'�F �X�F�J�T�U �F�J�O�FD2h ���4�Z�N�N�F�U�S�J�F �<�����> �B�V�G �V�O�E �J�T�U �E�B�N�J�U �F�C�F�O�G�B�M�M�T �L�F�J�O �T�Q�I�¢�S�J�T�D�I�F�S �3�P�U�P�S�� �*�O
�,�P�N�C�J�O�B�U�J�P�O �N�J�U �E�F�S �I�´�I�F�S�F�O �8�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U �G�º�S �F�J�O�F�O �B�E�J�B�C�B�U�J�T�D�I�F�O �%�V�S�D�I�H�B�O�H �E�F�S �W�F�S�C�P�U�F�O�F�O �,�S�F�V�[�V�O�H
�	�S�F�T�V�M�U�J�F�S�F�O�E �B�V�Tg > 2�
�
 �T�P�M�M�U�F �J�O�T�H�F�T�B�N�U �B�M�T�P �F�J�O �H�F�S�J�O�H�F�S�F�S �T�V�Q�F�S�B�U�P�N�B�S�F�S �"�O�U�F�J�M �C�F�P�C�B�D�I�U�F�U �X�F�S�E�F�O�� �%�B�I�F�S
�X�J�S�E �W�F�S�N�V�U�F�U�
 �E�B�T�T �F�T �C�F�J �4�O12�'�F �J�N �7�F�S�H�M�F�J�D�I �[�V �4�O12�$�S �[�V �F�J�O�F�S �T�J�H�O�J�S�L�B�O�U�F�O �/�V�M�M�G�F�M�E�B�V�G�T�Q�B�M�U�V�O�H �L�P�N�N�U��
�%�B�E�V�S�D�I �T�Q�B�M�U�F�O �E�J�F �3�P�U�B�U�J�P�O�T�O�J�W�F�B�V�T �C�F�S�F�J�U�T �C�F�JB = 0 �B�V�G �V�O�E �E�J�F �%�J�D�I�U�F �B�O �W�F�S�C�P�U�F�O�F�O �,�S�F�V�[�V�O�H�F�O �O�J�N�N�U
�B�C �<�������
 �������>��
�'�º�S �F�J�O�F �R�V�B�O�U�J�U�B�U�J�W�F �"�V�T�X�F�S�U�V�O�H �E�F�S �N�B�H�O�F�U�J�T�D�I�F�O �&�J�H�F�O�T�D�I�B�G�U�F�O �N�º�T�T�F�O �R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F �3�F�D�I�O�V�O�H�F�O
�E�F�S �F�M�F�L�U�S�P�O�J�T�D�I�F�O �4�U�S�V�L�U�V�S �I�J�O�[�V�H�F�[�P�H�F�O �X�F�S�E�F�O�� �&�S�T�U�F �"�O�T�¢�U�[�F �[�F�J�H�F�O �K�F�E�P�D�I�
 �E�B�T�T �I�J�F�S�G�º�S �.�V�M�U�J�S�F�G�F��
�S�F�O�[�N�F�U�I�P�E�F�O �H�F�O�V�U�[�U �X�F�S�E�F�O �N�º�T�T�F�O�
 �V�N �E�J�F �F�Y�Q�F�S�J�N�F�O�U�F�M�M �C�F�P�C�B�D�I�U�F�U�F�O �8�F�S�U�F �E�F�Tg���'�B�L�U�P�S�T �S�J�D�I�U�J�H
�W�P�S�I�F�S�[�V�T�B�H�F�O��

�����q �(�S�X�M�I�V�X�I �'�P�Y�W�X�I�V �Q�M�X�7�!�ø���q

�1�E�K�R�I�X�M�W�G�L�I �)�M�K�I�R�W�G�L�E�J�X�I�R �Z�S�R �7�R�ø�q�%�P

�*�N �W�P�S�I�F�S�H�F�I�F�O�E�F�O �,�B�Q�J�U�F�M �X�V�S�E�F �H�F�[�F�J�H�U�
 �E�B�T�T �E�J�F �*�O�U�F�S�Q�S�F�U�B�U�J�P�O �E�F�T �N�B�H�O�F�U�J�T�D�I�F�O �7�F�S�I�B�M�U�F�O�T �W�P�O �F�J�O�G�B�D�I
�E�P�U�J�F�S�U�F�O �4�O���$�M�V�T�U�F�S �N�J�U �F�J�O�F�N �Q�B�S�B�N�B�H�O�F�U�J�T�D�I�F�O �%�P�U�J�F�S�V�O�H�T�B�U�P�N �N�J�U �F�J�O�F�N �4�Q�J�O�[�V�T�U�B�O�E �W�P�OS > 1/2
�L�P�N�Q�M�F�Y �J�T�U�
 �E�B �E�J�F �4�Q�J�O�N�V�M�U�J�Q�M�J�[�J�U�¢�U �E�F�T �$�M�V�T�U�F�S�T �N�J�U �E�F�S �"�O�[�B�I�M �B�O �E�J�B�N�B�H�O�F�U�J�T�D�I�F�O �4�O���"�U�P�N�F�O �P�E�F�S �J�O
�"�C�I�¢�O�H�J�H�L�F�J�U �E�F�T �%�P�U�J�F�S�V�O�H�T�B�U�P�N�T �W�B�S�J�J�F�S�F�O �L�B�O�O �V�O�E �[�V�T�¢�U�[�M�J�D�I �/�V�M�M�G�F�M�E�F�R�F�L�U�F �S�F�M�F�W�B�O�U �X�F�S�E�F�O �L�´�O�O�F�O��
�"�V�T �E�J�F�T�F�N �(�S�V�O�E �X�F�S�E�F�O �J�N �G�P�M�H�F�O�E�F�O �,�B�Q�J�U�F�M �B�V�T�T�D�I�M�J�F�•�M�J�D�I �4�O���$�M�V�T�U�F�S �V�O�U�F�S�T�V�D�I�U�
 �E�J�F �N�J�U �F�J�O�F�N �Q�B�S�B�N�B��
�H�O�F�U�J�T�D�I�F�O �"�U�P�N �E�P�U�J�F�S�U �T�J�O�E�
 �E�B�T�T �O�V�S �F�J�O �G�S�F�J�F�T �&�M�F�L�U�S�P�O�F�O�Q�B�B�S �C�F�T�J�U�[�U�
 �T�P�E�B�T�T �F�J�O�F �4�Q�J�O�N�V�M�U�J�Q�M�J�[�J�U�¢�U �W�P�O
S = 1/2 �S�F�T�V�M�U�J�F�S�U��
�*�O �E�F�S �F�S�T�U�F�O �I�J�F�S�[�V �H�F�[�F�J�H�U�F�O �7�F�S�´�R�F�O�U�M�J�D�I�V�O�H �X�V�S�E�F �E�F�S �4�O12���$�M�V�T�U�F�S �N�J�U �"�M �E�P�U�J�F�S�U �V�O�E �J�N �F�M�F�L�U�S�J�T�D�I�F�O
�T�P�X�J�F �N�B�H�O�F�U�J�T�D�I�F�O �"�C�M�F�O�L�F�Y�Q�F�S�J�N�F�O�U �V�O�U�F�S�T�V�D�I�U�� �%�B�C�F�J �L�P�O�O�U�F �C�F�P�C�B�D�I�U�F�U �X�F�S�E�F�O�
 �E�B�T�T �N�F�I�S �B�M�T �F�J�O �%�S�J�U�U�F�M
�E�F�S �$�M�V�T�U�F�S �T�V�Q�F�S�B�U�P�N�B�S�F�T �7�F�S�I�B�M�U�F�O �[�F�J�H�F�O�
 �X�P�C�F�J �F�J�O �S�F�M�B�U�J�W �H�S�P�•�F�Sg���'�B�L�U�P�S �W�P�Og = 2 ;7 �S�F�T�V�M�U�J�F�S�U�� �%�J�F
�S�F�T�U�M�J�D�I�F�O �$�M�V�T�U�F�S �X�F�S�E�F�O �O�B�I�F�[�V �O�J�D�I�U �B�C�H�F�M�F�O�L�U �V�O�E �S�F�T�V�M�U�J�F�S�F�O �J�O �F�J�O�F�S �$�V�S�J�F���,�P�N�Q�P�O�F�O�U�F�
 �E�J�F �I�J�F�S �B�M�T
�#�S�J�M�M�P�V�J�O���¢�I�O�M�J�D�I�F �,�P�N�Q�P�O�F�O�U�F �C�F�[�F�J�D�I�O�F�U �X�J�S�E�� �%�J�F �F�M�F�L�U�S�J�T�D�I�F�O �"�C�M�F�O�L�E�B�U�F�O �T�V�H�H�F�S�J�F�S�F�O�
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Discriminating the influence of thermal excitation
and the presence of structural isomers on the
Stark and Zeeman e�ect of AlSn 12 clusters
by combined electric and magnetic beam
deflection experiments

Filip Rivic, * Thomas M. Fuchs and Rolf Schäfer

AlSn12 clusters were studied in electric and magnetic beam deflection experiments at nozzle

temperatures of Tnozzle = 16…100 K. For 16 K, spatial separation of two fractions of clusters in the mole-

cular beam was achieved by deflection with both an electric and a magnetic field gradient. In the electric

deflection experiment, about 76% of the clusters are identified as non-polar and the rest as highly-polar,

while the magnetic deflection experiment demonstrates that 37% show an atom-like and 63% a

Brillouin-like magnetic response. In order to probe the connection between these fractions in electric

and magnetic beam deflection, a combination of these two experiments was performed. This clearly

demonstrates that the highly-polar clusters show a Brillouin-like magnetic response and only the non-

polar clusters can be deflected atom-like in a magnetic field. This observation suggests that two

structural isomers are present in the molecular beam, one of which is highly-symmetric, and

demonstrates that spatial isomer separation of metal clusters containing heavy elements is feasible.

However, vibrational excitation must also be taken into account to explain the observed magnetic

response. A stepwise increase of the cluster temperature shows that suppression of the superatomic

response is more sensitive to vibrational excitation than the quenching of the permanent electric dipole

moment.

1 Introduction
Electric and magnetic molecular beam deflection experiments
are powerful tools to study the Stark and Zeeman e�ects of
isolated molecules and clusters.1…6In this way, for example, the
dependence of the electric and magnetic dipole moments of
clusters on their size and chemical composition can be
determined.1,7…9For the quantitative analysis of the Stark effect
it is necessary that the isolated species are rigid.3 A broadening
of the molecular beam caused by the inhomogeneous electric
field then indicates the presence of a permanent electric dipole
moment. Thermal excitation of vibrations can, however, lead to
the molecular beam broadening being reduced and, in the
limiting case of strong vibrational excitation, even disappearing
completely.10,11 In such a case it is said that the electric dipole
moment is quenched. Although the species in the molecular
beam are not in contact with a heat bath and the temperature is

therefore poorly defined, various molecular beam experiments
have shown that it is nevertheless useful to characterize the
thermal excitation by a temperature which takes different
values for the various degrees of freedom (translation, rotation,
vibration, electronic excitation). 12…14The value of the vibra-
tional temperature then determines the amount of clusters in
the vibrational ground state, i.e. that are not vibrationally
excited and are therefore rigid. However, the mechanism of
the electric dipole moment quenching is not fully understood
yet and, therefore, it is not clear to which extent an excited
vibrational mode quenches the electric dipole moment. 10

Dipole moment quenching by vibrational excitation also
plays an important role in magnetic beam deflection experim ents.
When clusters are non-rigid, i.e. vibrationally excited, the magnetic
response is quenched, i.e. molecular beam broadening vanishes
and only a single-sided deflection is observed.4,6,15,16 The magni-
tude of the deflection depends on the magnetic dipole moment
and the vibrational temperature and is described by the Bril louin
function. 16 Besides vibrational excitation, the cluster rotations
are also important. The density of rotational states and, th us,
the number of avoided level crossings increases when molecular
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symmetry is reduced. Then, spin-rotation coupling leads to relaxa-
tion of spin orientation and, thus, a reduction of molecular beam
broadening.17 Only in the limiting case of rigid, highly-symmetric
clusters, the spin state is a constant of motion and the molec ular
beam splits into (2J + 1) beamlets, whereJ is the total angular
momentum quantum number. In this case, the clusters respons e
to the magnetic field is atom-like, i.e. superatomic. As an example,
with the icosahedral MnSn12 cluster, a splitting of the molecular
beam in six beamlets (J = 5/2) was observed at low nozzle
temperatures.4

Not only rigid and non-rigid clusters but also di�erent
structural isomers can be present in a molecular beam.18

In particular, this is mostly the case when the energies of
several structural candidates di�er only in the range of a few
meV.10,19,20 If the dielectric properties of the isomers di�er
strongly enough, it is even conceivable to separate them spa-
tially. This has been accomplished for isomers and conformers
of small organic molecules.21,22 On separated isomers further
experiments like isomer-selective reaction studies have been
conducted.23 However, the spatial separation of isomers of
metal clusters containing heavy elements is still pending.
While inherently interesting, the coexistence of isomers with
di�erent values of the electric and magnetic dipole moment
and di�erent levels of symmetry complicate the analysis of
beam deflection experiments.10 For example, it can be di�cult
to distinguish a coexistence of non-polar and polar isomers
from a mixture of rigid and vibrationally excited clusters of the
same polar isomer because vibrational excitation leads to
dipole moment quenching and, thus, similar deflection beha-
viour to a non-polar isomer. In order to draw correct conclu-
sions from molecular beam experiments, it is therefore crucial
to investigate the coexistence of multiple structural isomers
and the influence of thermal excitation in detail. In this
context, AlSn12 serves as a prime example because both struc-
tural isomers and thermal excitation must be taken into
account to come to a conclusive interpretation of the electric
and magnetic beam deflection experiments. For further insight
into the e�ects of thermal excitation, magnetic and electric
beam deflection for various temperatures must be studied.

2 Experimental details
The experimental setup is described in detail elsewhere,4,24,25

therefore only a brief overview is given here. The molecular
beam is generated in a pulsed laser vaporization source (10 Hz)
by focusing a frequency-doubled Nd:YAG-laser onto a rotating
and translating alloyed target rod containing 5 at% aluminium
in tin. Helium gas is fed to the emerging plasma through a
pulsed valve and clusters are formed in an aggregation cham-
ber. The helium…cluster mixture is thermalized in a cryogenic
nozzle with Tnozzle = 16…100 K and expands through a double-
skimmer into a high vacuum. The molecular beam passes two
collimating slits before going successively through an inhomo-
geneous electric (dGel/dz = 4 � 109 V m� 2) and/or magnetic field
gradient (dGmag/dz = 349 T m� 1), each generated by a two-wire

geometry.26 The clusters are ionized by an F2 excimer laser
(157 nm) and detected in a time-of-flight mass spectrometer.
The deflection is probed by a scanning slit unit just before
photo-ionization. The positions of the scanning slit are
approached in random order. For the electric and magnetic
beam deflection, three mass spectra are recorded at each
position over the course of the experiment and the intensities
are averaged over 150 shots for each mass spectrum at this
position. First, a mass spectrum without field is recorded to get
an intensity as a reference at this random chosen position.
Then, the field is applied and the deflected beam profile is
recorded directly afterwards for this position.

In order to compare several beam profiles from independent
experimental runs with slightly di�erent cluster velocities vx,
the measured deflection dz is converted to the mean projection
of the dipole moment on the field direction

�mi ;z ¼
dzmvx

2

l12=2 þ l1l2

dGi

dz

� � � 1

(1)

with i A {el,mag}, cluster mass m, field length l1, drift length l2
and electric or magnetic field Gi. Note that �mi,z is proportional to
dz and independent of vx. The latter is measured with a
mechanical shutter based on a hard disk drive. 27

3 Results
3.1 Electric beam deflection

The molecular beam profile of a cluster recorded by electric
beam deflection changes with applying an electric field (see
Fig. 1(a)) depending on the permanent electric dipole moment,
the electronic polarizability and, as stated above, the cluster
temperature. The electronic polarizability leads to an overall
shift, whereas a permanent dipole moment causes a broad-
ening of the molecular beam. 10 Thermal excitation of vibra-
tional modes is known to quench the electric dipole moment in
deflection experiments.3,4 Therefore, in such a case even if the
cluster is highly-polar, only a small or even vanishing broad-
ening will be observed. In Fig. 1(b), the experimental data for
the electric beam deflection of AlSn12 for Tnozzle = 16 K and an
electrical field strength of Gel = 1.6 � 107 V m� 1 (deflection
voltage U = 24 kV) are shown. The cluster intensity without an
applied electric field can be described by a Gaussian function.28

By applying an inhomogeneous field, the beam profile shifts in
the direction of the field gradient due to the electronic polariz-
ability of the cluster. However, the intensity at the maximum is
decreased and a tailing in the direction of the field gradient
becomes visible.

The beam profile is properly described by a sum of two
Gaussians. For the main peak, no broadening is observed (blue
shaded area) implying that there is no permanent dipole
moment present in this fraction. Taking the area of this
distribution into account, 76% of the molecular beam belongs
to this non-polar fraction. The remaining 24% of the molecular
beam profile can be described by a strongly broadened Gaussian
(orange shaded), suggesting a highly-polar beam fraction.
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Note at this point that the intensity profile strictly follows
a Gaussian distribution only for the first order Stark e�ect
(kBTrot c melGel) and spherical clusters.3 The observed strong
broadening however, implies a strong permanent electric
dipole moment in the range of about 2.0…2.5 Debye. Thus,
the first order Stark effect is not a good approximation if a
rotational temperature of about 10 K is considered. However,
the shape of the molecular beam profile depends on the cluster
geometry and its body-fixed dipole moment components.
No exact analytical description of the molecular beam profile
has been possible yet.3 Nevertheless, the purpose of this study
is not to describe the Stark effect in detail but to quantifiy the
two observed beam fractions. For this, a simple fit procedure
with two Gaussians is suitable.†

In order to rule out that the polar fraction is due to
contaminants like oxides which cannot be separated from the

mass signal of AlSn12 due to the broad isotope distribution of
natural tin, the electric deflection experiment was repeated
with a rod containing 5 at% Al in 120Sn (99.7% enrichment).
Similar results as shown above were obtained (see Appendix A).

Two scenarios are conceivable to explain the observation of
two distinguishable fractions in the electric beam deflection
experiment. First, the highly polar and non-polar fractions
could be assigned to rigid and non-rigid clusters, respectively.
For this, the AlSn12 cluster in the molecular beam must have a
strong permanent electric dipole moment. Then, 76% would
have to be non-rigid in order to quench the electric dipole
moment at least partially. 10 However, for 76% of the clusters
being vibrationally excited assuming a Boltzmann distribution
with Tvib = 30 K‡ and only one (the softest) vibrational mode
excited, the wavenumber of this vibrational mode has to be at
or below 6 cm� 1. This is not impossible but rather unusually
low for tin clusters of about a dozen of atoms. 10,16,29 The
remaining 24% are rigid (no vibrational excitation) and the
permanent electric dipole moment is not quenched. Therefore,
a broadening of the electric beam profile is observed. The
coexistence of rigid and non-rigid species for one cluster size
has been observed in previous works for Sn10.

10 However, at
Tnozzle = 16 K, the amount of the rigid fraction was much
higher.

On the other hand, the observation of a non-polar and a
highly-polar fraction could be due to (at least) two di�erent
structural isomers of AlSn12 present in the molecular beam. 10

Here, a polar and a non-polar isomer is required to describe the
experimental data properly. Based on this, 24% of the AlSn12

clusters in the molecular beam have a geometrical structure
which is connected to a high permanent electric dipole
moment. Accordingly, 76% could be very likely assigned to a
more symmetrical geometry which shows a vanishing dipole
moment. Nevertheless, a small part of the polar and non-polar
isomers could be vibrationally excited so that for the polar
clusters the dipole moment is partially quenched. In this case,
it is very di�cult to quantify the amount of the polar fraction
and the value of 24% would be a lower bound. However, earlier
work has shown that with Tnozzle = 16 K the permanent electric
dipole moment of tin clusters in the size range of about a dozen
atoms is usually not quenched significantly. 5,14,29…31

3.2 Magnetic beam deflection

To gain further insight, it is instructive to continue by studying
cluster deflection in an inhomogeneous magnetic field (see
Fig. 2(a)) which has been shown to depend substantially on
both molecular symmetry and vibrational excitation. 14 When
clusters are thermally excited, the vibrational modes of
the cluster act as a heat bath which facilitates rapid electron
spin relaxation. Then, a shift of the molecular beam is
observed which is quantitatively described by the Brillouin
equation,16,17,32,33 but with no beam broadening. For our

Fig. 1 (a) Scheme of the experiment indicating a non-polar and a pol ar
fraction (orange) in the molecular beam after deflection. (b) Experimental
data of the electric beam deflection for AlSn 12 at Tnozzle = 16 K. The grey
squares represent the cluster intensity without the electric field. Blue open
squares show the intensity with an applied voltage of U = 24 kV. Gaussians
were fitted to the experimental data (solid lines). The non- polar fraction is
displayed in the blue shaded area, while the polar fraction i s display in orange.

† We tested the determination of the beam fractions in electric beam deflection
on Sn11 which was reported to show two isomers with di�erent electric dipole
moments.10 The deviation between a fit with two Gaussians and a fit with
simulated beam profiles considering the cluster structure from quantum
chemical calculations was below 5%.

‡ It was observed that the vibrations of doped tin clusters from our cluster source
are well thermalized with the cryogenic nozzle down to 30 K, i.e. Tnozzle = Tvib. For
Tnozzle = 16 K, a value of Tvib = 25…30 K was estimated.4
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experimental conditions, only a value of �mmag,z = 0.05mB is
expected for the total angular momentum quantum number
J = 1/2 which is hardly detectable in our apparatus. When
magnetic clusters are rigid and highly-symmetric, the molecu-
lar beam can split symmetrically into 2 J + 1 beamlets, i.e., a
superatomic magnetic response is observed.4 With lower mole-
cular symmetry, beam broadening is reduced and can comple-
tely vanish, even for rigid clusters, which is attributed to an
increased density of rotational states.14,34,35

In the magnetic deflection experiment on AlSn 12 at Tnozzle =
16 K shown in Fig. 2(b), the molecular beam splits symmetri-
cally into three beamlets with the central one possessing about
63% of the total beam intensity and, consequently, the two
outer ones 37% together. The central peak shows vanishing
deflection. The two outer beamlets at �mmag,z = � 1.35mB can be
assigned to magnetic quantum numbers mJ = � J. These will be
referred to as the superatomic fraction in the following. 4 For
AlSn12 with an uneven electron count, J is restricted to half-
integer values. However, for J 4 1/2, no intensity dip between
the outer beamlets and the central peak would be expected
because of at least four equidistant beamlets. Thus, J = 1/2
should apply to the superatomic AlSn12 clusters. In contrast to

the splitting of an atomic beam, the beamlets are slightly
broadened towards the central peak which is probably due to
rigid clusters changing their spin state inside the deflect ing field. 16

This e�ect is more obvious for the right beamlet in Fig. 2(b).
Analogous to the previous section concerning electric beam

deflection, it will be discussed in the following how thermal
excitation and structural isomers with di�erent polarity and
symmetry a�ect the observed beam deflection in the magnetic
field. Assuming that there is only one cluster isomer with a
superatomic response in the vibrational ground state and a
Brillouin-like response otherwise, 63% of the clusters would
have to be vibrationally excited to match the experiment.
However, notice that this value di�ers from the 76% with
a quenched dipole moment determined from the electric
deflection experiment. This deviation would not be impossible
because cluster thermalization in the cryogenically cooled
cluster source is sensitive to slight changes in the cluster source
settings. However, it is shown in Section 4 and it has been
suggested previously29 that the magnetic response is much
more susceptible to vibrational excitation than the electric
response in beam deflection experiments. Consequently, it
would be expected for AlSn12 that the polar fraction should
be larger than the amount of superatomic clusters, however,
the exact opposite is observed experimentally (24% polar and
37% superatomic). An additional issue in this approach is that
a polar structure with a large electric dipole moment is
assumed to explain the electric deflection results. However, a
large dipole moment usually means that the cluster structure is
quite asymmetric. Low molecular symmetry causes a large
density of level crossings between spin and rotational energy
levels which can cause rapid spin relaxation and, thus, a suppres-
sion of superatomic magnetic response, even for rigid clusters.14

On the other hand, the hypothesis of two isomers with
di�erent polarity allows a more conclusive explanation of the
magnetic deflection results. It was discussed above that polar
clusters (24%, compare Fig. 1(b)) are expected to show a
Brillouin-like magnetic response. In contrast, a non-polar iso-
mer of AlSn12 could possess a symmetrical structure, e.g. an
aluminium atom endohedrally encapsulated in a Sn 12 cage
which would be expected to show a superatomic magnetic
response in the vibrational ground state. 4 However, with some
vibrational modes being excited, the superatomic response
usually blends into Brillouin-like behavior. Recalling the
numbers, 76% of the AlSn12 clusters show a non-polar electric
response but only 37% show a superatomic magnetic response.
This implies that about half of the highly-symmetrical, non -polar
clusters are non-rigid and, therefore, a Brillouin-like ma gnetic
response is expected. Taking again a vibrational temperature of
30 K and only one excited mode into account, this corresponds to a
wavenumber of about 14 cm� 1 which is quite reasonable.

To summarize Sections 3.1 and 3.2, the results from electric
and magnetic beam deflection are conclusive when two isomers
with di�erent polarity are taken into account. In order to verify
this hypothesis, the connection between the electric and mag-
netic response is probed by means of a combined deflection
experiment in Section 3.3.

Fig. 2 (a) Scheme of the experiment indicating a superatomic (green ) and
a Brillouin-like fraction in the molecular beam after deflection. The direc-
tion of the field gradient, the length of the magnet and of the fiel d free path
are displayed. (b) Experimental data of the magnetic beam deflection for
AlSn12 at Tnozzle = 16 K. The grey squares represent the cluster intensity
without any field. Red open circles show the intensity with an applied field
gradient of 349 T m � 1. Gaussians were fitted to the experimental data (solid
lines). The superatomic fraction is displayed in the green sh aded area.
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3.3 Two-field beam deflection

For the combined electric and magnetic beam deflection
experiment, the polar fraction is filtered out with a 200 mm
broad selector slit 50 cm downstream from the electrode exit,
directly before the beam enters the magnetic field (see
Fig. 3(a)). At this point the selector slit picks out a small strip
of the molecular beam enriched with non-polar clusters. Based
on the electric beam profile in Fig. 1, we estimated the deflec-
tion of both fractions at the position of the selector slit
indicating an enrichment of about 88% for the non-polar
fraction (see Appendix C). Afterwards, the remaining, mostly
non-polar, clusters pass into the magnetic field. In this way, the
magnetic deflection profile of a molecular beam enriched
with non-polar AlSn 12 clusters is accessible. This is shown in
Fig. 3(b) in comparison with the magnetic deflection of
the unperturbed cluster beam. To make a direct comparison
possible, cluster intensities were recorded alternately with and
without the electric field for each position of the scanning slit.

Based on the discussion before, the two possible explana-
tions for the two fractions are discussed with respect to the two-
field beam deflection experiment. In the case where the di�er-
entiation of the fractions depends on the vibrational exitation
(rigid vs. non-rigid), filtering out the polar fraction (rigid)
would lead to mostly non-rigid clusters in the magnetic field.
Therefore, we would expect a decrease of the intensity of the
superatomic beamlets. In the case of the presence of two
di�erent structural isomers, the polar fraction is assigned to
an asymmetric structure. As stated before, such an isomer with
lower symmetry would probably show a Brillouin-like magnetic
response. By sorting out polar clusters, which are probably not
highly-symmetric, we expect only the central peak to decrease
in size. Fig. 3 shows that with the electric field switched o�,
48% of the clusters show superatomic deflection behaviour
while for the other 52% a vanishingly small deflection is
observed. Note that these values di�er from the ones obtained
in Section 3.2. As stated above, the deviation could result from
slight changes in the cluster source settings6 (see Section 3.2).
However, for each of the randomly approached positions of the
scanning slit, the intensity with and without the electric field
was measured successively. Thus, the two data series in Fig. 3
can be compared directly.

By applying the electric field (blue triangles in Fig. 3), the
intensity of the Brillouin-like fraction of the AlSn 12 clusters
decreases, whereas the intensity of the superatomic fraction
remains approximately constant. The relative amount of these
two fractions changes to 57% for superatomic response and
43% for the Brillouin-like part. The total intensity of the central
beamlet decreases by 16% in relation to the total area. Note that
the overall shift of the profile in the direction of the magnetic
field gradient is caused by the electric deflection [compare
Fig. 1(b)]. However, this shift is small enough that the non-
polar fraction can enter the magnetic field. The results in Fig. 3
clearly show that the polar fraction identified in the electric
beam deflection experiment shows a Brillouin-like magnetic
response and, likewise, clusters with a superatomic magnetic
response belong to the non-polar fraction. As stated above, this

indicates that the polar fraction results from a second isomer
with a more asymmetric structure. The non-polar fraction is
then mainly caused by a highly-symmetric cluster with a
vanishing electric dipole moment showing a superatomic mag-
netic response similar to what was observed for other endo-
hedrally doped stannaspherene clusters.4,36

In principle, spatial separation can also be achieved for
other metal clusters that possess di�erent isomers. However,
in order to separate polar and non- (or less-) polar species, their
respective permanent electric dipole moments need to di�er by
a su�cient amount. In Appendix C, the achievable enrichment
of the two identified fractions of AlSn 12 at a distance of 50 cm
downstream from the electric deflector is shown for our experi-
mental setup. For this, a di�erence in electric dipole moment
values of about 2.0 D was considered. Based on these estimated
beam profiles, the values of the dipole moment of the structural
isomers must di�er by roughly 1.0 D for clusters with a mass of

Fig. 3 (a) Scheme of the two-field deflection setup (see text for further
details) showing the non-polar and polar (orange) fractions as well as
superatomic (green) and Brillouin-like magnetic response. Here, the dis-
tance between the electric deflection unit and the selector slit is shown in
addition to the previous listed length specifications. (b) Two-field beam
deflection of AlSn 12 at Tnozzle = 16 K. The red circles show the molecular
beam profile with magnetic field only [analogously to Fig. 2(b)]. In the blue
open triangles the intensity of the beam deflection with first an applied
electric field and a following magnetic field is shown (see text for further
details). The downward arrow indicates the intensity loss of 16% with
respect to the total beam intensity. A sum of three equidistant Gaussians
with equal widths was fitted to the experimental data (solid lines) in the
corresponding colours.
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about 1000 amu so that an e�ective spatial separation is
possible and an isomer enrichment of approximately 75% is
achieved. However, the same enrichment could be accom-
plished with less di�erence in electric dipole moment values
if either the molecular beam could be collimated more closely
or a longer electric deflector could be used (l1, compare eqn (1)).

To conclude on this discussion, we propose that about 76%
of the AlSn12 clusters in our molecular beam are non-polar and
probably highly-symmetric. About half of these clusters are in
their vibrational ground state at Tnozzle = 16 K, leading to a
superatomic magnetic response. The other half is vibrationally
excited, showing a Brillouin-like magnetic response. The
remaining fraction of 24% is assigned to a highly-polar isomer
showing also Brillouin-like magnetic response.

4 Role of thermal excitation
For a further investigation of the influence of vibrational
excitation on the electric and magnetic beam deflection experi-
ments, the nozzle temperature is increased stepwise from 16 to
100 K for both experiments. Fig. 4 shows the superatomic and
polar fractions extracted from the resulting beam profiles
shown in Appendix B. Both the superatomic and the polar
fractions decrease with increasing temperature. However, this
decrease occurs at significantly lower nozzle temperatures for
the superatomic fraction (green in Fig. 4). This observation
supports the hypothesis that the superatomic response is more
sensitive to vibrational excitation compared with the reduction
of the beam broadening in the electric deflection experiments.
In order to get a better understanding for this, one has to
di�erentiate the mechanisms of average electric and magnetic
dipole moment quenching in the corresponding inhomoge-
neous fields. For the magnetic case, the quenching of the
dipole moment due to vibrational excitation has been studied

in detail for doped tin clusters at the high-temperature limit in
previous works.4,14,16 The density of level crossings increases
rapidly with the number of excited vibrational modes. The
superatomic response, which is only observed for highly-
symmetric clusters, is quenched as soon as one vibrational
mode is excited.4 In contrast to the magnetic dipole moment,
the electric dipole moment is fixed in the molecular framework
of the cluster. In the low-temperature limit, clusters are rigid
which means that only cluster rotation and the Stark e�ect
must be considered for evaluating cluster deflection in an
inhomogeneous electric field. 3 When clusters vibrate, their
structure and, thus, the magnitude and direction of the electric
dipole moment start to fluctuate rapidly which leads to a
reduction of the time averaged dipole moment. 10 A detailed
study of how many vibrational modes must be excited for
electric dipole moment quenching is lacking. However, it has
been shown that, for temperatures where some vibrational
modes should be excited, rigid cluster models fit the experi-
mental data surprisingly well. 10 Thus, considering the di�er-
ences in the proposed quenching mechanisms, it seems
plausible that di�erent degrees of excitation are needed for
quenching of beam broadening in electric and magnetic beam
deflection experiments.

Remember that polar and superatomic fractions were
assigned to di�erent structural isomers and, thus, a direct
comparison of these fractions must be treated with caution.
However, it would be expected that the dominating non-polar
isomer, which is responsible for the superatomic magnetic
response, is more stable which leads to sti�er vibrational
modes and, therefore, less vibrational excitation than for the
polar isomer. Thus, the observed trend in Fig. 4 probably
cannot be explained with di�erences in the extent of vibrational
excitation but is rather attributed to di�erent degrees of sensi-
tivity to vibrational excitation.

5 Conclusions
In this work, electric and magnetic beam deflection experi-
ments and a combination of both were carried out on AlSn 12

clusters. Both electric and magnetic beam deflection results at
Tnozzle = 16 K indicate that two fractions are present in the
molecular beam. The observations suggest that one of the
fractions in the molecular beam has no permanent electric
dipole moment. The other fraction shows a high permanent
electric dipole moment and is most likely an asymmetric
cluster. In the combination of both experiments, separating
the polar fraction from the molecular beam decreases the
observed amount of clusters that show a Brillouin-like mag-
netic response. The two-field experiment demonstrates further
that not only two isomers but also rigid and non-rigid species
have to be considered to explain the amounts of the non-polar
and Brillouin-like fractions observed in the deflection experi-
ments quantitatively. Additionally, for the electric and mag-
netic beam deflection experiments we increased the nozzle
temperature stepwise from Tnozzle = 16 to 100 K and observed

Fig. 4 Extracted ratios of polar (orange open squares) and superatomic
(green open circles) fractions in electric beam deflection and magnetic
beam deflection, respectively, plotted against the nozzle temperature. The
dotted green line for the superatomic and the orange dashed line for the
polar fraction, respectively, are included as a guide to the eye.
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that the magnetic response is more sensible to thermal excita-
tion than the electric behaviour.

We suggest a highly-symmetric, endohedral structure for the
non-polar isomer, similar to transition-metal doped tin
clusters.4,5,34 For the highly-polar, asymmetric species, many struc-
tural isomers are possible. In future works, quantum chemic al
calculations have to be carried out to ascertain the geometrical
structures of the isomers. Based on a molecular dynamics simula-
tion of the electric beam deflection profiles, the structur al isomers
that are present in the experiment can be discriminated. 3,5,28,29

We showed that not only for organic molecules22,23 but also
for clusters containing heavy elements, spatial isomer separa-
tion is possible which enables the adoption of isomer-selective
experiments on metal cluster beams. With this, a much more
targeted investigation of the physico-chemical properties of
metal clusters is possible.

Conflicts of interest
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Appendix A
Electric beam profile of 27Al120Sn12

All data shown in the main text were generated with samples of
tin with its natural isotope distribution. As tin is the elem ent with
the most stable isotopes, the Al-doped species cannot be com-
pletely separated from the pure tin cluster in the mass spect rum.
To make sure that the polar fraction does not originate from p ure
Sn12 for which a high dipole moment was observed or other
contaminants like oxides, 10 we carried out electric beam deflec-
tion for 27Al120Sn12 (99.7% enrichment). The resulting mass
spectrum and beam profiles are shown in Fig. 5. Here, two

fractions are visible as well. Therefore, the observation of two
distinguishable fractions is not due to contamination. The polar
fraction is somewhat smaller than in Fig. 1 which is attribut ed to
small fluctuations in cluster thermalization.

Appendix B
Temperature dependent beam deflection

The close connection between thermal excitation and both
electric dipole moment quenching and the loss of superatomic
response was investigated on AlSn12 by a variation of the nozzle
temperature in the cluster source. Fig. 6 displays the results for
the electric beam deflection at Tnozzle = 25 K, 50 K, 70 K and
100 K. In comparison with the beam profile at Tnozzle = 16 K, the
polar fraction does not change significantly up to 50 K. The
polar fraction shrinks with increasing nozzle temperature and
cannot be detected any more at 100 K. In Fig. 7 the results for
the magnetic beam deflection at Tnozzle = 30 K, 50 K, 70 K and
100 K are shown. The beam profiles with and without the field
become broader because the velocityvx increases and, thus, the
observed deflection is smaller (see eqn (1)). The superatomic
fraction decreases with increasing temperature.

At Tnozzle = 30 K, only 26% of the clusters in the beam show a
superatomic response, compared with 37% at 16 K. At about
70 K, no beam deflection or broadening in the magnetic field is
observed at all (Fig. 7).

Appendix C
Estimation of enrichment of the non-polar fraction in the two-
field experiment

To quantify the ratio of polar and non-polar fractions in the
two-field beam deflection experiment, we estimated the

Fig. 5 (a) Experimental data of the electric beam deflection for 27Al120Sn12

at Tnozzle = 16 K. The same color code as in Fig. 1 is used. (b) Mass spectrum
close to the signal of 120Sn12. Signals marked with a star can be assigned to
the corresponding mono oxide species.

Fig. 6 Experimental data of the electric beam deflection for AlSn 12 at (a)
Tnozzle = 25 K, (b) 50 K, (c) 70 K and (d) 100 K. The same color code as in Fig. 1 is
used. Note that for 100 K the area of the Gaussian fit (blue) is 9% smaller than
without the field (grey). This is probably due to intensity f luctuations during the
experiment. For all other graphs this deviation is about 3%.
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intensity profile at the selector slit from the electric beam
deflection experiment show in Fig. 1. The calculated fraction
of 88% for non-polar clusters in the molecular beam is an
approximate value, since we assumed a Gaussian distribution
for the polar fraction. Nevertheless, it is shown that the
molecular beam is strongly enriched with the non-polar frac-
tion. As stated above, the polar fraction cannot be picked out
completely, so that an amount of about 12% is left in the
subsequent magnetic deflection experiments (Fig. 8).
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J. Küpper, J. Phys. Chem. A, 2020, 124, 8341…8345.
23 F. Filsinger, U. Erlekam, G. Von Helden, J. Ku¨ pper and

G. Meijer, Phys. Rev. Lett., 2008, 100, 4…7.
24 S. Scha¨ fer, M. Mehring, R. Schäfer and P. Schwerdtfeger,
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MSn12 clusters (M ¼ Al, Ga, In) were studied in electric and magnetic beam de � ection

experiments at temperatures of 16 K and 30 K. For all three species, the results of the

electric beam de � ection experiments indicate the presence of two structural isomers of

which one is considerably polar. The magnetic beam de � ection experiments show

atom-like beam splitting (superatomic behavior) with g-factors of 2.6 – 2.7 for a fraction

of the clusters in the molecular beam, indicating signi � cant spin– orbit coupling. On the

one hand, we investigate by several experiments combining electric and magnetic

de� ectors how the superatomic and polar fractions are linked proving the correlation of

the Stark and Zeeman e� ects. On the other hand, the magnetic de � ection behavior is

examined more thoroughly by performing quantum chemical calculations. By

systematic distortion of an arti � cial icosahedral tin cage towards the global minimum

structure, which has a pyritohedral geometry, the shifts in the magnitude of the g-factor

are found to be mainly caused by a single dominant electronic excitation. This allows

one to develop a semi-quantitative understanding of the magnetic behavior. On the

basis of avoided crossings in the rotational Zeeman diagram, simulations of the

magnetic beam de � ection comprising computed rotational constants, vibrational

modes, g-factors and spin – rotation coupling constants are performed which resemble

our experimental � ndings in satisfactory agreement. With this, a better understanding of

the magnetic properties of nanoalloy clusters can be achieved. However, the geometric

structures of the polar isomers are still unknown.
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1 Introduction
Electric and magnetic beam de� ection experiments are well established tools to
investigate the Stark and Zeeman e� ects of isolated atoms and clusters.1–6 In this
way, the dielectric and magnetic susceptibilities can be determined, in order to
systematically study the in� uence of size,7,8 geometry9–11 and chemical composi-
tion 12–14 on the dielectric and magnetic behavior of nanoalloy clusters.

In order to work out the interplay between geometric structure and magnetic
properties, single p-doped tetrel clusters are studied experimentally and quantum
chemically. Such doped clusters are ideal model systems to better understand the
interaction of an individual paramagnetic defect in a diamagnetic host on the
nanoscale. Group 13 elements (Al, Ga, In) act as dopant atoms, which form
endohedral complexes with tin clusters. 15–17 Taking the bimetallic species MSn12

with M ¼ Al, Ga, In as examples, we systematically investigate which structural
isomers are formed and how the geometric arrangement of the atoms a� ects the
magnetic properties, the g-factor in particular. For this purpose, molecular beam
experiments are used together with theoretical methods for global optimization
as well as the description of the magnetic properties. On the one hand, the
experimental work focuses on measuring the Stark e� ect in order to discriminate
the geometric structure of the isomers present. On the other hand, the magnetic
behavior is studied using Stern–Gerlach experiments. The combination of electric
and magnetic de� ection experiments proves the existence of a nonpolar and
a polar structural isomer and allows the correlation between the Stark and Zee-
man e� ects of these two isomers to be studied. In a previous work on AlSn12, this
approach revealed not only the presence of two structural isomers in the molec-
ular beam experiments but also an interdependency of the nonpolar and
superatomic properties.16 With the help of a global optimization strategy, an
attempt is then made to clarify the spatial arrangement of the atoms in the two
isomers. Since the nonpolar isomers show superatomic behavior at low temper-
atures, they are ideally suited to reveal correlations between the geometric and the
electronic structure and thus also the magnetic behavior. In particular, the spin
density on the doping atoms and the g-factor of the bimetallic clusters depend
sensitively on the spatial arrangement of the atoms. The observed correlation can
be interpreted semi-quantitatively by considering spin –orbit e � ects. Hence, the
impact of spin –orbit coupling on the analysis of the magnetic de � ection behavior
of isolated nanoalloy clusters is considered for the � rst time.

2 Experiment and theory
2.1 Experimental methods

The experimental setup is described in detail elsewhere,5,17–19 therefore only
a brief overview is given here. The molecular beam is generated in a pulsed laser
vaporization source (LVS) by focusing a frequency-doubled Nd:YAG laser onto
a rotating and translating alloyed target rod containing 5 at% aluminum, gallium
or indium in tin. Helium gas is fed to the emerging plasma through a pulsed valve
and clusters are formed in an aggregation chamber. The helium –cluster mixture
is thermalized in a cryogenic nozzle with a temperature Tnozzle of 16 K or 30 K and
expands through a double-skimmer into high vacuum. The molecular beam
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passes two collimating slits before going through two de � ection units with either
an inhomogeneous electric � eld ðdGel=dz ¼ 4 � 109 V m� 2Þ or magnetic � eld
ðdGmag=dz ¼ 349 Tm� 1Þapplied. Both are generated by a two-wire geometry.20,21

The clusters are ionized by an F2 excimer laser and detected in a time-of-� ight
mass spectrometer (TOF-MS). The de� ection is probed by a scanning slit unit
just before photoionization. The positions of the scanning slit are approached in
random order. First, a mass spectrum without � eld is recorded. Then, at the same
position, the � eld is applied and the de� ected beam pro� le is measured directly
a� erwards. In order to compare several beam pro� les from independent experi-
mental runs, the measured de� ection di,z of a cluster species is converted to the
mean projection of the dipole moment �mi,z on the � eld direction

mi;z ¼
di;zmvx

2

l i;1
2

2
þ l i;1l i;2

�
dGi

dz

� � 1

; (1)

with cluster mass m, � eld length l i,1, dri � length l i,2, electric or magnetic � eld Gi

and i þ {el, mag}. Note that �mi,z is proportional to di,z but allows a depiction of
several de� ection pro� les together independent of the velocities vx. The latter is
measured with a mechanical shutter based on a hard drive disk. 22

2.2 Computational methods

The conducted calculations comprise the genetic algorithm for scanning the
coordination space in order to obtain suitable structural candidates, a reoptim-
ization and frequency analysis on a higher level of theory including the calcula-
tion of geometric and dielectric properties as well as the computation of magnetic
properties. Only a compact presentation of the applied methodology will be given
here and for extensive technical details readers are referred to the ESI.†

The global optimization was performed using the German Improved Genetic
Algorithm (GIGA)23 based on spin-restricted plane-wave density functional theory
(DFT) using Quantum Espresso v6.4.124,25 incorporating the PBE exchange–corre-
lation (xc) functional. 26,27 All identi � ed structural candidates were then locally
reoptimized using spin-unrestricted Gaussian orbital DFT at the PBE0/def2-
TZVPP28–30 level of theory in Gaussian16 31 as well as Orca v5.0.2.32–34 The choice of
the xc functional/basis set combination was justi � ed by extensive previous studies
on bare tin, 35–38 bare lead10,39 and doped tin clusters. 14,40–42 Energetically-relevant
isomers were considered for the calculation of electric dipole moment s, unre-
stricted spin densities and vibrational frequencies. DLPNO-CCSD(T)/cc-pVTZ-PP43–48

single-point energies were additionally computed as implemented in Or ca. The
computation of the g-matrix and the hyper� ne coupling constant were done within
the EPR/NMR module of Orca employing the scalar relativistically-parametrized
second-order Douglas–Kroll –Hess (DKH2)49 and zeroth-order regular approxima-
tion (ZORA) Hamiltonians. 50 It was assured that geometry optimizations for all
structural isomers at the relativistic level yield insigni � cant di � erences to the
nonrelativistic PBE0/def2-TZVPP results. Furthermore, the spin–orbit coupling
operators are treated by the spin–orbit mean � eld (SOMF) approach.51 The g-
matrices were calculated both at the DKH-PBE0/(SARC-)DKH-def2-TZVPP and ZORA-
PBE0/(SARC-)ZORA-def2-TZVPP level of theory,52,53 yielding very similar results,
whereas hyper� ne coupling constants were only obtained using the ZORA method.
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2.3 Theory of magnetic properties

Magnetic de� ection experiments on superatomic clusters allow the cluster's
electronic g-factor to be determined.16,54–58 Additionally, they shine light on the
hyper� ne and (electron) spin–rotation coupling to some extent. 55,59–64 All three
quantities are of key importance in describing and interpreting the experimental
de� ection data. In this study, an e � ort was made to provide a computational
routine for accessing these properties with DFT calculations. Theoretically, these
properties are introduced in the phenomenological spin Hamiltonian ĤSpin with
mB being the Bohr magneton, B the magnetic � ux density, g the g-matrix, Ŝ the
� ctitious spin operator, A(A) the hyper� ne coupling matrix of nucleus A, Î (A) the
nuclear spin operator of nucleus A, DSR the (electron) spin–rotation coupling
matrix and Ĵ the total rotational angular momentum operator.

Ĥ Spin ¼ mBBgŜ þ
X

A

ŜAðAÞ̂I
ðAÞ

þ ŜDSRĴ (2)

The strategy is to � rst construct a “ true” Hamiltonian containing the nonrel-
ativistic Born –Oppenheimer (BO) contribution, the relativistic contribution,
composed of the scalar-relativistic part incorporating the DKH2 or ZORA method
as well as the e� ective spin–orbit part, and the magnetic � eld-dependent
contribution. By comparison of this Hamiltonian with the spin Hamiltonian of
eqn (2), sum-over-states (SOS) expressions for the three properties can be
derived.65–69 Following this procedure, only the g-matrix and the hyper � ne
coupling matrix A(A) are computed speci� cally, whereas the spin–rotation
coupling matrix DSR is estimated from Curl's perturbative treatment 70,71 which
links it to the g-matrix elements, once calculated, via

gab ¼ gedab �
1

� 2

X

k

DSR
ak I kb; (3)

with ge being the free-electron g-factor and Iab the elements of the inertial tensor
with a, b þ {x, y, z}. Since the hyper� ne coupling constant is solely calculated to
give a precise measure of the atom-speci� c ground-state spin density, owing to the
Fermi-contact contribution becoming the dominant part, readers are referred to
the literature for computational details. 69,72 Hence, the evaluation of the g-matrix
is the main focus of this study.

Spin–orbit coupling (SOC) e� ects are crucial for the prediction of magnetic
properties and their treatment requires particular care. I n the case of the g-
matrix the magnetic- � eld dependent contribution is given by the spin- and
orbital-Zeeman Hamiltonian. 68,73 It is well known that the g-matrix can be
subdivided into g ¼ ge1 + Dg(RMC) + Dg(GC) + Dg(OZ/SOC)with Dg(RMC) being the
relativistic mass correction, Dg(GC) the gauge correction and Dg(OZ/SOC) the
orbital-Zeeman–spin–orbit coupling cross term arising to second order 68 and
making up >99% of the total Dg-shi� for the studied clusters. It can be
shown67,69 that the SOS expression following the selection ruleDS¼ S0 � Sn ¼ 0,
with S0 referring to the spin quantum number of the electronic groun d state
(later on simply S) and Sn to the spin quantum number of the nth excited
electronic state, is given by
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DgðOZ=SOCÞ
ab ¼ �

1
S0

X

n

Dn
� 1dS0Sn

�
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�
�
�
�
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�
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�
�
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�
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: (4)

Here, Dn ¼ En � E0 is the energy di� erence between the ground and excited states.
The electronic wavefunction j SM

I of state I is written for the standard state of the
magnetic spin quantum number MS ¼ S0. Arising from the orbital-Zeeman
Hamiltonian, Î i ¼ r i � pi is the orbital angular momentum of electron i with
respect to the global origin (introducing a gauge dependence). As a consequence
of the approximated spin –orbit coupling, x(riA) is introduced as a spacial operator
depending on the internal coordinate riA ¼ jr i � RAj with r i being the electronic
coordinate of electron i and RA the nuclear coordinate of nucleus A. Hence, Î iA is
the orbital angular momentum operator of electron i with respect to nucleus A
and Ŝi the spin angular momentum operator of electron i.69 It should be noted
that the relation only holds for cases where the ground state is energetically well
separated from the excited state manifold.69,73 Even though the form of eqn (4) is
suited for decoding the origin of the Dg-shi� in terms of the energy level diagrams
taking unrestricted molecular orbitals (MOs) into account, the in � nite SOS and
the inaccessible complete BO eigenspectrum o� en impede its direct
evaluation.69,73

In Orca the orbital-Zeeman–spin–orbit coupling contribution to the g-matrix is
computed by applying the linear-response theory. From eqn (2) it is clear that the
g-matrix can be written as the second derivative of the energy with respect to the
magnetic � ux density B and the total spin S. Treating these quantities as
perturbations, a connection can be made between the SOS expression and the
spin density matrix Ps

mncast in terms of the MO coe� cients with s ¼ {a, b}.74

DgðOZ=SOCÞ
ab ¼ �

1
S0

X

m;n

vPa� b
mn

vBa

D
f m

�
�
�ĥ

SOMF

b

�
�
�f n

E
(5)

Rather than using the approximated spin –orbit coupling that emerged in
eqn (4), the SOMF theory is applied as indicated by ĥSOMF.51 The orbitals { f }
represent the atomic orbital (AO) basis set. Connecting the g-factor to the spin
density is arguably the most common way to interpret the calculated results in the
literature. 75–78 However, while eqn (5) is well suited for a “black box” prediction of
the g-matrix, it is less ideal for a detailed analysis due to its rather technical
implementation. 74 Thus, eqn (4) constitutes the basis for a semi-quantitative
discussion of the origin of the Dg-shi� experimentally observed in this study.

3 Results and discussion
3.1 Electric de� ection experiments

Fig. 1c–e show the resulting beam pro� les of the electric de� ection experiments
on MSn12 (M ¼ Al, Ga, In) at a nozzle temperature of 16 K. A scheme of the
experimental setup is shown in Fig. 1a. The experiments with AlSn12 and GaSn12
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were carried out with collimators with a slit width of 400 mm, those with InSn 12

with a slit width of 200 mm. Isotopically pure tin ( 120Sn) was used for the experi-
ments on InSn12, such that the mass signal of In 120Sn12 is well separated from the
signal of 120Sn13 in the recorded mass spectra. Note that it was shown for AlSn12

that the electric beam de� ection is independent of the use of native or isotopically
pure tin. 16 To interpret the experimental data, it is important to note that the
de� ection of the clusters depends on the electronic polarizability and the
permanent electric dipole moment, the latter being the structure-sensitive
property.5,35 For rigid clusters, the presence of a permanent dipole moment
leads to a broadening of the molecular beam, since the de� ecting force depends
on the orientation of the dipole moment relative to the electric � eld. In contrast,
the polarizability causes only a single-sided shi� of the molecular beam, because
the induced dipole moment aligns with the direction of the � eld.5,79 In the case of
polar clusters (nonvanishing permanent electric dipole moment), which are,
additionally, vibrationally excited and therefore the electric dipole moment starts
to � uctuate with respect to the body-� xed coordinate system, the broadening of
the molecular beam can partially or even completely disappear. This means that
the observed mean permanent electric dipole moment is partially or completely
quenched due to the � oppiness of the clusters.5,79 Conversely, the detection of
a molecular beam broadening always indicates the presence of a polar structural
isomer.

Fig. 1 (a) Scheme of the experimental setup for electric beam de � ection experiments with
an indicated separation of the molecular beam into a nonpolar (blue) and polar (orange)
fraction. Here, the numbers above the collimator slits refer to the slit width. The asterisk
indicates that another slit width is used for InSn 12. (c)– (e) Experimental data of the electric
beam de� ection given as intensity I as a function of the projection of the observed electric
dipole moment on the � eld direction averaged over the length of the de � ection unit and all
quantum states �mel,z for MSn12 (M ¼ Al,16 Ga, In) atTnozzle ¼ 16 K and a de� ection voltage of
U ¼ 24 kV. The gray squares represent the cluster intensity without applied � eld whereas
blue open circles represent the intensity with applied electric � eld. Gaussians are� tted to
the experimental data (solid lines in the corresponding colors). The nonpolar fraction in the
beam pro � le with applied � eld is indicated by a shaded blue Gaussian with the same width
as the gray one and the polar fraction is shown as a shaded orange area. In (b) the cor-
responding legend to the graphs is shown.
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The beam pro� les shown in Fig. 1c–e can be interpreted by the presence of
a nonpolar main component, which accounts for 76% to 83% of the total cluster
intensity. This component only leads to a shi � of the molecular beam. The
remaining part comes from a polar fraction, whose beam pro � le is shi� ed and
broadened and is therefore also responsible for the tailing of the molecular beam.
The total de� ection can be described quantitatively by approximating the
amounts of the polar and nonpolar components using two Gaussian functions.
Although this procedure is only valid within the framework of � rst-order
perturbation theory, 5 it was shown that this is an appropriate way to analyze
the electric beam pro� les.16 Here, the Gaussian function associated with the polar
component is shi � ed and broadened. This analysis results in a proportion of the
polar fraction of 24% for AlSn 12, which decreases to 17% in the case of InSn12.
Note that on the one hand these percentages serve only as a lower bound, since
some part of the polar cluster's de� ection can be quenched due to thermal
excitation (rotational and vibrational). This will be further discussed in Sec. 3.3. In
addition, the permanent dipole moment of the polar fraction appears to be
slightly smaller for GaSn12 and InSn12 than for AlSn12, since the broadening of the
polar fraction is less evident. In summary, the electric beam pro � les indicate the
presence of a nonpolar and a polar structural isomer as shown recently for
AlSn12.16

3.2 Magnetic de� ection experiments

Fig. 2c–e show the results of the magnetic de� ection experiments of MSn12 (M ¼
Al, Ga, In) at a nozzle temperature of 16 K. The molecular beam was collimated to
200 mm before de� ection for a better separation of the components. Cluster
de� ection in an inhomogeneous magnetic � eld depends on both molecular
symmetry and vibrational excitation. 12,63 If clusters are thermally excited, the
vibrational modes act like an internal heat bath enabling fast spin transitions.
Then only a single-sided de� ection of the molecular beam is observed, which is
quantitatively described by the high-temperature limit of the Brillouin function. 80

For a total spin quantum number S¼ 1=2, taking typical velocities in the
� ight direction of about 420 m s � 1 and reasonable vibrational temperatures of
Tvib ¼ 45 K 17 into account, only a shi � of di,z ¼ 0.035 mm (�mmag,z ¼ 0.035 mB) is
expected under the present experimental conditions, which is signi � cantly
smaller than the collimating slit and, therefore, hardly detectable with this
apparatus. If the clusters are rigid and highly symmetrical, the molecular beam
can split symmetrically into 2 S+ 1 beamlets, i.e. superatomic magnetic behavior
can be observed and the z-component of the magnetic dipole moment is
a constant of motion. The beam pro � le can then be described by 2S+ 1 Gaussians
of the same width as the beam pro� le without applied � eld. The positions of their
centers are then given by

�mmag,z ¼ gMSmB, (6)

with the magnetic spin quantum number MS ¼ � S, � S + 1, . , S and the
(isotropic) g-factor. With decreasing molecular symmetry, the beam splitting is
reduced and can vanish even for rigid clusters. This is related to an increased
density of rotational states and thus an increased number of avoided crossings in
the rotational Zeeman diagram, since the spin state can change at each of these
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avoided crossings while the total angular momentum is conserved. The results in
Fig. 2c–e show that the molecular beam splits into three beamlets, with the
central part showing almost no de � ection and accounting for 56 –63% of the total
beam intensity. The two outer beamlets at m� mag,z z � 1.35mB account for 37–44%.
This fraction of clusters behaves magnetically like an atom with MS ¼ � 1=2.
Thus, the superatomic clusters represent a spin-1=2 system with values for the g-
factor of 2.6–2.7, roughly independent of the doping atom. The strong deviation
of the g-factor from the value of the free electron indicates an additional orbital
moment in the clusters. 64 In contrast to the splitting of an atomic beam, the
beamlets are slightly broadened towards the central peak. This is probably due to
rigid clusters changing their spin state within the magnetic � eld. This occurs
because even if the magnetic � eld is perfectly aligned, the de� ection of the
clusters covers a range of magnetic� ux density of about 30 mT, so that an avoided
crossing can be passed through and a spin transition occurs. Because of this, the
outer beam components are smeared towards the central peak. This e� ect seems
to be more pronounced for GaSn12 and InSn12. Whether this is related to the fact
that in these experiments the magnet was less optimally aligned than with AlSn 12

is still unclear. Additionally, it should be mentioned that the magnetic beam
de� ection of the AlSn12 cluster is independent of the use of native or isotopically
pure tin. 64

The central beam component consists of two parts: on the one hand the
polar,16 less symmetrical clusters whose magnetic behavior is described by the

Fig. 2 (a) Scheme of the experimental setup for magnetic beam de � ection experiments
with an indicated separation of the molecular beam into a Brillouin (red) and superatomic
(green) component. (c) – (e) Experimental data of the magnetic beam de � ection given as
intensity I as a function of the projection of the observed magnetic dipole moment on the
� eld direction averaged over the length of the de � ection unit and all quantum states �mmag,z

for MSn12 (M ¼ Al,16 Ga, In) at Tnozzle ¼ 16 K and an applied magnetic � ux density of
B ¼ 1.3 T. The gray squares represent the cluster intensity without applied � eld whereas red
open circles represent the intensity with applied magnetic � eld. Gaussians are� tted to the
experimental data (solid lines in the corresponding colors). The Brillouin component in the
beam pro � le with applied � eld is indicated by a shaded red Gaussian and the superatomic
components are shown as shaded green areas. The vibrationally-excited nonpolar clusters
with quenched superatomic behavior are also depicted in green and referred to as the hot
superatomic fraction. In (b) the corresponding legend to the graphs is shown.
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Brillouin function and on the other hand vibrationally-excited nonpolar clusters.
This latter fraction is labelled as the hot superatomic fraction in Fig. 2. Here, the
vibrational excitation leads to an increased number of avoided crossings such
that Brillouin-like behavior also results. It is assumed in each case that the spin
state changes at most of the avoided crossings, so that there is only a barely
measurable average de� ection over the entire � ight path in the magnet. 63 The
discussion of the g-factors in connection with the electronic structure of the
clusters in Sec. 3.4 shows that this requirement is very well met in the clusters
examined here.

Thus, the hypothesis of two isomers with di � erent polarity allows a coherent
explanation of the magnetic de� ection results for all cluster species discussed
here. As will be shown later, the highly symmetrical structure of the nonpolar
isomers consists of a dopant atom (Al, Ga or In) that is endohedrally encapsulated
in a Sn12 cage (cf. Sec. 3.4). Quantum chemical calculations suggestTh symmetry,
i.e. the presence of a spherical rotor with low-density (degenerate) rotational
states. Hence, the experimentally-observed majority of the nonpolar, vibrationally
not excited clusters can � y through the magnet without passing even a single
avoided crossing and superatomic behavior is observed. The fractions of vibra-
tionally excited clusters given in Fig. 2 are plausible taking vibrational tempera-
tures around 45 K and wavenumbers for the lowest-lying vibrational modes of 30–
50 cm� 1 into account. With GaSn12, for example, one would expect that the
amount of vibrationally not excited clusters is about as large as that of the
vibrationally excited ones, so that the central beam component in the Stern –
Gerlach experiment consists of about 33% polar clusters (regardless of their
vibrational state) and about 67% vibrationally excited nonpolar clusters. The
magnetic de� ection pro� les are further discussed in Sec. 3.5 with regard to the
avoided-crossing model.

3.3 Double-de� ection experiments

To further support the hypothesis that there are two structural isomers present in
the molecular beam and to � nd out how the Stark and Zeeman e� ects are related
for the two isomers, double-de� ection experiments were performed.

Fig. 3c and d show how the electric de� ection changes for AlSn12 when either
the superatomic (Fig. 3c) or the Brillouin fraction (Fig. 3d) is � ltered out with the
help of the Stern–Gerlach magnet. For the investigation of the electric de� ection
of the Brillouin component, the electric � eld is permanently applied while the
magnetic � eld is switched on and o� . In order to transmit the superatomic
fraction, the electric de � ector must be shi� ed slightly as indicated in the scheme
of the experiment in Fig. 3b. Additionally, the de � ection voltage is increased in
both experiments compared to the pure electric de� ection experiments, since the
� eld-free path is shorter and a similar de � ection can be achieved this way. For the
sake of the stability of the cluster intensities the experiments are carried out at
Tnozzle ¼ 30 K, in contrast to Tnozzle ¼ 16 K in Sec. 3.1 and 3.2. It was shown before
that at this nozzle temperature the electric and magnetic de � ection is comparable
to the experiments at Tnozzle ¼ 16 K, however, the superatomic fraction is reduced
by about 30% for the AlSn12 cluster.16,17 Fig. 3d shows how the beam pro� le of
a superatomic beamlet changes, if the electric � eld is switched on. Only
a displacement of the molecular beam is observed, i.e. the tailing has completely
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disappeared. This observation demonstrates that the superatomic fraction
consists exclusively of nonpolar clusters. Since the reference beam pro� le has
been measured with the magnetic � eld switched on, the designation of the axis is
changed to a relative projection of the mean electric dipole moment on the
direction of the � eld axis �mrel

el,z. In contrast, if the Brillouin fraction is selected by an
aperture, then one can clearly see in Fig. 3c that the nonpolar component
decreases while the polar component, i.e. the tailing, remains constant. However,
the nonpolar fraction does not disappear completely which is due to the fact that
this component also consists of polar isomers which are thermally excited and,
therefore, show a quenched electric dipole moment. From the degree of the
decrease of the nonpolar component or the relative increase of the amount of
polar clusters, it follows that the number of vibrationally not excited nonpolar
clusters is approximately the same as the number of clusters that are vibrationally

Fig. 3 Schemes of the experimental setup for the combined de � ection experiments in
which (a) the Brillouin and (b) a superatomic component is further de � ected in the electric
� eld. The fractions are indicated in the same color as in the previous � gures. Here, too, an
additional collimating slit is installed directly in front of the electric de � ector to � lter out
the corresponding fraction. (c) and (d) Experimental data of the combined de � ection
experiments given as intensity I as a function of the projection of the observed electric
dipole moment on the � eld direction averaged over the length of the de � ection unit and all
quantum states �mel,z for AlSn12 at Tnozzle ¼30 K. Note that the designation of the axis in (d) is
changed to a relative projection of the mean electric dipole moment on the direction of
the � eld axis �mrel

el,z. A magnetic � ux density of B ¼ 1.3 T and a de� ection voltage of U ¼ 29 kV
are applied. The blue open circles represent the intensity with only the applied electric � eld
whereas the violet upside down triangles show the beam pro � le with both magnetic and
electric � eld switched on. For the other setup, the red open circles indicate the intensity
with only the magnetic � eld switched on and the violet upright triangles show the intensity
with both � elds applied. Gaussians are� tted to the experimental data (solid lines in the
corresponding colors). The polar and nonpolar fractions are indicated by a shaded blue
and orange area, analogous to the color scheme in Fig. 1 while an arrow indicates the
reduction of the nonpolar fraction. In (e) and (f) the corresponding legends for the graphs
are shown.
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excited. Note that the shi� and width of the Gaussians for both the polar and
nonpolar fraction is the same as in Fig. 1. Therefore, the results of these double-
de� ection experiments are consistent with the analysis of the Stern–Gerlach
experiments in Fig. 2.

Conversely, an enrichment of the nonpolar fraction in the molecular beam by
using the electric de� ector causes the Brillouin contribution to decrease in the
magnetic de� ection experiment, as shown in Fig. 4c–e, while the superatomic
fraction remains constant. The remaining Brillouin fraction consists of vibra-
tionally excited nonpolar clusters and also of some polar clusters because the
electric beam pro� les of the two structural isomers partially overlap. It has to be
mentioned that the percentage of the superatomic fractions for each cluster
species here di� ers slightly from the ones determined in Sec. 3.2. The deviation is
attributed to slight changes in the cluster source settings. 16 However, the trend is
the same for all nanoalloy clusters investigated as shown in Fig. 2. The fact that
the decrease in the Brillouin component is the smallest for InSn 12 is due to the
fact that the amount of the polar component is lowest for this cluster species. The
double-de� ection experiments not only support the hypothesis that there are two
structural isomers, but also prove that the vibrationally not excited nonpolar
clusters behave superatomically, while the polar fraction shows exclusively
Brillouin-like behavior.

Fig. 4 (a) Scheme of the experimental setup for the combined electric and magnetic
beam de� ection experiments with the corresponding indicated components in the same
color as in the previous � gures. Here, an additional collimating slit is installed directly in
front of the magnet to increase the separation of the beamlets. (c) – (e) Experimental data
of the combined de � ection experiments given as intensity I as a function of the projection
of the observed magnetic dipole moment on the � eld direction averaged over the length
of the de � ection unit and all quantum states �mmag,z for MSn12 (M ¼ Al,16 Ga, In) atTnozzle ¼
16 K. A de� ection voltage of U ¼ 24 kV and a magnetic � ux density of B ¼ 1.3 T are applied.
The red open circles represent the intensity with only the applied magnetic � eld whereas
the violet upright triangles show the beam pro � le with both electric and magnetic � eld on.
Gaussians are� tted to the experimental data (solid lines in the corresponding colors). The
intensity � ltered out by the electric � eld originating from the polar fraction is indicated by
a shaded orange area, analogous to the color scheme in Fig. 1. Note that the overall shift in
the beam pro � le with both � elds applied originates from the electric polarizability of the
cluster species (cf. Fig. 1c– e). In (b) the corresponding legend to the graphs is shown.
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3.4 Quantum chemical results

In order to interpret the magnetic behavior quantitatively, a global structure
optimization was performed. It turned out that the lowest-lying isomers with
S¼ 1=2 are predicted to be those with pyritohedral Th symmetry (cf. Table 1).

In addition, other nonpolar structural isomers with D3d symmetry are also
observed, which, however, are higher in energy at the CCSD(T) level of theory.
Based on the electric de� ection experiments it is not possible to distinguish
between these structural isomers, which all have an inversion center and are
therefore nonpolar. However, the predicted magnetic properties are sometimes
very di� erent. Since theD3d molecular point group corresponds to a symmetrical
rotor, the degeneracy of the rotational states is li � ed up to a factor of 2 for
di � erent values of the magnetic rotational quantum number. Hence, the number
of rotational states increases substantially compared to the Th structure17 which
results in a signi � cantly increased number of avoided crossings in the rotational
Zeeman diagram, such that clusters with D3d symmetries are not expected to show
superatomic behavior (cf.Sec. 3.5). In order to better understand the impact of the
symmetry on the electronic structure and the magnetic properties, the transition
from an arti � cial Ih symmetry (not a local minimum) to the Th symmetry of the
GM was systematically investigated taking a“hypothetical ” reaction coordinate X
into account, i.e. X ¼ +1.00 at the Th symmetry of the GM and X ¼ 0.00 at the
arti � cial Ih symmetry. This is shown in Fig. 5.

Starting with the GM structure of AlSn 12 in Th symmetry (X ¼ +1.00), one sees
that the singly-occupied a-MO (Ag a-SOMO) consists essentially of 5p-AOs of the
Sn atoms. This SOMO is closely related to the triply-degenerate lowest-lying
unoccupied MOs (Tg a-LUMO). For the hypothetical case of a singly ionized
cluster with Ih symmetry (X ¼ 0.00), i.e. for Ih-AlSn12

+, these four MOs would be
degenerate. As can be understood from the SOS expression in eqn (4), the ener-
getic di� erence DE ¼ ELUMO � ESOMO between the Ag a-SOMO and the triply-
degenerate Tg a-LUMO and their similar orbital shapes (due to originating
from the same set of orbitals in Ih symmetry) are crucial to the value of the
g-factor. The impact of other “ transitions ”, especially those involving the Ag

a-LUMO+2 with spin density solely on the Al atom, is found to be insigni � cant.
The energy di� erenceDE in particular increases with the magnitude of distortion
X with respect to Ih symmetry and with it the g-factor decreases,i.e. the g-factor
depicts the correlation between geometric and electronic structure. In other
words, the dependence of the g-factor on the distortion X can be captured as
a consequence of the spin–orbit interaction. The calculated g-factors for the Th

symmetry (X ¼ +1.00) agree reasonably well with the experimentally determined
value. This also excludes the possibility that the nonpolar clusters in the experiment
possessIh symmetry. However, the calculation of the g-factor for the Ih symmetry
should be treated with caution, since the unpaired electron distorts the geometric
structure of the degenerate ground state due to Jahn–Teller stabilization and the SOS
expression breaks down for nearly degenerate ground states(cf. the ESI† for details).

The energy level diagram of InSn12 is very similar to that of AlSn 12. Also for
GaSn12 the predicted g-factors of the Th structure agree reasonably well with the
experiment. It is interesting, however, that the orbital character of the SOMO
changes when the transition to Ih symmetry occurs. For small values of the
distortion X, the a-SOMO is now entirely composed of the 4s-AO of the central Ga
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Fig. 5 Spin-unrestricted MO energy diagrams of (a) AlSn 12 (qualitatively similar to InSn12)
and (b) GaSn12 as a function of the cluster's distortion from Ih towards Th symmetry. The X-
parameter is a measure of the linearly-scaled distortion based on the perfect icosahedron
(X ¼ 0.00) and the GM structure ( X ¼ +1.00) as is illustrated for AlSn12 in (c). At X ¼ +2.00
one set of 6 Sn– Sn bond lengths is compressed by 0.31 ûA and another set of the remaining
24 Sn– Sn bonds is elongated by 0.08 ûA with respect to the icosahedral Sn – Sn bond length
of 3.17 ûA. Computed isotropic giso-factors and hyper � ne coupling constants A(A)

iso of the
central atoms at the DKH-PBE0/(SARC-)DKH-def2-TZVPP and ZORA-PBE0/(SARC-)
ZORA-def2-TZVPP level of theory are shown. MOs with spin density solely distributed over
the Sn cage are highlighted in blue and those with spin density bounded on the central
atom are highlighted in red. Their shape is displayed for GaSn 12 in (d).
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atom. This a� ects the hyper� ne coupling constant A(Ga)of the central atom, which
is now increased by 3 orders of magnitude because the Fermi contact term
becomes dominant and the spin density is now localized almost exclusively on the
Ga atom. In addition, the g-factor is now much closer to the value of the free
electron, i.e. SOC e� ects have almost completely disappeared. Due to the corre-
lation between geometric and electronic structure, a Th symmetry can also be
clearly assigned to the nonpolar isomer of GaSn12.

In conclusion, the large magnitude of the Dg-shi� is a consequence of several
factors. First, the spin densities of the SOMO and LUMO are very similar, because
they stem from the same degenerate set of orbitals in Ih symmetry, and thus the
MO coe� cients entering eqn (4) (roughly representing the spin densities) are
rather large. Second, the LUMO is triply degenerate and adds a factor of three in
the SOS expression. Third, the Sn cage contributes with a highly spin–orbit
relevant set of atomic orbitals entailing a large SOC constant. Fourth, least
signi � cant but still important is the SOMO –LUMO energy di� erence which is not
too large overall.

The SOC which determines the value of the g-factor in Th symmetry of the
nonpolar structural isomers is also of great importance for the spin dynamics of
the clusters in the Stern–Gerlach magnet. This is because the SOC makes an
additional contribution to the spin –rotation coupling. Based on eqn (3), it is
possible to take the isotropic value of the g-factor into account in order to estimate
the contribution to the isotropic spin –rotational coupling constant DSR

iso that stems
from spin –orbit coupling.

DSR
isoz �

� 2Dgiso

I iso
(7)

With the experimentally determined g-factor of 2.7 for, e.g., AlSn12 and the
calculated rotational constant of 0.19 m � 1, a value with the magnitude of at least 1
� 10� 7 eV results for DSR

iso. The impact of this value on the spin dynamics of the
nanoalloy clusters will be discussed in the next section.

3.5 Avoided-crossing model

To gain a further insight into the magnetic properties of the MSn 12 (M ¼ Al, Ga,
In) clusters, the data given by quantum chemical calculations discussed above
can be used to apply a microscopic model based on avoided-crossings in the
rotational Zeeman diagram. 60,61 The simulation routine is described elsewhere in
detail62,63 and, therefore, only a brief explanation will be given here. For the
nozzle temperatures in the experiments shown in this work, the rotational
and spin-Zeeman energies are dominating. For a system with S¼ 1=2, every
rotational state splits up in the magnetic � eld into two di � erent spin-Zeeman
levels with MS ¼ � 1=2. Due to the manifold of thermally accessible rotational
levels, crossings of states with di� erent spin quantum numbers occur. These
crossings are avoided if the total angular momentum quantum number in the
� eld direction is conserved.61,63,81,82 The spin–rotational coupling constant
DSR

iso and the rate of change of the magnetic � ux density dB=dt determine if the
cluster changes its spin state a� er passing the crossing. In the case of a diabatic
traverse which is favored for small DSR

iso and high values of dB=dt the spin state
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remains unchanged, whereas in the case of an adiabatic traverse the spin state
changes. If a change of spin state occurs within the magnetic � eld, the de� ection
changes accordingly, i.e. superatomic behavior is quenched and only an average
de� ection is observed. The probability of such a spin-� ip is quantitatively given by
the Landau–Zener formula in eqn (8).

pad ¼ 1 � exp

0

B
@�

�
DSR

iso

� 2

gisomB�
�
�M S � M S0

�
� dB

dt

1

C
A (8)

With a magnitude of at least 1 � 10� 7 eV for DSR
iso and a rate of approximately

dB=dt ¼ 100 Ts� 1 a value of pad z 100% is obtained. This means that a spin-� ip
occurs on practically every avoided crossing. However, since the de� ection of the
clusters is very small within the Stern –Gerlach magnet (� 100 mm), the average
number of crossings is less than one for clusters with Th symmetry. For the
simulation of the magnetic de � ection pro� les, 5000 particles are generated with
randomly chosen magnetic spin quantum numbers MS as well as Boltzmann-
weighted rotational angular momentum and vibrational quantum numbers.
This is valid since no magnetic � eld is present in the cluster source. The rotational
and vibrational degrees of freedom characterized by the rotational constant ~Band
the vibrational frequencies ~n are then populated using a Boltzmann distribution.
This approach might not be exactly true, 83 but is a reasonable assumption for the
source used in this work because the clusters are thermalized by the helium
carrier gas in the cryogenic nozzle and, therefore, represent a canonical ensemble
in the molecular beam de � ection experiments.5,84 However, it was shown that the
rotational and vibrational degrees of freedom are cooled with di � erent e� -
ciency56,59,85 such that two di � erent temperatures must be assumed.

Fig. 6 The simulation of the experimentally measured magnetic de � ection based on the
avoided-crossing model for both Th (red solid line) and D3d (red dashed line) symmetry for
(a) AlSn12, (b) GaSn12 and (c) InSn12. The intensity I is given as a function of the projection of
the observed magnetic dipole moment on the � eld direction averaged over the length of
the de� ection unit and all quantum states ~mmag,z. The rotational and vibrational temper-
ature Trot and Tvib were estimated on the basis of the cluster source parameters whereas
the velocity in � ight direction vx is measured directly after the de � ection experiments.
The values of ~Biso and pad are given by results from quantum chemical calculations
(cf. Sec. 3.4). The rest of the color code and the symbols are analogous to the ones in
Fig. 2.
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Fig. 6 shows the resulting simulations based on the avoided-crossing model for
the MSn12 cluster with M ¼ Al, Ga and In. Here, the simulation is carried out for
both isomers with Th symmetry (nonpolar, spherical rotor) and with D3d symmetry
(nonpolar, symmetrical rotor) taking a vibrational temperature of Tvib ¼ 45 K and
a rotational temperature of Tvib ¼ 20 K into account, which were shown to be
reasonable for this cluster source,17 and considering the quantum chemical
parameters presented in Table 1. Additionally, a polar fraction with Brillouin-like
behavior was considered. Note that neither the geometrical structure nor the
ratio of both isomers in the molecular beam change with applying the magnetic
� eld. The beam pro� le without applied magnetic � eld cannot be simulated with
respect to the ratio of the isomers, since it is described by a simple Gaussian
function independent of the number of isomers present in the molecular beam and
their magnetic properties. For the g-factors a value of about 2.7 (AlSn12 and InSn12)
and 2.6 (GaSn12) is chosen in close agreement with the calculated giso values. The
simulations con � rm that the magnetic de � ection pro� les for all three cluster
species show both superatomic and Brillouin-like behavior taking the considered
rotational and vibrational temperatures as well as the parameters given by quantum
chemical calculations into account. Note that the smearing of the superatomic
beamlets towards the central beam component originates from clusters changing
their spin state on the path through the magnet and therefore already showing
a reduced magnetic moment. Clusters that change their spin state several times
within the magnetic � eld result in the central beamlet and show Brillouin-like
behavior. This is already the case for rigid clusters with D3d symmetry as well as
for all polar isomers and clusters which are vibrationally excited. These results also
demonstrate how crucial the alignment of the Stern –Gerlach magnet is in order to
prevent any avoided crossing for at least the majority of the nonpolar clusters.

4 Conclusion and open questions
In this work, electric and magnetic beam de � ection experiments were performed
on MSn12 (M ¼ Al, Ga, In) clusters. Also the magnetic de� ection of a molecular
beam enriched with nonpolar isomers of MSn 12 was performed. Additionally,
electric beam de� ection experiments were carried out separately on the
superatomic and Brillouin-like component of the AlSn 12 cluster for the � rst time.
Not only was the presence of two isomers observed for all cluster species, with one
being highly and one less symmetrical, but also the correlation between the
superatomic and nonpolar behavior was con� rmed. The magnetic properties of
these clusters were investigated more thoroughly and a simple semi-quantitative
picture could be drawn explaining the abnormally large g-factors taking into
account the dominant electronic excitation in a SOS treatment. With results ob-
tained by the quantum chemical calculations, the magnetic de � ection pro� les
were simulated on the basis of the avoided-crossing model. The simulations
match the experimental results in very good agreement for all cluster species.
Here, the quantum chemical calculations give important complementary insight
into the magnetic properties of the p-doped tetrel nanoalloy clusters.

A number of polar structural isomers are predicted in the global optimization
as well. However, all of these isomers are at least 0.3 eV higher in energy than the
global minimum with Th symmetry. Their presence in the molecular beam
experiments is therefore highly improbable ( cf. the ESI†).14,86,87 An open question
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is therefore what is the geometric structure of the polar fraction? A second
question is concerned with the magnitude of the electric dipole moment of the
polar isomers and why the corresponding fraction decreases from Al to Ga and In.
A methodology that combines de� ection experiments with electronic or vibra-
tional spectroscopy might be useful here. With the help of a Stern –Gerlach
magnet for example, only the superatomic component could be transmitted via
an aperture and then examined spectroscopically. The resulting changes in the
photodepletion spectra could be directly related to the absorption behavior of the
two structural isomers calculated with quantum chemical methods. 38,88 On the
one hand, this would then allow an independent con � rmation that the nonpolar
isomer has Th symmetry and, on the other hand, the polar isomer could possibly
be identi � ed in this way. Hence, by using electric or magnetic de� ectors, an
isomer-selective spectroscopic investigation of nanoscale bimetal clusters would
be conceivable in principle. It is also not yet understood why, for GaSn12, the Ag

MO solely built from the 4s-AO contribution, as predicted by quantum chemistry,
is energetically stabilized to a much larger degree than in AlSn12 and InSn12. In
this context, it would also be interesting to study how the replacement of Sn by Ge
and Pb a� ects the magnetic behavior. Are structures with Th symmetry also
formed that are superatomic? Or is the D3d symmetry preferred so that only
a Brillouin-like behavior is observed for these symmetrical rotors? Does the
increase in spin–orbit coupling in substituting Sn by Pb result in even larger g-
factor deviations from the free-electron value? Overall, combined electric/
magnetic de� ection measurements o� er a highly capable tool to uncover corre-
lations in the geometric and electronic structure and thus help to better under-
stand the magnetic behavior of nanoalloy clusters.
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 �E�B�T�T �E�F�Sg���'�B�L�U�P�S �O�J�D�I�U �S�J�D�I�U�J�H �W�P�S�I�F�S�H�F�T�B�H�U �X�J�S�E�
 �L�B�O�O
�O�P�D�I �O�J�D�I�U �H�F�L�M�¢�S�U �X�F�S�E�F�O�� �&�T �N�V�T�T �K�F�E�P�D�I �B�V�D�I �E�B�S�B�V�G �I�J�O�H�F�X�J�F�T�F�O �X�F�S�E�F�O�
 �E�B�T�T �B�V�G�H�S�V�O�E �E�F�T �.�B�T�T�F�O�V�O��
�U�F�S�T�D�I�J�F�E�T �W�P�O �O�V�S ���� �V �V�O�E �E�F�S �C�S�F�J�U�F�O �*�T�P�U�P�Q�F�O�W�F�S�U�F�J�M�V�O�H �E�F�T �4�O �E�J�F �4�J�H�O�B�M�F �E�F�T �S�F�J�O�F�O �V�O�E �E�F�T �N�J�U �/�B
�E�P�U�J�F�S�U�F�O �4�O12���$�M�V�T�U�F�S�T �J�N �.�B�T�T�F�O�T�Q�F�L�U�S�V�N �º�C�F�S�M�B�Q�Q�F�O�� �%�B�N�J�U �X�J�S�E �C�F�J �E�F�S �*�O�U�F�H�S�B�U�J�P�O �E�F�T �.�B�T�T�F�O�T�J�H�O�B�M�T
�[�V�S �&�S�N�J�U�U�M�V�O�H �E�F�S �$�M�V�T�U�F�S�J�O�U�F�O�T�J�U�¢�U �J�N �4�U�S�B�I�M�Q�S�P�S�M �B�V�D�I �F�J�O �5�F�J�M �E�F�T �4�J�H�O�B�M�T �E�F�T �S�F�J�O�F�O �4�O12 �N�J�U �J�O�U�F�H�S�J�F�S�U��
�%�B �E�F�S �S�F�J�O�F �5�F�U�S�F�M�D�M�V�T�U�F�S �B�C�F�S �E�J�B�N�B�H�O�F�U�J�T�D�I �J�T�U�
 �U�S�¢�H�U �E�J�F�T�F�T �4�J�H�O�B�M �[�V�S �*�O�U�F�O�T�J�U�¢�U �E�F�S �$�V�S�J�F���,�P�N�Q�P�O�F�O�U�F �J�O
�E�F�S �4�U�S�B�I�M�N�J�U�U�F �C�F�J�
 �T�P�E�B�T�T �E�F�S �S�F�M�B�U�J�W�F �T�V�Q�F�S�B�U�P�N�B�S�F �"�O�U�F�J�M �C�F�J �F�J�O�F�S �C�F�T�T�F�S�F�O �.�B�T�T�F�O�T�F�Q�B�S�B�U�J�P�O �H�S�´�•�F�S �X�J�S�E��
�%�F�S �I�J�F�S �C�F�P�C�B�D�I�U�F�U�F �T�V�Q�F�S�B�U�P�N�B�S�F �"�O�U�F�J�M �L�B�O�O �B�M�T�P �B�M�T �F�J�O�F �V�O�U�F�S�F �(�S�F�O�[�F �W�F�S�T�U�B�O�E�F�O �X�F�S�E�F�O��
�"�V�G�H�S�V�O�E �E�F�S �F�I�F�S �T�D�I�M�F�D�I�U�F�O �.�B�T�T�F�O�B�V�T�´�T�V�O�H �X�V�S�E�F �E�B�S�B�V�Ø�J�O �E�F�S �$�M�V�T�U�F�S �4�O12�, �V�O�U�F�S�T�V�D�I�U�� �%�B�T �,�B�M�J�V�N
�C�F�T�J�U�[�U �F�C�F�O�G�B�M�M�T �F�J�O �G�S�F�J�F�T �&�M�F�L�U�S�P�O �J�O �E�F�Ss���4�D�I�B�M�F �V�O�E �F�J�O�F �G�B�T�U �E�P�Q�Q�F�M�U �T�P �H�S�P�•�F �.�B�T�T�F �X�J�F �/�B�
 �T�P�E�B�T�T �E�J�F
�4�J�H�O�B�M�F �E�F�S �E�P�U�J�F�S�U�F�O �V�O�E �V�O�E�P�U�J�F�S�U�F�O �4�O12���$�M�V�T�U�F�S �C�F�T�T�F�S �B�V�G�H�F�U�S�F�O�O�U �X�F�S�E�F�O�� �%�B�T �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F �4�U�S�B�I�M�Q�S�P�S�M
�[�F�J�H�U �F�C�F�O�G�B�M�M�T �F�J�O�F �U�F�J�M�X�F�J�T�F �T�V�Q�F�S�B�U�P�N�B�S�F �"�V�G�T�Q�B�M�U�V�O�H �J�O �[�X�F�J �,�P�N�Q�P�O�F�O�U�F�O �V�O�E �J�T�U �T�P�N�J�U �T�F�I�S �¢�I�O�M�J�D�I �[�V�N
�C�F�P�C�B�D�I�U�F�U�F�O �"�C�M�F�O�L�Q�S�P�S�M �W�P�O �4�O12�/�B�� �%�F�S �T�V�Q�F�S�B�U�P�N�B�S�F �"�O�U�F�J�M �J�T�U �I�J�F�S �K�F�E�P�D�I �H�F�S�J�O�H�F�S�� �%�J�F �R�V�B�O�U�F�O�D�I�F�N�J��
�T�D�I�F�O �3�F�D�I�O�V�O�H�F�O �[�V�S �H�F�P�N�F�U�S�J�T�D�I�F�O �4�U�S�V�L�U�V�S �F�S�H�F�C�F�O �[�X�F�J �*�T�P�N�F�S�F �N�J�U �F�J�O�F�S�T�F�J�U�TC���W�� �V�O�E �B�O�E�F�S�F�S�T�F�J�U�T
D ���E���4�Z�N�N�F�U�S�J�F�
 �E�J�F �O�B�I�F�[�V �F�O�F�S�H�F�U�J�T�D�I �F�O�U�B�S�U�F�U �T�J�O�E�� �-�F�U�[�U�F�S�F �C�F�T�J�U�[�U �E�B�C�F�J �F�J�O�F �S�F�M�B�U�J�W �O�J�F�E�S�J�H�F �4�D�I�X�J�O��
�H�V�O�H�T�N�P�E�F �W�P�O �O�V�S�~�N�J�O= 15 �D�N� 1�
 �X�P�C�F�J �E�J�F �W�P�S�I�F�S�H�F�T�B�H�U�F�Og���'�B�L�U�P�S�F�O �C�F�J�E�F�S �*�T�P�N�F�S�F �V�O�U�F�S ���
�� �M�J�F�H�F�O��
�%�F�N�F�O�U�T�Q�S�F�D�I�F�O�E �F�S�H�J�C�U �T�J�D�I �V�O�B�C�I�¢�O�H�J�H �W�P�O �E�F�S �F�Y�B�L�U�F�O �4�U�S�V�L�U�V�S �I�J�F�S �E�J�F�T�F�M�C�F �%�J�T�L�S�F�Q�B�O�[ �[�X�J�T�D�I�F�O �E�F�S
�F�Y�Q�F�S�J�N�F�O�U�F�M�M �C�F�P�C�B�D�I�U�F�U�F�O �N�B�H�O�F�U�J�T�D�I�F�O �"�C�M�F�O�L�V�O�H �V�O�E �E�F�O �R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F�O �3�F�D�I�O�V�O�H�F�O�
 �E�B �B�V�G�H�S�V�O�E

�v��



�%�F�F�M�P�H�Y�R�K �����r���%�Y�W �U�Y�E�R�X�I�R�G�L�I�Q�M�W�G�L�I�R �6�I�G�L�R�Y�R�K�I�R �I�V�Q�M�X�X�I�P�X�I �K�I�S�Q�I�X�V�M�W�G�L�I�R �7�X�V�Y�O�X�Y�V�I�R ���S�F�I�R�
 �Z�S�R �7�R12�<
�Q�M�X �< �! �2�E�� �/�� �'�Y�� �%�K�� �%�Y �Y�R�H �7�G�� �(�E�^�Y �W�M�R�H �H�M�I �-�W�S�Q�I�V�F�I�^�I�M�G�L�R�Y�R�K ���(�S�X�M�I�V�Y�R�K�W�E�X�S�Q �Y�R�H �4�P�E�X�^ �M�R �H�I�V
�I�R�I�V�K�I�X�M�W�G�L�I�R �6�I�M�L�I�R�J�S�P�K�I �E�P�W �V�¹�Q�M�W�G�L�I �>�M�J�J�I�V�
�� �H�M�I �4�Y�R�O�X�K�V�Y�T�T�I �M�R �/�P�E�Q�Q�I�V�R�� �H�M�I �V�I�P�E�X�M�Z�I �)�R�I�V�K�M�I �^�Y�Q
�+�1 �M�R �I�:�� �H�I�V �M�W�S�X�V�S�T�Ig���*�E�O�X�S�V �Y�R�H �H�M�I �R�M�I�H�V�M�K�W�X�I �7�G�L�[�M�R�K�Y�R�K�W�Q�S�H�I �M�R �G�Q� 1 �K�I�P�M�W�X�I�X�� �(�E�V�Y�R�X�I�V �W�M�R�H �H�M�I
�I�\�T�I�V�M�Q�I�R�X�I�P�P �I�V�Q�M�X�X�I�P�X�I�R �Q�E�K�R�I�X�M�W�G�L�I�R �%�F�P�I�R�O�T�V�S�x�P�I �F�I�MT�R�S�^�^�P�I= 16 �/ �K�I�^�I�M�K�X�� �(�M�I �W�M�Q�Y�P�M�I�V�X�I�R �%�F�P�I�R�O�T�V�S�x�P�I
�E�R�L�E�R�H �H�I�V �F�I�V�I�G�L�R�I�X�I�R �)�M�K�I�R�W�G�L�E�J�X�I�R �H�I�V �'�P�Y�W�X�I�V �Y�R�H �H�I�V �N�I�[�I�M�P�W �P�M�R�O�W �K�I�P�M�W�X�I�X�I�R �7�M�Q�Y�P�E�X�M�S�R�W�T�E�V�E�Q�I�X�I�V
�W�M�R�H �E�P�W �V�S�X�I �0�M�R�M�I �H�E�V�K�I�W�X�I�P�P�X��
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�E�F�S �T�Z�N�N�F�U�S�J�T�D�I�F�O �4�U�S�V�L�U�V�S �W�J�F�M�F �W�F�S�C�P�U�F�O�F �,�S�F�V�[�V�O�H�F�O �W�P�S�M�J�F�H�F�O�
 �E�J�F �B�V�G�H�S�V�O�E �E�F�Tg���'�B�L�U�P�S�T �W�P�Og < 2 �B�E�J�B��
�C�B�U�J�T�D�I �E�V�S�D�I�M�B�V�G�F�O �X�F�S�E�F�O�� �%�B�E�V�S�D�I �N�V�T�T �B�V�D�I �I�J�F�S �F�O�U�T�Q�S�F�D�I�F�O�E �F�J�O�F �O�J�F�E�S�J�H�F�S�F �4�D�I�X�J�O�H�V�O�H�T�U�F�N�Q�F�S�B�U�V�S
�W�P�OT�W�J�C= 30 �, �B�O�H�F�O�P�N�N�F�O�
 �V�N �E�B�T �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F �"�C�M�F�O�L�Q�S�P�S�M �J�O �H�V�U�F�S �/�¢�I�F�S�V�O�H �B�C�C�J�M�E�F�O �[�V �L�´�O�O�F�O��
�%�J�F �š�C�F�S�H�B�O�H�T�N�F�U�B�M�M�F �$�V�
 �"�H �V�O�E �"�V �C�F�T�J�U�[�F�O �F�C�F�O�G�B�M�M�T �O�V�S �F�J�O �F�J�O�[�F�M�O�F�T �G�S�F�J�F�T �7�B�M�F�O�[�F�M�F�L�U�S�P�O �J�O �E�F�Ss���4�D�I�B�M�F�

�T�P�E�B�T�T �J�N �'�P�M�H�F�O�E�F�O �4�O12�9 �N�J�U �9 �� �$�V�
 �"�H �V�O�E �"�V �C�F�U�S�B�D�I�U�F�U �X�F�S�E�F�O�� �)�J�F�S�C�F�J �J�T�U �E�B�S�B�V�G �I�J�O�[�V�X�F�J�T�F�O�
 �E�B�T�T �B�V�G��
�H�S�V�O�E �E�F�S �¢�I�O�M�J�D�I�F�O �.�B�T�T�F�O �W�P�O �"�H �V�O�E �4�O �J�T�P�U�P�Q�F�O�S�F�J�O�F�T120�4�O �W�F�S�X�F�O�E�F�U �X�V�S�E�F�� �'�º�S �B�M�M�F �E�S�F�J �$�M�V�T�U�F�S �X�J�S�E
�R�V�B�O�U�F�O�D�I�F�N�J�T�D�I �F�J�O�F �4�U�S�V�L�U�V�S �N�J�UD ���E���4�Z�N�N�F�U�S�J�F �V�O�Eg���'�B�L�U�P�S�F�O �J�N �#�F�S�F�J�D�I �W�P�O ���
�� �C�J�T ���
�� �W�P�S�I�F�S�H�F�T�B�H�U�� �*�N
�7�F�S�H�M�F�J�D�I �[�V �E�F�O �/�B�� �V�O�E �,���E�P�U�J�F�S�U�F�O �4�O12���,�¢�S�H�F�O �T�J�O�E �E�J�F �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �"�C�M�F�O�L�Q�S�P�S�M�F �B�T�Z�N�N�F�U�S�J�T�D�I �V�O�E
�[�F�J�H�F�O �J�O �3�J�D�I�U�V�O�H �E�F�T �(�S�B�E�J�F�O�U�F�O �F�U�X�B�T �H�S�´�•�F�S�F �*�O�U�F�O�T�J�U�¢�U�� �%�J�F�T�F�S �&�R�F�L�U �J�T�U �C�F�J�N �4�O12�$�V �B�N �B�V�T�H�F�Q�S�¢�H�U�F�T�U�F�O�

�T�P�E�B�T�T �E�B�T �T�J�N�V�M�J�F�S�U�F �4�U�S�B�I�M�Q�S�P�S�M �B�V�G �#�B�T�J�T �E�F�S �W�P�S�I�F�S�H�F�T�B�H�U�F�O �&�J�H�F�O�T�D�I�B�G�U�F�O �E�J�F �*�O�U�F�O�T�J�U�¢�U �J�O �E�F�S �S�F�D�I�U�F�O
�'�M�B�O�L�F �F�U�X�B�T �V�O�U�F�S�T�D�I�¢�U�[�U�� �%�F�O�O�P�D�I �H�J�C�U �E�B�T �T�J�N�V�M�J�F�S�U�F �1�S�P�S�M �E�J�F �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O �J�O �B�V�T�S�F�J�D�I�F�O�E
�H�V�U�F�S �š�C�F�S�F�J�O�T�U�J�N�N�V�O�H �X�J�F�E�F�S�� �#�F�J �E�F�O �C�F�J�E�F�O �B�O�E�F�S�F�O �4�Q�F�[�J�F�T �L�´�O�O�F�O �E�J�F �T�J�N�V�M�J�F�S�U�F�O �1�S�P�S�M�F �F�C�F�O�G�B�M�M�T
�E�B�T �F�Y�Q�F�S�J�N�F�O�U�F�M�M �C�F�P�C�B�D�I�U�F�U�F �"�C�M�F�O�L�Q�S�P�S�M �J�O �H�V�U�F�S �/�¢�I�F�S�V�O�H �B�C�C�J�M�E�F�O�
 �X�P�C�F�J �¢�I�O�M�J�D�I �X�J�F �C�F�J �E�F�O �[�V�W�P�S
�E�J�T�L�V�U�J�F�S�U�F�O �4�O12�/�B �V�O�E �4�O12�, �F�U�X�B�T �O�J�F�E�S�J�H�F�S�F �4�D�I�X�J�O�H�V�O�H�T�U�F�N�Q�F�S�B�U�V�S�F�O �H�F�X�¢�I�M�U �X�F�S�E�F�O �N�º�T�T�F�O��
�"�C�T�D�I�M�J�F�•�F�O�E �T�P�M�M �E�J�F �%�P�U�J�F�S�V�O�H �E�F�T �4�O12���,�¢�S�H�T �N�J�U �F�J�O�F�N �4�D���"�U�P�N �C�F�U�S�B�D�I�U�F�U �X�F�S�E�F�O�
 �E�B �E�B�T �F�J�O �G�S�F�J�F�T
�7�B�M�F�O�[�F�M�F�L�U�S�P�O �J�O �E�F�Sd���4�D�I�B�M�F �C�F�T�J�U�[�U�� �%�B�T �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F �4�U�S�B�I�M�Q�S�P�S�M �[�F�J�H�U �B�M�T �F�J�O�[�J�H�F�T �H�B�S �L�F�J�O�F �T�V�Q�F�S�B�U�P�N�B�S�F
�"�V�G�T�Q�B�M�U�V�O�H �T�P�O�E�F�S�O �O�V�S �F�J�O�F �$�V�S�J�F���,�P�N�Q�P�O�F�O�U�F�
 �X�B�T �E�B�S�B�V�G �I�J�O�E�F�V�U�F�U�
 �E�B�T�T �B�M�M�F �$�M�V�T�U�F�S �C�F�J�N �1�B�T�T�J�F�S�F�O
�E�F�T �.�B�H�O�F�U�G�F�M�E�T �4�Q�J�O�T�J�Q�T �E�V�S�D�I�M�B�V�G�F�O�� �2�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F �3�F�D�I�O�V�O�H�F�O �T�B�H�F�O �[�X�F�J �J�O �E�F�S �&�O�F�S�H�J�F �O�B�I�F�[�V
�F�O�U�B�S�U�F�U�F �4�U�S�V�L�U�V�S�F�O �N�J�UD ���E�� �V�O�ED ���I ���4�Z�N�N�F�U�S�J�F �W�P�S�B�V�T�
 �X�P�C�F�J �E�F�Sg���'�B�L�U�P�S �C�F�J �C�F�J�E�F�O �N�J�Ug � 1;5 �E�F�V�U�M�J�D�I
�V�O�U�F�S �E�F�N �8�F�S�U �E�F�T �G�S�F�J�F�O �&�M�F�L�U�S�P�O�T �M�J�F�H�U�� �%�J�F �O�J�F�E�S�J�H�T�U�F �4�D�I�X�J�O�H�V�O�H�T�N�P�E�F �M�J�F�H�U �C�F�J �E�F�S �[�X�F�J�U�F�O �4�U�S�V�L�U�V�S �O�V�S
�C�F�J�~�N�J�O= 6 �D�N� 1�
 �T�P�E�B�T�T �E�J�F�T�F �J�N �&�Y�Q�F�S�J�N�F�O�U �B�V�D�I �C�F�J �F�J�O�F�S �%�º�T�F�O�U�F�N�Q�F�S�B�U�V�S �W�P�OT�O�P�[�[�M�F= 16 �, �B�O�H�F�S�F�H�U
�X�¢�S�F�� �%�J�F �4�J�N�V�M�B�U�J�P�O�F�O �E�F�S �N�B�H�O�F�U�J�T�D�I�F�O �"�C�M�F�O�L�V�O�H �C�F�J�E�F�S �*�T�P�N�F�S�F �T�U�J�N�N�F�O �N�J�U �E�F�O �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O
�J�O �H�V�U�F�S �/�¢�I�F�S�V�O�H �º�C�F�S�F�J�O��
�;�V�T�B�N�N�F�O�G�B�T�T�F�O�E �L�B�O�O �H�F�T�B�H�U �X�F�S�E�F�O�
 �E�B�T�T �L�F�J�O�F�S �E�F�S �I�J�F�S �V�O�U�F�S�T�V�D�I�U�F�O �E�P�U�J�F�S�U�F�O �$�M�V�T�U�F�S �N�J�US = 1/2
�C�F�W�P�S�[�V�H�U �T�V�Q�F�S�B�U�P�N�B�S�F�T �7�F�S�I�B�M�U�F�O �[�F�J�H�U�� �"�V�T �E�F�O �&�S�H�F�C�O�J�T�T�F�O �E�F�S �R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F�O �3�F�D�I�O�V�O�H�F�O �N�V�T�T
�H�F�T�D�I�M�P�T�T�F�O �X�F�S�E�F�O�
 �E�B�T�T �E�J�F �6�S�T�B�D�I�F �I�J�F�S�G�º�S �[�V�N �F�J�O�F�O �J�O �E�F�S �W�F�S�T�U�¢�S�L�U�F�O �4�Q�J�O���#�B�I�O���8�F�D�I�T�F�M�X�J�S�L�V�O�H �M�J�F�H�U�

�E�J�F �4�Q�J�O�T�J�Q�T �C�F�H�º�O�T�U�J�H�U�
 �V�O�E �[�V�N �B�O�E�F�S�F�O �N�J�U �E�F�S �I�P�I�F�O �%�J�D�I�U�F �B�O �W�F�S�C�P�U�F�O�F�O �,�S�F�V�[�V�O�H�F�O �[�V�T�B�N�N�F�O�I�¢�O�H�U�

�E�B �L�F�J�O�F�S �E�F�S �C�F�S�F�D�I�O�F�U�F�O �4�U�S�V�L�U�V�S�F�O �F�J�O�F �T�Q�I�¢�S�J�T�D�I�F �(�F�P�N�F�U�S�J�F �B�V�G�X�F�J�T�U�� �*�O �E�J�F�T�F�N �'�B�M�M �X�º�S�E�F �F�S�X�B�S�U�F�U
�X�F�S�E�F�O�
 �E�B�T�T �J�O �E�F�S �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �N�B�H�O�F�U�J�T�D�I�F�O �"�C�M�F�O�L�V�O�H �O�B�I�F�[�V �L�F�J�O �T�V�Q�F�S�B�U�P�N�B�S�F�T �7�F�S�I�B�M�U�F�O �N�F�I�S
�C�F�P�C�B�D�I�U�F�U �X�F�S�E�F�O �L�B�O�O�� �0�C �E�J�F �O�J�F�E�S�J�H�F�O �8�F�S�U�F �G�º�ST�W�J�C�
 �E�J�F �O�P�U�X�F�O�E�J�H �G�º�S �F�J�O�F �[�V�G�S�J�F�E�F�O�T�U�F�M�M�F�O�E�F �4�J�N�V�M�B��
�U�J�P�O �T�J�O�E�
 �E�B�S�B�V�G �[�V�S�º�D�L�[�V�G�º�I�S�F�O �T�J�O�E�
 �E�B�T�T �E�J�Fg���'�B�L�U�P�S�F�O �O�J�D�I�U �S�J�D�I�U�J�H �W�P�S�I�F�S�H�F�T�B�H�U �X�F�S�E�F�O �L�´�O�O�F�O �P�E�F�S
�F�W�F�O�U�V�F�M�M �O�J�D�I�U �E�J�F �S�J�D�I�U�J�H�F�O �4�U�S�V�L�U�V�S�J�T�P�N�F�S�F �J�E�F�O�U�J�S�[�J�F�S�U �X�V�S�E�F�O�
 �C�M�F�J�C�U �F�J�O�F �P�R�F�O�F �'�S�B�H�F�� �%�B�T �C�F�E�F�V�U�F�U
�B�C�F�S �V�N�H�F�L�F�I�S�U�
 �E�B�T�T �G�º�S �E�J�F�T�F �F�J�O�G�B�D�I�F�O �N�P�M�F�L�V�M�B�S�F�O �N�B�H�O�F�U�J�T�D�I�F�O �4�Z�T�U�F�N�F�
 �E�J�F �B�V�T �F�J�O�F�N �E�J�B�N�B�H�O�F�U�J��
�T�D�I�F�O �,�¢�S�H �V�O�E �O�V�S �F�J�O�F�N �Q�B�S�B�N�B�H�O�F�U�J�T�D�I�F�O �"�U�P�N �N�J�U �F�J�O�F�N �F�J�O�[�F�M�O�F�O �G�S�F�J�F�O �7�B�M�F�O�[�F�M�F�L�U�S�P�O �C�F�T�U�F�I�F�O�

�E�J�F �N�B�H�O�F�U�J�T�D�I�F �"�C�M�F�O�L�V�O�H �O�P�D�I �O�J�D�I�U �H�¢�O�[�M�J�D�I �W�F�S�T�U�B�O�E�F�O �J�T�U�� �)�J�F�S�G�º�S �C�S�B�V�D�I�U �F�T �E�F�S�O�J�U�J�W �V�N�G�B�O�H�S�F�J�D�I�F�S�F
�R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F �3�F�D�I�O�V�O�H�F�O �B�V�G �I�´�I�F�S�F�N �5�I�F�P�S�J�F�O�J�W�F�B�V�
 �V�N �E�J�F �F�M�F�L�U�S�P�O�J�T�D�I�F �4�U�S�V�L�U�V�S �E�F�S �$�M�V�T�U�F�S �V�O�E
�E�B�N�J�U �E�F�S�F�O �N�B�H�O�F�U�J�T�D�I�F �&�J�H�F�O�T�D�I�B�G�U�F�O �H�F�O�B�V�F�S �W�P�S�I�F�S�T�B�H�F�O �[�V �L�´�O�O�F�O�� �%�F�O�O�P�D�I �[�F�J�H�F�O �E�J�F �&�S�H�F�C�O�J�T�T�F
�B�V�D�I�
 �E�B�T�T �E�V�S�D�I �E�J�F �.�´�H�M�J�D�I�L�F�J�U�
 �E�B�T �F�J�O�[�F�M�O�F �Q�B�S�B�N�B�H�O�F�U�J�T�D�I�F �;�F�O�U�S�V�N �B�V�T�U�B�V�T�D�I�F�O �[�V �L�´�O�O�F�O�
 �E�J�F �F�J�O�G�B�D�I
�E�P�U�J�F�S�U�F�O �E�J�B�N�B�H�O�F�U�J�T�D�I�F�O �5�F�U�S�F�M�D�M�V�T�U�F�S �T�J�D�I �P�Q�U�J�N�B�M �E�B�[�V �F�J�H�O�F�O�
 �E�F�O �.�B�H�O�F�U�J�T�N�V�T �B�V�G �N�P�M�F�L�V�M�B�S�F�S �&�C�F�O�F
�[�V �W�F�S�¢�O�E�F�S�O �V�O�E �E�B�N�J�U �F�J�O �U�J�F�G�F�S�F�T �7�F�S�T�U�¢�O�E�O�J�T �E�B�G�º�S �[�V �F�O�U�X�J�D�L�F�M�O�
 �X�J�F �N�B�•�H�F�T�D�I�O�F�J�E�F�S�U�F �O�B�O�P�T�L�B�M�J�H�F
�4�Z�T�U�F�N�F �G�º�S �[�V�L�º�O�G�U�J�H�F �U�F�D�I�O�J�T�D�I�F �"�O�X�F�O�E�V�O�H �F�O�U�X�J�D�L�F�M�U �X�F�S�E�F�O �L�´�O�O�F�O��

�7�Y�T�I�V�E�X�S�Q�E�V�I�W �:�I�V�L�E�P�X�I�R �Z�S�R �7�R�2�+�E �Q�M�X�2�!�u���ø��

�"�C�T�D�I�M�J�F�•�F�O�E �T�P�M�M �F�J�O �C�F�T�P�O�E�F�S�F�S �'�P�L�V�T �B�V�G �E�B�T �N�B�H�O�F�U�J�T�D�I�F �"�C�M�F�O�L�W�F�S�I�B�M�U�F�O �W�P�O �(�B���E�P�U�J�F�S�F�O �4�O���$�M�V�T�U�F�S�O
�H�F�M�F�H�U �X�F�S�E�F�O�� �'�º�S �E�J�F�T�F�T �4�Z�T�U�F�N �X�J�S�E �O�¢�N�M�J�D�I �C�F�P�C�B�D�I�U�F�U�
 �E�B�T�T �E�J�F �N�F�J�T�U�F�O �$�M�V�T�U�F�S�H�S�´�•�F�O �J�N �º�C�M�J�D�I�F�S�X�F�J�T�F

�ù�w�w



�C�F�P�C�B�D�I�U�C�B�S�F�O �(�S�´�•�F�O�C�F�S�F�J�D�I �W�P�ON = 9 � 16 �4�O���"�U�P�N�F�O �T�V�Q�F�S�B�U�P�N�B�S�F �4�U�S�B�I�M�L�P�N�Q�P�O�F�O�U�F�O �B�V�G�X�F�J�T�F�O��
�%�B�T �C�F�E�F�V�U�F�U�
 �E�B�T�T �E�J�F�T�F �$�M�V�T�U�F�S �F�O�U�X�F�E�F�S �F�J�O�F �I�P�I�F �4�Z�N�N�F�U�S�J�F �B�V�G�X�F�J�T�F�O �P�E�F�S �E�J�F �W�F�S�C�P�U�F�O�F�O �,�S�F�V�[�V�O�H�F�O
�O�V�S �E�J�B�C�B�U�J�T�D�I �E�V�S�D�I�M�B�V�G�F�O �X�F�S�E�F�O �V�O�E �F�T �C�F�J �E�F�O �N�F�J�T�U�F�O �$�M�V�T�U�F�S�O �O�J�D�I�U �[�V �F�J�O�F�O �4�Q�J�O�T�J�Q �C�F�J�N �1�B�T�T�J�F�S�F�O
�E�F�T �.�B�H�O�F�U�G�F�M�E�T �L�P�N�N�U�� �6�N �E�J�F�T�F �C�F�J�E�F�O �6�S�T�B�D�I�F�O �V�O�U�F�S�T�D�I�F�J�E�F�O �V�O�E �E�B�T �C�F�P�C�B�D�I�U�F�U�F �"�C�M�F�O�L�W�F�S�I�B�M�U�F�O
�E�J�T�L�V�U�J�F�S�F�O �[�V �L�´�O�O�F�O�
 �N�º�T�T�F�O �E�J�F �H�F�P�N�F�U�S�J�T�D�I�F�O �4�U�S�V�L�U�V�S�F�O �E�F�S �$�M�V�T�U�F�S �C�F�L�B�O�O�U �T�F�J�O�� �%�B�G�º�S �X�F�S�E�F�O �E�J�F
�H�F�P�N�F�U�S�J�T�D�I�F�O �4�U�S�V�L�U�V�S�F�O �E�F�S �4�ON �(�B �N�J�UN = 9 � 16 �F�S�N�J�U�U�F�M�U �V�O�E �E�B�T �F�M�F�L�U�S�J�T�D�I�F �"�C�M�F�O�L�W�F�S�I�B�M�U�F�O �E�V�S�D�I
�E�J�F �L�M�B�T�T�J�T�D�I�F �#�F�T�D�I�S�F�J�C�V�O�H �E�F�S �3�P�U�B�U�J�P�O�T�E�Z�O�B�N�J�L �J�N �F�M�F�L�U�S�J�T�D�I�F�O �'�F�M�E �	�,�B�Q�J�U�F�M �������
 �T�J�N�V�M�J�F�S�U�� �'�º�S �E�J�F �R�V�B�O��
�U�F�O�D�I�F�N�J�T�D�I�F �#�F�S�F�D�I�O�V�O�H �E�F�S �4�U�S�V�L�U�V�S�F�O �X�V�S�E�F �F�J�O�F �4�Q�J�O�N�V�M�U�J�Q�M�J�[�J�U�¢�U �W�P�OS = 1/2 �B�O�H�F�O�P�N�N�F�O�� �%�J�F �B�N
�X�B�I�S�T�D�I�F�J�O�M�J�D�I�T�U�F�O �J�N �&�Y�Q�F�S�J�N�F�O�U �W�P�S�M�J�F�H�F�O�E�F �4�U�S�V�L�U�V�S �J�N �#�F�S�F�J�D�I �W�P�O� E � 0;1 �F�7 �S�F�M�B�U�J�W �[�V�N �(�. �G�º�S �F�J�O�F
�C�F�T�U�J�N�N�U�F �$�M�V�T�U�F�S�H�S�´�•�F �L�B�O�O �E�V�S�D�I �E�F�O �7�F�S�H�M�F�J�D�I �N�J�U �E�F�N �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �"�C�M�F�O�L�Q�S�P�S�M �F�S�N�J�U�U�F�M�U �X�F�S�E�F�O�� �*�O
�E�F�S �G�P�M�H�F�O�E�F�O �"�C�C�J�M�E�V�O�H ������ �T�J�O�E �E�B�G�º�S �[�V�N �F�J�O�F�O �E�J�F �O�B�D�I �E�F�S �J�O �,�B�Q�J�U�F�M �� �C�F�T�D�I�S�J�F�C�F�O�F�O �3�P�V�U�J�O�F �F�S�I�B�M�U�F�O�F�O
�4�U�S�V�L�U�V�S�J�T�P�N�F�S�F �N�J�U �E�F�S �1�V�O�L�U�H�S�V�Q�Q�F�
 �E�F�S �S�F�M�B�U�J�W�F�O �&�O�F�S�H�J�F� E �[�V�N �(�. �J�O �F�7�
 �E�F�N �F�M�F�L�U�S�J�T�D�I�F�O �%�J�Q�P�M�N�P��
�N�F�O�U �J�O �%�F�C�Z�F�
 �E�F�S �O�J�F�E�S�J�H�T�U�F�O �4�D�I�X�J�O�H�V�O�H�T�N�P�E�F �J�O �D�N� 1 �V�O�E �E�F�Ng���'�B�L�U�P�S �H�F�M�J�T�U�F�U�� �;�V�N �B�O�E�F�S�F�O �T�J�O�E �E�J�F
�F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �F�M�F�L�U�S�J�T�D�I�F�O �4�U�S�B�I�M�Q�S�P�S�M�F �C�F�JT�O�P�[�[�M�F= 16 �, �V�O�E �F�J�O�F�S �"�C�M�F�O�L�T�Q�B�O�O�V�O�H �W�P�OU = 24 �L�7 �J�N
�7�F�S�H�M�F�J�D�I �N�J�U �E�F�O �4�J�N�V�M�B�U�J�P�O�F�O �	�V�O�U�F�O�
 �B�C�H�F�C�J�M�E�F�U�� �%�B �E�F�S �$�M�V�T�U�F�S �4�O12�(�B �X�F�J�U�F�S �P�C�F�O �C�F�S�F�J�U�T �B�V�T�G�º�I�S�M�J�D�I
�E�J�T�L�V�U�J�F�S�U �J�T�U�
 �X�J�S�E �F�S �J�N �'�P�M�H�F�O�E�F�O �O�J�D�I�U �N�F�I�S �C�F�U�S�B�D�I�U�F�U��
�'�º�S �E�J�F �I�J�F�S �H�F�[�F�J�H�U�F�O �$�M�V�T�U�F�S �T�J�O�E �B�M�M�F �B�V�T �E�F�O �R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F�O �3�F�D�I�O�V�O�H�F�O �F�S�I�B�M�U�F�O�F�O �4�U�S�V�L�U�V�S�J�T�P�N�F�S�F
�B�T�Z�N�N�F�U�S�J�T�D�I�� �4�F�M�C�T�U �E�B�T �F�J�O�[�J�H�F �*�T�P�N�F�S �E�F�T �4�O11�(�B���$�M�V�T�U�F�S�T�
�������*�
 �E�B�T �B�O �E�J�F �(�F�P�N�F�U�S�J�F �E�F�T �4�O11�.�O �N�J�U
C���W���4�Z�N�N�F�U�S�J�F �F�S�J�O�O�F�S�U �<�����
 �������>�
 �J�T�U �T�P �T�U�B�S�L �W�F�S�[�F�S�S�U�
 �E�B�T�T �F�T �O�V�S �O�P�D�I �F�J�O�F �4�Q�J�F�H�F�M�F�C�F�O�F �	C�4���4�Z�N�N�F�U�S�J�F�

�B�V�G�X�F�J�T�U �V�O�E �B�M�T �B�T�Z�N�N�F�U�S�J�T�D�I�F�S �3�P�U�P�S �W�P�S�M�J�F�H�U�� �#�F�J �E�F�O �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �4�U�S�B�I�M�Q�S�P�S�M�F�O �G�¢�M�M�U �B�V�G�
 �E�B�T�T �B�M�M�F
�$�M�V�T�U�F�S �F�J�O�F �7�F�S�C�S�F�J�U�F�S�V�O�H �E�V�S�D�I �E�B�T �F�M�F�L�U�S�J�T�D�I�F �'�F�M�E �[�F�J�H�F�O�� �%�B�T �E�F�V�U�F�U �E�B�S�B�V�G �I�J�O�
 �E�B�T�T �E�J�F �$�M�V�T�U�F�S �Q�P�M�B�S
�T�J�O�E�� �%�F�S �7�F�S�H�M�F�J�D�I �E�J�F�T�F�S �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �1�S�P�S�M�F �N�J�U �E�F�O �4�J�N�V�M�B�U�J�P�O�F�O �F�S�M�B�V�C�U �G�º�S �E�F�O �4�O10�(�B �F�J�O�F �L�M�B�S�F
�4�U�S�V�L�U�V�S�E�J�T�L�S�J�N�J�O�J�F�S�V�O�H�
 �X�P�C�F�J �I�J�F�S �N�J�U �I�P�I�F�S �8�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U �E�B�T �*�T�P�N�F�S �N�J�U �E�F�N �L�M�F�J�O�F�S�F�O �F�M�F�L�U�S�J�T�D�I�F�O
�%�J�Q�P�M�N�P�N�F�O�U�������*�J�N �&�Y�Q�F�S�J�N�F�O�U �W�P�S�M�J�F�H�U�� �"�V�D�I �G�º�S �4�O13�(�B �L�B�O�O �F�J�O�E�F�V�U�J�H �E�B�T �*�T�P�N�F�S�������*�*�[�V�H�F�P�S�E�O�F�U
�X�F�S�E�F�O�
 �E�B �F�T �E�J�F �*�O�U�F�O�T�J�U�¢�U �J�O �E�F�S �4�U�S�B�I�M�N�J�U�U�F �B�N �C�F�T�U�F�O �C�F�T�D�I�S�F�J�C�U�� �#�F�J �E�F�O �$�M�V�T�U�F�S�O �N�J�UN = 11; 14; 15
�L�B�O�O �E�J�F �F�J�O�[�J�H�F �J�N �S�F�M�F�W�B�O�U�F�O �&�O�F�S�H�J�F�C�F�S�F�J�D�I �W�P�S�I�F�S�H�F�T�B�H�U�F �H�F�P�N�F�U�S�J�T�D�I�F �4�U�S�V�L�U�V�S �E�J�F �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O
�%�B�U�F�O �J�O �T�F�I�S �H�V�U�F�S �š�C�F�S�F�J�O�T�U�J�N�N�V�O�H �B�C�C�J�M�E�F�O�� �&�J�O�F �L�M�B�S�F �%�J�T�L�S�J�N�J�O�J�F�S�V�O�H �E�F�S �4�U�S�V�L�U�V�S�J�T�P�N�F�S�F �G�º�S �4�O9�(�B
�J�T�U �E�B�H�F�H�F�O �O�J�D�I�U �N�´�H�M�J�D�I�
 �E�B �T�J�D�I �B�M�M�F �E�S�F�J �*�T�P�N�F�S�F �J�O �4�U�S�V�L�U�V�S �V�O�E �F�M�F�L�U�S�J�T�D�I�F�O �&�J�H�F�O�T�D�I�B�G�U�F�O �T�F�I�S �¢�I�O�M�J�D�I
�T�J�O�E�� �%�F�O�O�P�D�I �T�U�J�N�N�F�O �E�J�F �T�J�N�V�M�J�F�S�U�F�O �4�U�S�B�I�M�Q�S�P�S�M�F �B�M�M�F�S �E�J�F�T�F�S �*�T�P�N�F�S�F �N�J�U �E�F�O �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O
�º�C�F�S�F�J�O�� �*�N �'�B�M�M �E�F�T �4�O16�(�B �I�J�O�H�F�H�F�O �º�C�F�S�T�D�I�¢�U�[�F�O �E�J�F �T�J�N�V�M�J�F�S�U�F�O �1�S�P�S�M�F �C�F�J�E�F�S �*�T�P�N�F�S�F �E�J�F �J�N �&�Y�Q�F�S�J�N�F�O�U
�C�F�P�C�B�D�I�U�F�U�F �"�C�M�F�O�L�V�O�H�� �%�J�F �6�S�T�B�D�I�F �I�J�F�S�G�º�S �M�J�F�H�U �F�O�U�X�F�E�F�S �E�B�S�J�O�
 �E�B�T�T �E�B�T �*�T�P�N�F�S�
 �E�B�T �J�N �&�Y�Q�F�S�J�N�F�O�U �Q�S�¢�T�F�O�U
�J�T�U�
 �E�V�S�D�I �E�J�F �R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F�O �3�F�D�I�O�V�O�H�F�O �O�J�D�I�U �H�F�G�V�O�E�F�O �X�V�S�E�F �P�E�F�S �E�B�T�T �E�J�F �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F �7�F�S�C�S�F�J�U�F��
�S�V�O�H �C�F�J �F�J�O�H�F�T�D�I�B�M�U�F�U�F�N �'�F�M�E �W�F�S�N�J�O�E�F�S�U �X�J�S�E �V�O�E �F�J�O �H�F�R�V�F�O�D�I�U�F�T �F�M�F�L�U�S�J�T�D�I�F�T �%�J�Q�P�M�N�P�N�F�O�U �C�F�P�C�B�D�I�U�F�U
�X�J�S�E�� �%�J�F�T�F�T �2�V�F�O�D�I�F�O �L�B�O�O �F�J�O�F�S�T�F�J�U�T �E�V�S�D�I �F�J�O�F �4�D�I�X�J�O�H�V�O�H�T�B�O�S�F�H�V�O�H �E�F�S �$�M�V�T�U�F�S �<�����> �P�E�F�S �E�V�S�D�I �4�U�´�•�F
�N�J�U �E�F�N �)�J�O�U�F�S�H�S�V�O�E�H�B�T �J�O �E�F�S �"�C�M�F�O�L�L�B�N�N�F�S �<�����
 �����> �W�F�S�V�S�T�B�D�I�U �X�F�S�E�F�O�� �%�B �E�J�F �4�D�I�X�J�O�H�V�O�H�T�N�P�E�F�O �E�F�T
�4�O16�(�B���$�M�V�T�U�F�S�T �O�J�D�I�U �W�J�F�M �H�F�S�J�O�H�F�S �T�J�O�E �B�M�T �C�F�J �E�F�O �B�O�E�F�S�F�O �I�J�F�S �H�F�[�F�J�H�U�F�O �4�Q�F�[�J�F�T�
 �X�J�S�E �W�F�S�N�V�U�F�U�
 �E�B�T�T �F�T �T�J�D�I
�V�N �F�J�O �2�V�F�O�D�I�F�O �E�V�S�D�I �M�B�O�H�S�F�J�D�I�X�F�J�U�J�H�F �4�U�´�•�F �N�J�U �E�F�N �)�J�O�U�F�H�S�V�O�E�H�B�T �I�B�O�E�F�M�U�� �%�J�F�T�F�S �&�R�F�L�U �J�T�U �I�J�F�S �T�U�¢�S�L�F�S
�B�V�T�H�F�Q�S�¢�H�U�
 �E�B �E�J�F �C�F�J�E�F�O �*�T�P�N�F�S�F �W�P�O �4�O16�(�B �C�F�T�P�O�E�F�S�T �Q�P�M�B�S �T�J�O�E�� �&�J�O�F �F�J�O�E�F�V�U�J�H�F �;�V�P�S�E�O�V�O�H �J�T�U �E�V�S�D�I �E�J�F
�F�M�F�L�U�S�J�T�D�I�F�O �"�C�M�F�O�L�E�B�U�F�O �B�M�M�F�J�O�F �O�J�D�I�U �N�´�H�M�J�D�I�
 �E�B �F�T �O�P�D�I �L�F�J�O�F �.�´�H�M�J�D�I�L�F�J�U �H�J�C�U�
 �E�J�F�T�F�T �2�V�F�O�D�I�F�O �R�V�B�O�U�J�U�B�U�J�W
�B�C�[�V�C�J�M�E�F�O�� �&�T �N�V�T�T �K�F�E�P�D�I �E�B�S�B�V�G �I�J�O�H�F�X�J�F�T�F�O �X�F�S�E�F�O�
 �E�B�T�T �V�O�U�F�S �E�F�S �#�F�S�º�D�L�T�J�D�I�U�J�H�V�O�H �E�J�F�T�F�T �&�R�F�L�U�T �C�F�J�N
�4�O13�(�B �E�J�F �*�T�P�N�F�S�F�������*�V�O�E�������*�*�*�O�J�D�I�U �H�¢�O�[�M�J�D�I �B�V�T�H�F�T�D�I�M�P�T�T�F�O �X�F�S�E�F�O �L�´�O�O�F�O�
 �E�B �I�J�F�S �F�C�F�O�G�B�M�M�T �F�J�O�F
�H�S�P�•�F �7�F�S�C�S�F�J�U�F�S�V�O�H �C�F�P�C�B�D�I�U�F�U �X�J�S�E �V�O�E �B�O�B�M�P�H �[�V�N �4�O16�(�B �E�B�T �F�Y�Q�F�S�J�N�F�O�U�F�M�M �C�F�P�C�B�D�I�U�F�U�F �%�J�Q�P�M�N�P�N�F�O�U
�H�F�R�V�F�O�D�I�U �T�F�J�O �L�´�O�O�U�F�� �&�T �L�B�O�O �U�S�P�U�[�E�F�N �B�V�T �E�F�N �F�M�F�L�U�S�J�T�D�I�F�O �"�C�M�F�O�L�F�Y�Q�F�S�J�N�F�O�U �E�F�S �4�ON �(�B���$�M�V�T�U�F�S �N�J�U
N = 9 � 16 �H�F�T�D�I�M�P�T�T�F�O �X�F�S�E�F�O�
 �E�B�T�T �B�M�M�F �E�J�F�T�F �$�M�V�T�U�F�S �B�M�T �O�J�D�I�U �T�Q�I�¢�S�J�T�D�I�F �3�P�U�P�S�F�O �W�P�S�M�J�F�H�F�O�
 �X�F�J�M �B�M�M�F
�4�U�S�B�I�M�Q�S�P�S�M�F �F�J�O�F �B�V�T�H�F�Q�S�¢�H�U�F �7�F�S�C�S�F�J�U�F�S�V�O�H �J�N �F�M�F�L�U�S�J�T�D�I�F�O �'�F�M�E �[�F�J�H�F�O��
�*�O �"�C�C�J�M�E�V�O�H ������ �T�J�O�E �E�J�F �N�B�H�O�F�U�J�T�D�I�F�O �"�C�M�F�O�L�Q�S�P�S�M�F �E�F�S �4�ON �(�B���$�M�V�T�U�F�S �N�J�UN = 9 � 16 �C�F�JT�O�P�[�[�M�F= 16 �, �H�F��
�[�F�J�H�U �V�O�E �X�F�S�E�F�O �J�N �'�P�M�H�F�O�E�F�O �B�V�G �#�B�T�J�T �E�F�S �J�E�F�O�U�J�S�[�J�F�S�U�F�O �4�U�S�V�L�U�V�S�J�T�P�N�F�S�F �E�J�T�L�V�U�J�F�S�U�
 �J�O�E�F�N �E�B�T �N�B�H�O�F�U�J�T�D�I�F
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�%�F�F�M�P�H�Y�R�K �����s���(�M�I �E�Y�W �U�Y�E�R�X�I�R�G�L�I�Q�M�W�G�L�I�R �6�I�G�L�R�Y�R�K�I�R �I�V�L�E�P�X�I�R�I �K�I�S�Q�I�X�V�M�W�G�L�I �7�X�V�Y�O�X�Y�V�I�R �Z�S�R �7�RN �+�E �Q�M�X
N = 9 � 16 �W�M�R�H �Q�M�X �H�I�V �4�Y�R�O�X�K�V�Y�T�T�I�� �H�I�V �V�I�P�E�X�M�Z�I�R �)�R�I�V�K�M�I �^�Y�Q �+�1 �M�R �I�:�� �H�I�Q �I�P�I�O�X�V�M�W�G�L�I�R �(�M�T�S�P�Q�S�Q�I�R�X �M�R
�(�I�F�]�I�� �H�I�V �R�M�I�H�V�M�K�W�X�I�R �7�G�L�[�M�R�K�Y�R�K�W�Q�S�H�I �M�R �G�Q� 1 �Y�R�H �H�I�Q �M�W�S�X�V�S�T�I�Rg���*�E�O�X�S�V ���S�F�I�R�
 �K�I�^�I�M�K�X�� �>�Y�W�§�X�^�P�M�G�L
�W�M�R�H �H�M�I �I�\�T�I�V�M�Q�I�R�X�I�P�P�I�R �Y�R�H �W�M�Q�Y�P�M�I�V�X�I�R �I�P�I�O�X�V�M�W�G�L�I�R �%�F�P�I�R�O�T�V�S�x�P�I �E�F�K�I�F�M�P�H�I�X ���Y�R�X�I�R�
��
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�%�F�F�M�P�H�Y�R�K �����t���)�\�T�I�V�M�Q�I�R�X�I�P�P�I �Q�E�K�R�I�X�M�W�G�L�I �%�F�P�I�R�O�T�V�S�x�P�I �Z�S�R �7�RN �+�E �Q�M�XN = 9 � 16 �F�I�MT�R�S�^�^�P�I= 16 �/��
�>�Y�W�§�X�^�P�M�G�L �W�M�R�H �H�M�I �W�M�Q�Y�P�M�I�V�X�I�R �Q�E�K�R�I�X�M�W�G�L�I�R �%�F�P�I�R�O�T�V�S�x�P�I �E�Y�J �&�E�W�M�W �H�I�W�E�Z�S�M�H�I�H���G�V�S�W�W�M�R�K���1�S�H�I�P�P�W ���V�S�X�I
�K�I�W�X�V�M�G�L�I�P�X�I �0�M�R�M�I�
 �E�F�K�I�F�M�P�H�I�X�� �(�M�I �L�M�I�V�J�¿�V �Z�I�V�[�I�R�H�I�X�I�R �)�M�R�K�E�F�I�T�E�V�E�Q�I�X�I�V �W�M�R�H �E�Y�J �H�I�V �P�M�R�O�I�R �7�I�M�X�I �J�¿�V �N�I�H�I�R
�'�P�Y�W�X�I�V �K�I�P�M�W�X�I�X��

�"�C�M�F�O�L�W�F�S�I�B�M�U�F�O �º�C�F�S �E�J�F �O�V�N�F�S�J�T�D�I�F �4�J�N�V�M�B�U�J�P�O�F�O �J�N �3�B�I�N�F�O �E�F�T�B�W�P�J�E�F�E���D�S�P�T�T�J�O�H���.�P�E�F�M�M�T �	�,�B�Q�J�U�F�M �������
 �G�º�S
�B�M�M�F �$�M�V�T�U�F�S�H�S�´�•�F�O �E�V�S�D�I�H�F�G�º�I�S�U �X�J�S�E�� �8�J�F �C�F�S�F�J�U�T �F�S�X�¢�I�O�U�
 �[�F�J�H�F�O �G�B�T�U �B�M�M�F �$�M�V�T�U�F�S �J�O �E�J�F�T�F�N �(�S�´�•�F�O�C�F�S�F�J�D�I
�T�V�Q�F�S�B�U�P�N�B�S�F�T �"�C�M�F�O�L�W�F�S�I�B�M�U�F�O �C�F�J �F�J�O�H�F�T�D�I�B�M�U�F�U�F�N �'�F�M�E�� �-�F�E�J�H�M�J�D�I �E�J�F �4�ON �(�B���$�M�V�T�U�F�S �N�J�UN = 10 �V�O�E11
�[�F�J�H�F�O �O�V�S �F�J�O�F �M�F�J�D�I�U�F �7�F�S�C�S�F�J�U�F�S�V�O�H �E�F�S �[�F�O�U�S�B�M�F�O �4�U�S�B�I�M�L�P�N�Q�P�O�F�O�U�F �V�O�E �F�J�O �T�D�I�X�B�D�I�F�T �"�V�T�T�D�I�N�J�F�S�F�O �J�O
�(�S�B�E�J�F�O�U�F�O�S�J�D�I�U�V�O�H��
�%�B �B�V�T �E�F�O �F�M�F�L�U�S�J�T�D�I�F�O �"�C�M�F�O�L�E�B�U�F�O �I�F�S�W�P�S�H�F�I�U�
 �E�B�T�T �F�T �T�J�D�I �C�F�J �B�M�M �E�J�F�T�F�O �$�M�V�T�U�F�S�O �V�N �B�T�Z�N�N�F�U�S�J�T�D�I�F �3�P�U�P��
�S�F�O �I�B�O�E�F�M�U�
 �N�V�T�T �G�º�S �E�J�F �4�Q�F�[�J�F�T �N�J�UN = 9 ; 13; 14; 15 �V�O�E16 �J�N �3�B�I�N�F�O �E�F�T�B�W�P�J�E�F�E���D�S�P�T�T�J�O�H���.�P�E�F�M�M�T �E�J�F
�8�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U �G�º�S �F�J�O�F�O �4�Q�J�O�T�J�Qp�B�E�H�F�S�J�O�H �T�F�J�O�
 �T�P�E�B�T�T �G�º�S �F�J�O�F�O �5�F�J�M �E�F�S �$�M�V�T�U�F�S �E�F�S �4�Q�J�O �C�F�J�N �1�B�T�T�J�F�S�F�O
�E�F�T �.�B�H�O�F�U�G�F�M�E�T �F�S�I�B�M�U�F�O �C�M�F�J�C�U �V�O�E �E�J�F �J�N �&�Y�Q�F�S�J�N�F�O�U �U�F�J�M�X�F�J�T�F �C�F�P�C�B�D�I�U�F�U�F �T�V�Q�F�S�B�U�P�N�B�S�F �"�V�G�T�Q�B�M�U�V�O�H
�[�V�T�U�B�O�E�F �L�P�N�N�U�� �%�J�F�T�F �8�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U �J�T�U �L�M�F�J�O�
 �X�F�O�O �E�J�F �"�C�X�F�J�D�I�V�O�H �E�F�Tg���'�B�L�U�P�S�T �W�P�N �8�F�S�U �G�º�S �E�B�T �G�S�F�J�F
�&�M�F�L�U�S�P�O �H�F�S�J�O�H �J�T�U �V�O�E �F�T �E�F�N�F�O�U�T�Q�S�F�D�I�F�O�E �O�J�D�I�U �W�F�S�T�U�¢�S�L�U �[�V �4�Q�J�O���3�P�U�B�U�J�P�O���8�F�D�I�T�F�M�X�J�S�L�V�O�H�F�O �J�N �$�M�V�T�U�F�S
�L�P�N�N�U�� �%�B �E�J�F �#�F�S�F�D�I�O�V�O�H �E�F�S �4�Q�J�O���3�P�U�B�U�J�P�O�T�L�P�Q�Q�M�V�O�H�T�L�P�O�T�U�B�O�U�F� �4�3�V�O�E �E�F�S �E�B�S�B�V�G �C�B�T�J�F�S�F�O�E�F�O �%�V�S�D�I��
�H�B�O�H�T�X�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�Up�B�E�O�B�D�I �E�F�S �$�V�S�M�� �	�(�M�F�J�D�I�V�O�H ���������
 �V�O�E �-�B�O�E�B�V���;�F�O�F�S���'�P�S�N�F�M �	�(�M�F�J�D�I�V�O�H ���������
�
 �X�J�F
�J�O �,�B�Q�J�U�F�M ������ �C�F�T�D�I�S�J�F�C�F�O�
 �T�U�B�S�L�F �%�J�T�L�S�F�Q�B�O�[�F�O �[�V �E�F�N �J�N �N�B�H�O�F�U�J�T�D�I�F�O �"�C�M�F�O�L�F�Y�Q�F�S�J�N�F�O�U �C�F�P�C�B�D�I�U�F�U�F�O
�T�V�Q�F�S�B�U�P�N�B�S�F�O �7�F�S�I�B�M�U�F�O �[�F�J�H�U�
 �X�J�S�E �E�J�F �(�S�´�•�Fp�B�E�B�M�T �'�J�U�Q�B�S�B�N�F�U�F�S �C�F�I�B�O�E�F�M�U �V�O�E �E�V�S�D�I �E�J�F �š�C�F�S�F�J�O�T�U�J�N�N�V�O�H
�E�F�T �T�J�N�V�M�J�F�S�U�F�O �1�S�P�S�M�T �N�J�U �E�F�O �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O �F�S�N�J�U�U�F�M�U��
�'�º�S �E�J�F �*�T�P�N�F�S�F �E�F�S �C�F�J�E�F�O �$�M�V�T�U�F�S �4�O10�(�B �V�O�E �4�O11�(�B�
 �E�J�F �L�F�J�O �T�V�Q�F�S�B�U�P�N�B�S�F�T �7�F�S�I�B�M�U�F�O �J�N �&�Y�Q�F�S�J�N�F�O�U �[�F�J��

�ù�w�s



�H�F�O�
 �X�F�S�E�F�Og���'�B�L�U�P�S�F�O �W�P�Og > 2;0 �C�F�S�F�D�I�O�F�U�
 �T�P�E�B�T�T �F�J�O�F �W�F�S�T�U�¢�S�L�U�F �4�Q�J�O���3�P�U�B�U�J�P�O���8�F�D�I�T�F�M�X�J�S�L�V�O�H �B�V�G�U�S�J�U�U��
�&�O�U�T�Q�S�F�D�I�F�O�E �X�F�S�E�F�O �G�º�S �E�J�F �4�J�N�V�M�B�U�J�P�O�F�O �E�F�S �N�B�H�O�F�U�J�T�D�I�F�O �"�C�M�F�O�L�V�O�H �C�F�J�E�F�S �$�M�V�T�U�F�S�T�Q�F�[�J�F�Tp�B�E= 100 ��
�B�O�H�F�O�P�N�N�F�O�� �#�F�J�E�F �S�F�T�V�M�U�J�F�S�F�O�E�F�O �4�U�S�B�I�M�Q�S�P�S�M�F �C�F�T�D�I�S�F�J�C�F�O �E�J�F �K�F�X�F�J�M�J�H�F�O �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O �J�O �T�F�I�S
�H�V�U�F�S �/�¢�I�F�S�V�O�H��
�*�N �(�F�H�F�O�T�B�U�[ �E�B�[�V �N�º�T�T�F�O �G�º�S �E�J�F �$�M�V�T�U�F�S �N�J�UN = 14; 15 �V�O�E16 �[�V�S �#�F�T�D�I�S�F�J�C�V�O�H �E�F�S �T�V�Q�F�S�B�U�P�N�B�S�F�O
�,�P�N�Q�P�O�F�O�U�F�O �8�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U�F�O �W�P�Op�B�E< 10 �� �V�O�E �J�N �'�B�M�M�F �E�F�S �C�F�J�E�F�O �-�F�U�[�U�F�S�F�O �T�P�H�B�S �L�M�F�J�O�F�S �B�M�T �� ��
�B�O�H�F�O�P�N�N�F�O �X�F�S�E�F�O�� �%�J�F�T�F �H�F�S�J�O�H�F�O �8�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U�F�O �G�º�S �F�J�O�F�O �4�Q�J�O�T�J�Q �F�O�U�T�Q�S�F�D�I�F�O �E�F�S �&�S�X�B�S�U�V�O�H�
 �E�B
�E�B�T �T�V�Q�F�S�B�U�P�N�B�S�F �7�F�S�I�B�M�U�F�O �E�J�F�T�F�S �$�M�V�T�U�F�S �B�M�T �B�T�Z�N�N�F�U�S�J�T�D�I�F �3�P�U�P�S�F�O �B�V�G�H�S�V�O�E �E�F�S �I�P�I�F�O �;�V�T�U�B�O�E�T�E�J�D�I�U�F �J�N
�3�P�U�B�U�J�P�O�T���;�F�F�N�B�O���%�J�B�H�S�B�N�N �B�O�T�P�O�T�U�F�O �J�N �&�Y�Q�F�S�J�N�F�O�U �H�F�R�V�F�O�D�I�U �X�¢�S�F�� �&�O�U�T�Q�S�F�D�I�F�O�E �E�B�[�V �X�F�S�E�F�O �G�º�S �B�M�M�F
�W�J�F�S �$�M�V�T�U�F�S�T�Q�F�[�J�F�T �8�F�S�U�F �W�P�Og = 2 ;0 �B�O�H�F�O�P�N�N�F�O�� �"�V�•�F�S �C�F�J�N �*�T�P�N�F�S �W�P�O �4�O14�(�B �X�F�J�D�I�F�O �E�J�F �N�J�U�I�J�M�G�F �E�F�S
�%�'�5 �W�P�S�I�F�S�H�F�T�B�H�U�F�O �8�F�S�U�F �G�º�S �E�F�Og���'�B�L�U�P�S �K�F�E�P�D�I �T�J�H�O�J�S�L�B�O�U �E�B�W�P�O �B�C�
 �T�P�E�B�T�T �B�V�D�I �I�J�F�S �B�O�H�F�O�P�N�N�F�O �X�F�S�E�F�O
�N�V�T�T�
 �E�B�T�T �E�J�F�T�F �W�P�O �E�F�S �R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F�O �#�F�S�F�D�I�O�V�O�H �O�J�D�I�U �S�J�D�I�U�J�H �W�P�S�I�F�S�H�F�T�B�H�U �X�F�S�E�F�O�� �%�B �F�J�O �5�F�J�M �E�F�S
�T�V�Q�F�S�B�U�P�N�B�S�F�O �"�V�G�T�Q�B�M�U�V�O�H �C�F�J �4�O13�(�B �F�C�F�O�G�B�M�M�T �F�S�I�B�M�U�F�O �C�M�F�J�C�U�
 �L�B�O�O �T�P�H�B�S �F�J�O�F �4�U�S�V�L�U�V�S�E�J�T�L�S�J�N�J�O�J�F�S�V�O�H
�E�V�S�D�I�H�F�G�º�I�S�U �X�F�S�E�F�O�
 �X�F�O�O �E�J�F �B�V�T �E�F�S �R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F�O �3�F�D�I�O�V�O�H �F�S�I�B�M�U�F�O�F�Og���'�B�L�U�P�S�F�O �O�¢�I�F�S�V�O�H�T�X�F�J�T�F
�S�J�D�I�U�J�H �W�P�S�I�F�S�H�F�T�B�H�U �X�F�S�E�F�O�� �"�M�T �B�T�Z�N�N�F�U�S�J�T�D�I�F�S �3�P�U�P�S �N�V�T�T �E�J�F �8�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U �G�º�S �F�J�O�F�O �4�Q�J�O�T�J�Q �H�F�S�J�O�H
�T�F�J�O�
 �T�P�E�B�T�T �E�B�T �*�T�P�N�F�S �N�J�U �F�J�O�F�S �L�M�F�J�O�F�O �"�C�X�F�J�D�I�V�O�H �E�F�T �C�F�S�F�D�I�O�F�U�F�Og���'�B�L�U�P�S�T �W�P�N �8�F�S�U �E�F�T �G�S�F�J�F�O �&�M�F�L�U�S�P�O�T
�W�P�S�M�J�F�H�F�O �N�V�T�T�� �*�O �E�J�F�T�F�N �'�B�M�M �X�º�S�E�F �B�M�T�P �E�B�T �*�T�P�N�F�S�������*�*�*�B�N �X�B�I�S�T�D�I�F�J�O�M�J�D�I�T�U�F�O �J�N �&�Y�Q�F�S�J�N�F�O�U �W�P�S�M�J�F�H�F�O�

�E�B �F�T �E�J�F �L�M�F�J�O�T�U�F �"�C�X�F�J�D�I�V�O�H �N�J�Ug = 2 ;04 �B�V�G�X�F�J�T�U�� �&�T �J�T�U �K�F�E�P�D�I �E�B�S�B�V�G �I�J�O�[�V�X�F�J�T�F�O�
 �E�B�T�T �B�V�D�I �I�J�F�S �[�V�S
�S�J�D�I�U�J�H�F�O �7�P�S�I�F�S�T�B�H�F �E�F�Tg���'�B�L�U�P�S�T �X�F�J�U�F�S�G�º�I�S�F�O�E�F �R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F �3�F�D�I�O�V�O�H�F�O �º�C�F�S �E�J�F �%�'�5 �I�J�O�B�V�T
�E�V�S�D�I�H�F�G�º�I�S�U �X�F�S�E�F�O �N�º�T�T�F�O�
 �V�N �E�J�F �F�M�F�L�U�S�P�O�J�T�D�I�F �4�U�S�V�L�U�V�S �B�V�T�S�F�J�D�I�F�O�E �H�V�U �B�C�C�J�M�E�F�O �[�V �L�´�O�O�F�O��
�'�º�S �E�J�F �#�F�T�D�I�S�F�J�C�V�O�H �E�F�T �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �"�C�M�F�O�L�Q�S�P�S�M�T �W�P�O �4�O9�(�B �X�J�S�E �B�V�D�I �F�J�O�F �H�F�S�J�O�H�F�S�F �4�Q�J�O�T�J�Q�X�B�I�S��
�T�D�I�F�J�O�M�J�D�I�L�F�J�U �W�P�Op�B�E= 15 �� �B�O�H�F�O�P�N�N�F�O�� �%�J�F �"�V�G�T�Q�B�M�U�V�O�H �E�F�S �C�F�J�E�F�O �T�V�Q�F�S�B�U�P�N�B�S�F�O �,�P�N�Q�P�O�F�O�U�F�O �J�T�U
�K�F�E�P�D�I �H�F�S�J�O�H�F�S�
 �T�P�E�B�T�T �E�J�F �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O �O�V�S �N�J�Ug = 1 ;9 �J�O �H�V�U�F�S �š�C�F�S�F�J�O�T�U�J�N�N�V�O�H �C�F�T�D�I�S�J�F�C�F�O �X�F�S��
�E�F�O �L�B�O�O�� �"�V�D�I �X�F�O�O �F�T �T�J�D�I �E�B�C�F�J �V�N �F�J�O�F �H�F�S�J�O�H�F �"�C�X�F�J�D�I�V�O�H �W�P�N �8�F�S�U �E�F�T �G�S�F�J�F�O �&�M�F�L�U�S�P�O�T �I�B�O�E�F�M�U�
 �E�F�V�U�F�U
�T�J�F �E�F�O�O�P�D�I �B�V�G �F�J�O�F �F�S�I�´�I�U�F �4�Q�J�O���3�P�U�B�U�J�P�O�T���8�F�D�I�T�F�M�X�J�S�L�V�O�H �V�O�E �E�B�N�J�U �B�V�G �F�J�O�F �4�Q�J�O�T�J�Q�X�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U
�W�P�O �F�U�X�B ������ �� �I�J�O�� �%�B�T �C�F�E�F�V�U�F�U�
 �E�B�T�T �E�J�F �I�J�F�S �H�F�[�F�J�H�U�F�O �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O �G�º�S �4�O9�(�B �O�J�D�I�U �J�N �3�B�I�N�F�O
�E�F�T�B�W�P�J�E�F�E���D�S�P�T�T�J�O�H���.�P�E�F�M�M�T �F�S�L�M�¢�S�U �X�F�S�E�F�O �L�´�O�O�F�O�� �6�N �E�J�F�T�F �#�F�P�C�B�D�I�U�V�O�H �H�F�O�B�V�F�S �V�O�U�F�S�T�V�D�I�F�O �[�V �L�´�O�O�F�O�

�C�J�F�U�F�U �F�T �T�J�D�I �B�O �G�º�S �E�J�F�T�F�O �$�M�V�T�U�F�S �U�F�N�Q�F�S�B�U�V�S�B�C�I�¢�O�H�J�H�F �N�B�H�O�F�U�J�T�D�I�F �"�C�M�F�O�L�N�F�T�T�V�O�H�F�O �E�V�S�D�I�[�V�G�º�I�S�F�O �V�O�E
�E�J�F �F�J�O�T�F�J�U�J�H�F �7�F�S�T�D�I�J�F�C�V�O�H �E�F�S �$�V�S�J�F���,�P�N�Q�P�O�F�O�U�F �N�J�U�I�J�M�G�F �E�F�T �$�V�S�J�F���(�F�T�F�U�[�F�T �B�V�T�[�V�X�F�S�U�F�O �<�������>�� �%�B �E�F�S
�$�M�V�T�U�F�S �N�J�U �I�P�I�F�S �8�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U �B�M�T �%�V�C�M�F�U�U �W�P�S�M�J�F�H�U�
 �J�T�U �E�J�F �4�Q�J�O�N�V�M�U�J�Q�M�J�[�J�U�¢�U �C�F�L�B�O�O�U �V�O�E �F�T �L�B�O�O �F�J�O�F
�[�V�T�¢�U�[�M�J�D�I�F �#�F�T�U�J�N�N�V�O�H �E�F�Tg���'�B�L�U�P�S�T �F�S�G�P�M�H�F�O�� �%�F�T �8�F�J�U�F�S�F�O �X�º�S�E�F�O �B�V�D�I �J�O �E�J�F�T�F�N �'�B�M�M �X�F�J�U�F�S�G�º�I�S�F�O�E�F
�R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F �#�F�S�F�D�I�O�V�O�H�F�O �I�F�M�G�F�O�
 �E�J�F �N�B�H�O�F�U�J�T�D�I�F�O �&�J�H�F�O�T�D�I�B�G�U�F�O �C�F�T�T�F�S �[�V �W�F�S�T�U�F�I�F�O �V�O�E �X�P�N�´�H�M�J�D�I
�E�F�O �I�J�F�S �E�J�T�L�V�U�J�F�S�U�F�O �8�J�E�F�S�T�Q�S�V�D�I �N�J�U �E�F�N�B�W�P�J�E�F�E���D�S�P�T�T�J�O�H���.�P�E�F�M�M �B�V�G�[�V�L�M�¢�S�F�O��
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 �J�O �E�F�S �C�F�J�E�F �E�J�F�T�F �"�O�T�¢�U�[�F �V�N�H�F�T�F�U�[�U �T�J�O�E�
 �F�S�N�´�H�M�J�D�I�U �F�J�O�F �1�S�¢�Q�B�S�B�U�J�P�O �W�P�O �$�M�V�T�U�F�S�O
�N�J�U �(�F�T�D�I�X�J�O�E�J�H�L�F�J�U�F�O �W�P�O �V�O�U�F�S ������ �N�T� 1 �<�������>�
 �X�B�T �B�V�G �F�J�O�F �T�F�I�S �F�R�F�L�U�J�W�F �"�C�L�º�I�M�V�O�H �E�F�S �4�D�I�X�J�O�H�V�O�H�T��
�V�O�E �3�P�U�B�U�J�P�O�T�G�S�F�J�I�F�J�U�T�H�S�B�E�F �<�����> �I�J�O�E�F�V�U�F�U�� �&�T �N�V�T�T �E�B�C�F�J �K�F�E�P�D�I �C�F�B�D�I�U�F�U �X�F�S�E�F�O�
 �E�B�T�T �E�J�F �;�V�T�U�B�O�E�T�E�J�D�I�U�F
�C�F�J �F�J�O�F�S �3�F�E�V�L�U�J�P�O �E�F�S �3�P�U�B�U�J�P�O�T�U�F�N�Q�F�S�B�U�V�S �B�V�G �� �, �J�O �E�P�U�J�F�S�U�F�O �4�O���$�M�V�T�U�F�S �J�N�N�F�S �O�P�D�I �T�P �I�P�D�I �J�T�U�
 �E�B�T�T
�W�J�F�M�F �E�J�F�T�F�S �$�M�V�T�U�F�S �N�J�O�E�F�T�U�F�O�T �F�J�O�F �W�F�S�C�P�U�F�O�F �,�S�F�V�[�V�O�H �E�V�S�D�I�M�B�V�G�F�O �V�O�E �T�P�N�J�U �F�J�O �5�F�J�M �E�F�T �T�V�Q�F�S�B�U�P�N�B�S�F�O
�7�F�S�I�B�M�U�F�O�T �H�F�R�V�F�O�D�I�U �X�J�S�E �<�������>��
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 �V�N �W�F�S�T�U�¢�S�L�U �T�V�Q�F�S�B�U�P�N�B�S�F�T �7�F�S�I�B�M�U�F�O
�[�V �C�F�P�C�B�D�I�U�F�O�
 �X�¢�S�F �F�T�
 �M�F�J�D�I�U�F�S�F �5�F�U�S�F�M�D�M�V�T�U�F�S �X�J�F �[�V�N �#�F�J�T�Q�J�F�M �(�F�S�N�B�O�J�V�N �F�J�O�G�B�D�I �Q�B�S�B�N�B�H�O�F�U�J�T�D�I �[�V �E�P�U�J�F��
�S�F�O�� �%�V�S�D�I �E�J�F ���� �� �L�M�F�J�O�F�S�F �.�B�T�T�F �W�P�O �(�F �J�N �7�F�S�H�M�F�J�D�I �[�V �4�O �T�J�O�E �E�J�F �3�P�U�B�U�J�P�O�T�L�P�O�T�U�B�O�U�F�O �W�P�O �(�F���$�M�V�T�U�F�S�O
�H�M�F�J�D�I�F�S �(�S�´�•�F �V�O�E �¢�I�O�M�J�D�I�F�S �H�F�P�N�F�U�S�J�T�D�I�F�S �4�U�S�V�L�U�V�S �E�F�V�U�M�J�D�I �H�S�´�•�F�S �B�M�T �E�J�F �W�P�O �4�O���$�M�V�T�U�F�S�� �%�B�N�J�U �W�F�S�H�S�´�•�F�S�U
�T�J�D�I �E�F�S �"�C�T�U�B�O�E �E�F�S �3�P�U�B�U�J�P�O�T�O�J�W�F�B�V�T �V�O�E �E�J�F �,�S�F�V�[�V�O�H�T�E�J�D�I�U�F �J�N �3�P�U�B�U�J�P�O�T���;�F�F�N�B�O���%�J�B�H�S�B�N�N �O�J�N�N�U �B�C��
�"�V�•�F�S�E�F�N �I�B�U �(�F �E�F�O �7�P�S�U�F�J�M�
 �E�B�T�T �F�T �O�V�S �I�B�M�C �T�P �W�J�F�M�F �T�U�B�C�J�M�F �*�T�P�U�P�Q�F �B�V�G�X�F�J�T�U �V�O�E �E�B�E�V�S�D�I �E�J�F �.�B�T�T�F�O�[�V�P�S�E��
�O�V�O�H �J�N �'�M�V�H�[�F�J�U�N�B�T�T�F�O�T�Q�F�L�U�S�P�N�F�U�F�S �F�S�M�F�J�D�I�U�F�S�U �J�T�U�� �;�V�E�F�N �T�J�O�E �B�V�D�I �E�J�F �4�D�I�X�J�O�H�V�O�H�T�G�S�F�R�V�F�O�[�F�O �C�F�J �$�M�V�T�U�F�S�O
�N�J�U �L�M�F�J�O�F�S�F�S �.�B�T�T�F �Q�S�J�O�[�J�Q�J�F�M�M �I�´�I�F�S�
 �T�P�E�B�T�T �&�Y�Q�F�S�J�N�F�O�U�F �F�I�F�S �J�N �4�D�I�X�J�O�H�V�O�H�T�H�S�V�O�E�[�V�T�U�B�O�E �E�V�S�D�I�H�F�G�º�I�S�U
�X�F�S�E�F�O �L�´�O�O�F�O�� �"�V�T �E�J�F�T�F�N �(�S�V�O�E �T�J�O�E �F�S�T�U�F �N�B�H�O�F�U�J�T�D�I�F �"�C�M�F�O�L�N�F�T�T�V�O�H�F�O �B�O �(�FN �.�O���$�M�V�T�U�F�S�O �F�S�G�P�M�H�U��
�%�B �K�F�E�P�D�I �E�J�F �1�S�P�C�F�O�T�Z�O�U�I�F�T�F �T�F�I�S �I�F�S�B�V�T�G�P�S�E�F�S�O�E �J�T�U�
 �J�T�U �E�J�F �2�V�B�M�J�U�¢�U �E�F�T �4�U�B�C�T �O�J�D�I�U �C�F�T�P�O�E�F�S�T �H�V�U �V�O�E
�F�T �L�P�O�O�U�F�O �O�V�S �E�J�F �$�M�V�T�U�F�S �N�J�UN = 14 �V�O�E15 �J�N �&�Y�Q�F�S�J�N�F�O�U �T�U�V�E�J�F�S�U �X�F�S�E�F�O�� �;�V�E�F�N �J�T�U �E�J�F �1�S�P�C�F �T�U�B�S�L
�W�F�S�V�O�S�F�J�O�J�H�U��
�%�J�F �S�F�T�V�M�U�J�F�S�F�O�E�F�O �4�U�S�B�I�M�Q�S�P�S�M�F �C�F�JT�O�P�[�[�M�F= 16 �, �W�P�O �(�F14�.�O �V�O�E �(�F15�.�O �	�N�J�U�U�J�H�
 �T�J�O�E �E�F�O �F�O�U�T�Q�S�F�D�I�F�O�E�F�O
�"�C�M�F�O�L�Q�S�P�S�M�F�O �E�F�S �4�O14�.�O�� �V�O�E �4�O15�.�O �$�M�V�T�U�F�S �	�V�O�U�F�O�
 �J�O �"�C�C�J�M�E�V�O�H ������ �H�F�H�F�O�º�C�F�S�H�F�T�U�F�M�M�U�� �.�J�U�I�J�M�G�F �F�J�O�F�S
�'�J�U�G�V�O�L�U�J�P�O �	�T�D�I�X�B�S�[�F �H�F�T�U�S�J�D�I�F�M�U�F �-�J�O�J�F�
 �C�F�T�U�F�I�F�O�E �B�V�T �N�F�I�S�F�S�F�O �(�B�V�•���'�V�O�L�U�J�P�O�F�O �X�V�S�E�F �G�º�S �E�J�F �E�P�U�J�F�S�U�F�O
�(�F���$�M�V�T�U�F�S �F�J�O �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�Sg���'�B�L�U�P�S �C�F�T�U�J�N�N�U�
 �E�F�S �F�C�F�O�G�B�M�M�T �B�V�G�H�F�G�º�I�S�U �J�T�U�� �%�J�F �B�V�T �R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F�O
�3�F�D�I�O�V�O�H�F�O �F�S�N�J�U�U�F�M�U�F�O �H�F�P�N�F�U�S�J�T�D�I�F�O �4�U�S�V�L�U�V�S�F�O �	�P�C�F�O�
 �T�J�O�E �N�J�U �J�I�S�F�S �*�T�P�N�F�S�C�F�[�F�J�D�I�O�V�O�H�
 �E�F�S �1�V�O�L�U�H�S�V�Q�Q�F
�J�O �,�M�B�N�N�F�S�O�
 �E�F�S �S�F�M�B�U�J�W�F�O �&�O�F�S�H�J�F �[�V�N �(�. �J�O �F�7�
 �E�F�S �4�Q�J�O�N�V�M�U�J�Q�M�J�[�J�U�¢�U�
 �E�F�N �F�M�F�L�U�S�J�T�D�I�F�O �%�J�Q�P�M�N�P�N�F�O�U �J�O
�%�F�C�Z�F �V�O�E �E�F�S �O�J�F�E�S�J�H�T�U�F�O �4�D�I�X�J�O�H�V�O�H�T�N�P�E�F �J�O �D�N� 1 �B�C�H�F�C�J�M�E�F�U�� �;�V�T�¢�U�[�M�J�D�I �J�T�U �G�º�S �4�O15�.�O �E�J�F �"�V�G�U�S�B�H�V�O�H
�E�F�S �U�F�N�Q�F�S�B�U�V�S�B�C�I�¢�O�H�J�H�F�O �7�F�S�T�D�I�J�F�C�V�O�H �E�F�S �$�V�S�J�F���,�P�N�Q�P�O�F�O�U�F �E�B�S�H�F�T�U�F�M�M�U��
�*�N �'�B�M�M�F �E�F�T �$�M�V�T�U�F�S�T �(�F14�.�O �X�J�S�E �F�Y�B�L�U �E�J�F�T�F�M�C�F �4�U�S�V�L�U�V�S �N�J�UC���W���4�Z�N�N�F�U�S�J�F �V�O�E �F�J�O�F�S �.�V�M�U�J�Q�M�J�[�J�U�¢�U �W�P�O

S = 1/2 �X�J�F �C�F�J �4�O14�.�O �F�S�I�B�M�U�F�O�� �%�F�O�O�P�D�I �X�J�S�E �J�N �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �4�U�S�B�I�M�Q�S�P�S�M �F�J�O �L�M�F�J�O�F�S�F�S �S�F�M�B�U�J�W�F�S �"�O�U�F�J�M
�E�F�S �$�M�V�T�U�F�S �W�P�O �F�U�X�B ���� �� �	�J�N �7�F�S�H�M�F�J�D�I �[�V ���� �� �C�F�J �4�O14�.�O�
 �T�V�Q�F�S�B�U�P�N�B�S �B�C�H�F�M�F�O�L�U�� �%�J�F�T�F �#�F�P�C�B�D�I�U�V�O�H
�L�B�O�O �E�B�E�V�S�D�I �F�S�L�M�¢�S�U �X�F�S�E�F�O�
 �E�B�T�T �E�F�S �B�V�T �E�F�N �&�Y�Q�F�S�J�N�F�O�U �F�Y�U�S�B�I�J�F�S�U�Fg���'�B�L�U�P�S �W�P�O �(�F14�.�O �N�J�U �F�J�O�F�N �8�F�S�U
�W�P�Og = 1 ;73 �T�U�B�S�L �W�P�O �[�X�F�J �B�C�X�F�J�D�I�U �V�O�E �E�B�N�J�U �F�J�O�F �F�S�I�´�I�U�F �4�Q�J�O���3�P�U�B�U�J�P�O�T���,�P�Q�Q�M�V�O�H �W�P�S�M�J�F�H�U�
 �E�V�S�D�I �E�J�F �E�J�F
�8�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U �F�J�O�F�T �4�Q�J�O�T�J�Q�T �J�N �7�F�S�H�M�F�J�D�I �[�V �4�O14�.�O �	g = 2 �
 �W�F�S�H�S�´�•�F�S�U �J�T�U�� �%�V�S�D�I �E�J�F �B�T�Z�N�N�F�U�S�J�T�D�I�F
�4�U�S�V�L�U�V�S �J�T�U �E�J�F �%�J�D�I�U�F �B�O �W�F�S�C�P�U�F�O�F�O �,�S�F�V�[�V�O�H�F�O �E�F�N�O�B�D�I �T�F�M�C�T�U �C�F�J �E�F�O �H�S�´�•�F�S�F�O �"�C�T�U�¢�O�E�F�O �E�F�S �3�P�U�B�U�J�P�O�T��
�O�J�W�F�B�V�T �J�N �E�P�U�J�F�S�U�F�O �(�F���$�M�V�T�U�F�S �T�P �I�P�D�I�
 �E�B�T�T �H�F�O�º�H�F�O�E �4�Q�J�O�T�J�Q�T �T�U�B�U�U�S�O�E�F�O �V�O�E �E�B�T �T�V�Q�F�S�B�U�P�N�B�S�F �7�F�S�I�B�M�U�F�O
�T�U�¢�S�L�F�S �H�F�R�V�F�O�D�I�U �X�J�S�E �B�M�T �C�F�J �E�F�N �B�O�B�M�P�H �E�P�U�J�F�S�U�F�O �4�O���$�M�V�T�U�F�S�� �%�B�T�T �C�F�J �E�J�F�T�F�S �"�C�X�F�J�D�I�V�O�H �E�F�Tg���'�B�L�U�P�S�T
�º�C�F�S�I�B�V�Q�U �O�P�D�I �F�J�O�F �T�V�Q�F�S�B�U�P�N�B�S�F �"�V�G�T�Q�B�M�U�V�O�H �J�N �N�B�H�O�F�U�J�T�D�I�F�O �"�C�M�F�O�L�Q�S�P�S�M �W�P�O �(�F14�.�O �C�F�P�C�B�D�I�U�F�U �X�F�S�E�F�O
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�%�F�F�M�P�H�Y�R�K �ƒ���ø���%�Y�W �U�Y�E�R�X�I�R�G�L�I�Q�M�W�G�L�I�R �6�I�G�L�R�Y�R�K�I�R �I�V�Q�M�X�X�I�P�X�I �K�I�S�Q�I�X�V�M�W�G�L�I �7�X�V�Y�O�X�Y�V�I�R ���S�F�I�R�
 �Z�S�R �+�I14�1�R
�Y�R�H �+�I15�1�R �Q�M�X �M�L�V�I�V �-�W�S�Q�I�V�F�I�^�I�M�G�L�R�Y�R�K�� �H�I�V �4�Y�R�O�X�K�V�Y�T�T�I�R �M�R �/�P�E�Q�Q�I�V�R�� �H�I�V �V�I�P�E�X�M�Z�I�R �)�R�I�V�K�M�I �^�Y�Q �+�1 �M�R
�I�:�� �H�I�V �7�T�M�R�Q�Y�P�X�M�T�P�M�^�M�X�§�X�� �H�I�Q �I�P�I�O�X�V�M�W�G�L�I�R �(�M�T�S�P�Q�S�Q�I�R�X �M�R �(�I�F�]�I �Y�R�H �H�I�V �R�M�I�H�V�M�K�W�X�I�R �7�G�L�[�M�R�K�Y�R�K�W�Q�S�H�I �M�R
�G�Q� 1�� �1�M�X�X�M�K �W�M�R�H �H�M�I �I�\�T�I�V�M�Q�I�R�X�I�P�P �I�V�Q�M�X�X�I�P�X�I�R �Q�E�K�R�I�X�M�W�G�L�I�R �%�F�P�I�R�O�T�V�S�x�P�I �F�I�MT�R�S�^�^�P�I= 16 �/ �Z�S�R �+�IN �1�R �Q�M�X
N = 14 �Y�R�H15 �K�I�^�I�M�K�X�� �>�Y�W�§�X�^�P�M�G�L �[�M�V�H �L�M�I�V �N�I�[�I�M�P�W �I�M�R�I �*�M�X�J�Y�R�O�X�M�S�R ���W�G�L�[�E�V�^�I �K�I�W�X�V�M�G�L�I�P�X�I �0�M�R�M�I�
 �F�I�W�X�I�L�I�R�H
�E�Y�W �Q�I�L�V�I�V�I�R �+�E�Y�¢���*�Y�R�O�X�M�S�R�I�R �E�R�K�I�T�E�W�W�X�� �Y�Q �H�M�I �I�\�T�I�V�M�Q�I�R�X�I�P�P�I�Rg���*�E�O�X�S�V�I�Rg�I�\�T�^�Y �I�\�X�V�E�L�M�I�V�X�� �H�M�I �I�F�I�R�J�E�P�P�W
�K�I�P�M�W�X�I�X �W�M�R�H�� �9�R�X�I�R �W�M�R�H �H�M�I �I�\�T�I�V�M�Q�I�R�X�I�P�P�I�R �Q�E�K�R�I�X�M�W�G�L�I�R �%�F�P�I�R�O�T�V�S�x�P�I �H�I�V �E�R�E�P�S�K �H�S�X�M�I�V�X�I�R �7�R���'�P�Y�W�X�I�V
�K�I�^�I�M�K�X�� �-�Q �)�M�R�W�G�L�Y�F �F�I�M �7�R15�1�R �M�W�X �^�Y�W�§�X�^�P�M�G�L �H�M�I �X�I�Q�T�I�V�E�X�Y�V�E�F�L�§�R�K�M�K�I �:�I�V�W�G�L�M�I�F�Y�R�K �H�I�V �'�Y�V�M�I���/�S�Q�T�S�R�I�R�X�I
�H�E�V�K�I�W�X�I�P�P�X�� �H�E �H�E�V�E�Y�W �I�M�R�I �7�T�M�R�Q�Y�P�X�M�T�P�M�^�M�X�§�X �Z�S�RS = 5/2 �Y�R�H �I�M�Rg���*�E�O�X�S�V �Z�S�Rg = 2 �I�V�Q�M�X�X�I�P�X �[�I�V�H�I�R �O�E�R�R��
�(�M�I �Q�E�K�R�I�X�M�W�G�L�I�R �)�M�K�I�R�W�G�L�E�J�X�I�R �Z�S�R �7�R14�1�R �W�M�R�H �E�Y�W�J�¿�L�V�P�M�G�L �M�R �?�ù�ù�r�A �H�M�W�O�Y�X�M�I�V�X��

�L�B�O�O�
 �E�F�V�U�F�U �E�B�S�B�V�G �I�J�O�
 �E�B�T�T �E�F�S �H�S�´�•�F�S�F �"�C�T�U�B�O�E �E�F�S �3�P�U�B�U�J�P�O�T�O�J�W�F�B�V�T �U�S�P�U�[�E�F�N �E�J�F �"�O�[�B�I�M �B�O �W�F�S�C�P�U�F�O�F�O
�,�S�F�V�[�V�O�H�F�O �T�U�B�S�L �W�F�S�S�J�O�H�F�S�U�� �;�V�E�F�N �[�F�J�H�U �E�F�S �E�J�S�F�L�U�F �7�F�S�H�M�F�J�D�I �[�X�J�T�D�I�F�O �(�F14�.�O �V�O�E �4�O14�.�O�
 �E�B�T�T �E�J�F
�N�B�H�O�F�U�J�T�D�I�F�O �&�J�H�F�O�T�D�I�B�G�U�F�O �C�F�J �E�F�S�T�F�M�C�F�O �H�F�P�N�F�U�S�J�T�D�I�F�O �4�U�S�V�L�U�V�S �O�J�D�I�U �O�V�S �W�P�N �%�P�U�J�F�S�V�O�H�T�B�U�P�N �<�������>
�T�P�O�E�F�S�O �B�V�D�I �T�U�B�S�L �W�P�N �E�J�B�N�B�H�O�F�U�J�T�D�I�F�O �,�¢�S�H�F�M�F�N�F�O�U �B�C�I�¢�O�H�F�O�� �&�J�O�F �[�V�L�º�O�G�U�J�H�F �"�V�G�H�B�C�F �X�J�S�E �F�T �K�F�E�P�D�I
�T�F�J�O�
 �E�J�F �3�F�E�V�L�U�J�P�O �J�Ng���'�B�L�U�P�S �N�J�U �X�F�J�U�F�S�G�º�I�S�F�O�E�F�O �R�V�B�O�U�F�O�D�I�F�N�J�T�D�I�F�O �.�F�U�I�P�E�F�O �[�V �W�F�S�T�U�F�I�F�O��
�#�F�J�N �$�M�V�T�U�F�S �(�F15�.�O �X�F�S�E�F�O �E�S�F�J �*�T�P�N�F�S�F �J�N �S�F�M�F�W�B�O�U�F�O �&�O�F�S�H�J�F�C�F�S�F�J�D�I �W�P�S�I�F�S�H�F�T�B�H�U�
 �X�P�C�F�J �F�J�O�F�T �E�B�W�P�O
�B�M�T �%�V�C�M�F�U�U �	S = 1/2 �
 � E = 0 ;09 �F�7�
 �V�O�E �E�J�F �B�O�E�F�S�F�O �C�F�J�E�F�O �B�M�T �2�V�B�S�U�F�U�U �	S = 3/2 �
 � E = 0 ;00 �F�7 �V�O�E
0;03 �F�7�
 �W�P�S�M�J�F�H�F�O�� �"�V�G �E�F�O �F�S�T�U�F�O �#�M�J�D�L �T�D�I�F�J�O�U �F�T�
 �B�M�T �X�º�S�E�F �E�B�T �%�V�C�M�F�U�U �J�N �.�P�M�F�L�V�M�B�S�T�U�S�B�I�M �Q�S�¢�T�F�O�U �T�F�J�O�
 �E�B
�E�F�S �.�P�M�F�L�V�M�B�S�T�U�S�B�I�M �J�O �[�X�F�J �T�V�Q�F�S�B�U�P�N�B�S�F �4�U�S�B�I�M�L�P�N�Q�P�O�F�O�U�F�O �N�J�U �F�J�O�F�Ng���'�B�L�U�P�S �W�P�O �F�U�X�B ���
�� �B�V�G�T�Q�B�M�U�F�U��
�+�F�E�P�D�I �L�´�O�O�F�O �[�V�T�¢�U�[�M�J�D�I�F �4�U�S�B�I�M�L�P�N�Q�P�O�F�O�U�F�O �N�J�U �T�F�I�S �O�J�F�E�S�J�H�F�S �*�O�U�F�O�T�J�U�¢�U �C�F�J �F�U�X�B ��� �# �B�V�T�H�F�N�B�D�I�U �X�F�S�E�F�O�
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�X�F�M�D�I�F �O�V�S �W�P�O �$�M�V�T�U�F�S�O �J�O �I�´�I�F�S�F�O �4�Q�J�O�[�V�T�U�¢�O�E�F�O �W�F�S�V�S�T�B�D�I�U �X�F�S�E�F�O �L�´�O�O�F�O�� �%�B�T�T �E�J�F �*�O�U�F�O�T�J�U�¢�U�F�O �E�J�F�T�F�S
�,�P�N�Q�P�O�F�O�U�F�O �E�B�C�F�J �T�P �T�U�B�S�L �W�F�S�N�J�O�E�F�S�U �T�J�O�E�
 �L�´�O�O�U�F �[�V�N �F�J�O�F�O �E�B�S�B�V�T �S�F�T�V�M�U�J�F�S�F�O�
 �E�B�T�T �F�J�O �[�X�F�J�U�F�T �*�T�P�N�F�S
�N�J�U �I�´�I�F�S�F�S �4�Q�J�O�N�V�M�U�J�Q�M�J�[�J�U�¢�U �W�P�S�M�J�F�H�U�
 �E�B�T �F�O�F�S�H�F�U�J�T�D�I �L�O�B�Q�Q �º�C�F�S �E�F�N �(�. �M�J�F�H�U �V�O�E �C�F�J �E�F�S �%�º�T�F�O�U�F�N�Q�F�S�B�U�V�S
�N�J�O�J�N�B�M �Q�P�Q�V�M�J�F�S�U �J�T�U�� �;�V�N �B�O�E�F�S�F�O �L�´�O�O�U�F �E�F�S �$�M�V�T�U�F�S �H�F�O�F�S�F�M�M �N�J�U �F�J�O�F�S �I�´�I�F�S�F�O �4�Q�J�O�N�V�M�U�J�Q�M�J�[�J�U�¢�U �W�P�S�M�J�F�H�F�O
�V�O�E �/�V�M�M�G�F�M�E�F�R�F�L�U�F �G�º�I�S�F�O �E�B�[�V�
 �E�B�T�T �E�J�F �I�´�I�F�S�F�O �4�Q�J�O�[�V�T�U�¢�O�E�F �C�F�J �E�F�S �O�J�F�E�S�J�H�F�O �%�º�T�F�O�U�F�N�Q�F�S�B�U�V�S �O�V�S
�N�J�O�J�N�B�M �Q�P�Q�V�M�J�F�S�U �T�J�O�E�� �%�J�F�T�F �&�R�F�L�U�F �U�S�F�U�F�O �K�F�E�P�D�I �W�F�S�T�U�¢�S�L�U �C�F�J �4�Q�J�O���#�B�I�O���8�F�D�I�T�F�M�X�J�S�L�V�O�H�F�O �B�V�G�
 �E�J�F �C�F�J
�E�F�S �I�J�F�S �C�F�P�C�B�D�I�U�F�U�F�O �H�F�S�J�O�H�F�O �"�C�X�F�J�D�I�V�O�H �E�F�T �8�F�S�U�T �G�º�S �E�F�Og���'�B�L�U�P�S �F�J�O�F�T �G�S�F�J�F�O �&�M�F�L�U�S�P�O�T �K�F�E�P�D�I �O�J�D�I�U
�F�S�X�B�S�U�F�U �X�F�S�E�F�O�� �'�º�S �F�J�O�F �F�J�O�E�F�V�U�J�H�F �%�J�T�L�S�J�N�J�O�J�F�S�V�O�H �E�F�S �4�Q�J�O�N�V�M�U�J�Q�M�J�[�J�U�¢�U �V�O�E �E�F�S �H�F�P�N�F�U�S�J�T�D�I�F�O �4�U�S�V�L�U�V�S�F�O
�N�º�T�T�F�O �E�F�O�O�P�D�I �U�F�N�Q�F�S�B�U�V�S�B�C�I�¢�O�H�J�H�F �.�F�T�T�V�O�H�F�O �[�V�S �#�F�T�U�J�N�N�V�O�H �E�F�S �F�J�O�T�F�J�U�J�H�F�O �7�F�S�T�D�I�J�F�C�V�O�H �E�F�S �$�V�S�J�F��
�,�P�N�Q�P�O�F�O�U�F �V�O�E �F�M�F�L�U�S�J�T�D�I�F �"�C�M�F�O�L�F�Y�Q�F�S�J�N�F�O�U�F �E�V�S�D�I�H�F�G�º�I�S�U �X�F�S�E�F�O�� �"�V�T �E�F�O �F�Y�Q�F�S�J�N�F�O�U�F�M�M�F�O �%�B�U�F�O �X�J�S�E
�K�F�E�P�D�I �E�F�V�U�M�J�D�I�
 �E�B�T�T �(�F15�.�O �F�R�F�L�U�J�W �F�J�O�F �O�J�F�E�S�J�H�F�S�F �.�V�M�U�J�Q�M�J�[�J�U�¢�U �B�V�G�X�F�J�T�U �B�M�T �E�F�S �4�O15�.�O���$�M�V�T�U�F�S�
 �E�F�S �B�V�G
�E�F�S �#�B�T�J�T �E�F�S �U�F�N�Q�F�S�B�U�V�S�B�C�I�¢�O�H�J�H�F�O �7�F�S�T�D�I�J�F�C�V�O�H �E�F�S �$�V�S�J�F���,�P�N�Q�P�O�F�O�U�F�O �B�M�T �4�F�Y�U�F�U�U�
S = 5/2 �
 �J�E�F�O�U�J�S�[�J�F�S�U
�X�F�S�E�F�O �L�B�O�O�� �%�F�S �F�Y�Q�F�S�J�N�F�O�U�F�M�M�Fg���'�B�L�U�P�S �C�F�U�S�¢�H�U �C�F�J �C�F�J�E�F�O �$�M�V�T�U�F�S�T�Q�F�[�J�F�T �F�U�X�B ���
���
 �T�P�E�B�T�T �B�O�H�F�O�P�N�N�F�O
�X�J�S�E�
 �E�B�T�T �F�T �L�B�V�N �[�V �4�Q�J�O���#�B�I�O���8�F�D�I�T�F�M�X�J�S�L�V�O�H�F�O �L�P�N�N�U �V�O�E �E�J�F �N�F�J�T�U�F�O �W�F�S�C�P�U�F�O�F�O �,�S�F�V�[�V�O�H�F�O �P�I��
�O�F �4�Q�J�O�T�J�Q �E�V�S�D�I�M�B�V�G�F�O �X�F�S�E�F�O�� �%�B�T�T �F�T �C�F�J �(�F15�.�O �J�N �(�F�H�F�O�T�B�U�[ �[�V�N �4�O���"�O�B�M�P�H�P�O �[�V�S �T�V�Q�F�S�B�U�P�N�B�S�F�O
�"�V�G�T�Q�B�M�U�V�O�H �L�P�N�N�U�
 �M�J�F�H�U �N�J�U �I�P�I�F�S �8�B�I�S�T�D�I�F�J�O�M�J�D�I�L�F�J�U �E�B�S�B�O�
 �E�B�T�T �E�V�S�D�I �E�J�F �O�J�F�E�S�J�H�F�S�F �4�Q�J�O�N�V�M�U�J�Q�M�J�[�J�U�¢�U
�W�P�O �(�F15�.�O �E�J�F �3�P�U�B�U�J�P�O�T�O�J�W�F�B�V�T �J�N �.�B�H�O�F�U�G�F�M�E �J�O �X�F�O�J�H�F�S �F�O�F�S�H�F�U�J�T�D�I�F �;�V�T�U�¢�O�E�F �B�V�G�T�Q�B�M�U�F�O �V�O�E �E�B�N�J�U �E�J�F
�%�J�D�I�U�F �B�O �W�F�S�C�P�U�F�O�F�O �,�S�F�V�[�V�O�H�F�O �J�N �7�F�S�H�M�F�J�D�I �[�V�N �4�O15�.�O���$�M�V�T�U�F�S �W�F�S�N�J�O�E�F�S�U �J�T�U�� �%�F�O�O�P�D�I �J�T�U �E�F�S�F�O �"�O�[�B�I�M
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