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�J�Z�a�\�b�l�b�_�� �f�_�l�h�^�h�\�� �i�h�e�m�q�_�g�b�y�� �n�e�m�h�j�_�k�p�_�g�l�g�u�o�� �g�Z�g�h�Z�e�f�Z�a�h�\�� �k��
�i�j�b�f�_�k�g�h-�\�Z�d�Z�g�k�b�h�g�g�u�f�b�� �p�_�g�l�j�Z�f�b���� �h�[�e�Z�^�Z�x�s�b�o�� �a�Z�^�Z�g�g�u�f�b�� �k�\�h�c�k�l�\�Z�f�b����
�y�\�e�y�_�l�k�y�� �h�^�g�h�c�� �b�a�� �g�Z�b�[�h�e�_�_�� �Z�d�l�m�Z�e�v�g�u�o�� �a�Z�^�Z�q�� �k�h�\�j�_�f�_�g�g�h�]�h��
�f�Z�l�_�j�b�Z�e�h�\�_�^�_�g�b�y�� �\�� �k�\�y�a�b�� �k�� �i�h�y�\�e�_�g�b�_�f�� �p�_�e�h�]�h�� �j�y�^�Z�� �f�g�h�]�h�h�[�_�s�Z�x�s�b�o��
�d�\�Z�g�l�h�\�h-�n�b�a�b�q�_�k�d�b�o�� �b�� �[�b�h�f�_�^�b�p�b�g�k�d�b�o�� �g�Z�i�j�Z�\�e�_�g�b�c �b�k�i�h�e�v�a�h�\�Z�g�b�y�� �w�l�b�o��
�f�Z�l�_�j�b�Z�e�h�\�����M�q�b�l�u�\�Z�y���l�h�����q�l�h���i�j�Z�d�l�b�q�_�k�d�b���d�Z�`�^�u�c���\�Z�j�b�Z�g�l���b�k�i�h�e�v�a�h�\�Z�g�b�y��
�g�Z�g�h�Z�e�f�Z�a�h�\���i�j�_�^�t�y�\�e�y�_�l���d���g�b�f���k�\�h�c���g�Z�[�h�j���l�j�_�[�h�\�Z�g�b�c���i�h���j�Z�a�f�_�j�m�����n�h�j�f�_����
�k�l�_�i�_�g�b�� �\�g�m�l�j�_�g�g�_�]�h�� �g�Z�i�j�y�`�_�g�b�y���� �k�h�k�l�h�y�g�b�x�� �i�h�\�_�j�o�g�h�k�l�b���� �l�b�i�Z�f����
�d�h�e�b�q�_�k�l�\�m�� �b�� �a�Z�j�y�^�h�\�u�f�� �k�h�k�l�h�y�g�b�y�f �k�l�j�m�d�l�m�j�g�u�o�� �b�� �i�j�b�f�_�k�g�u�o�� �^�_�n�_�d�l�h�\����
�h�i�l�b�q�_�k�d�b�f�� �b�� �^�j�m�]�b�f�� �k�\�h�c�k�l�\�Z�f���� �a�Z�^�Z�q�Z�� �i�h�e�m�q�_�g�b�y�� �g�Z�g�h�Z�e�f�Z�a�h�\����
�i�h�e�g�h�k�l�v�x�� �h�l�\�_�q�Z�x�s�b�o�� �l�j�_�[�h�\�Z�g�b�y�f�� �j�Z�a�e�b�q�g�u�o�� �g�Z�i�j�Z�\�e�_�g�b�c�� �b�o��
�b�k�i�h�e�v�a�h�\�Z�g�b�y�� �h�k�l�Z�_�l�k�y�� �\�h�� �f�g�h�]�b�o�� �k�e�m�q�Z�y�o�� �g�_�� �j�_�r�z�g�g�h�c���� �g�_�k�f�h�l�j�y�� �g�Z��
�b�a�\�_�k�l�g�h�_�� �f�g�h�]�h�h�[�j�Z�a�b�_�� �k�m�s�_�k�l�\�m�x�s�b�o���f�_�l�h�^�h�\�� �k�b�g�l�_�a�Z�� �n�e�m�h�j�_�k�p�_�g�l�g�u�o��
�g�Z�g�h�Z�e�f�Z�a�h�\���� �<�� �g�Z�k�l�h�y�s�_�c�� �j�Z�[�h�l�_�� �j�Z�k�k�f�h�l�j�_�g�u�� �\�h�a�f�h�`�g�h�k�l�b�� �i�h�e�m�q�_�g�b�y��
�j�Z�a�e�b�q�g�u�o�� �j�Z�a�f�_�j�g�u�o�� �n�j�Z�d�p�b�c�� �g�b�a�d�h�g�Z�i�j�y�`�_�g�g�u�o�� �g�Z�g�h�Z�e�f�Z�a�h�\�� �k��
�i�j�b�f�_�k�g�h-�\�Z�d�Z�g�k�b�h�g�g�u�f�b�� �h�i�l�b�q�_�k�d�b�f�b�� �p�_�g�l�j�Z�f�b�� �g�Z�� �h�k�g�h�\�_��
�b�g�^�m�p�b�j�m�_�f�u�o�� �\�u�k�h�d�b�f�b�� �^�Z�\�e�_�g�b�y�f�b�� �b�� �l�_�f�i�_�j�Z�l�m�j�Z�f�b�� �i�j�_�\�j�Z�s�_�g�b�c��
�]�_�l�_�j�h�h�j�]�Z�g�b�q�_�k�d�b�o�� �j�h�k�l�h�\�u�o�� �k�b�k�l�_�f���� �g�_�� �k�h�^�_�j�`�Z�s�b�o�� �l�j�Z�^�b�p�b�h�g�g�u�o��
�f�_�l�Z�e�e�h�\-�d�Z�l�Z�e�b�a�Z�l�h�j�h�\�� �>���@���� �H�k�g�h�\�g�u�f�� �h�[�t�_�d�l�h�f�� �b�k�k�e�_�^�h�\�Z�g�b�c�� �[�u�e�b��
�g�Z�g�h�Z�e�f�Z�a�u���k��SiV- �h�i�l�b�q�_�k�d�b�f�b���p�_�g�l�j�Z�f�b�� 

�K�b�g�l�_�a�� �Z�e�f�Z�a�h�\�� �h�k�m�s�_�k�l�\�e�y�e�k�y�� �g�Z�� �Z�i�i�Z�j�Z�l�_�� �\�u�k�h�d�h�]�h�� �^�Z�\�e�_�g�b�y�� �l�b�i�Z��
�©�L�h�j�h�b�^�ª���k �b�k�i�h�e�v�a�h�\�Z�g�b�_�f���j�h�k�l�h�\�u�o���k�b�k�l�_�f���g�Z���h�k�g�h�\�_���k�f�_�k�_�c���g�Z�n�l�Z�e�b�g�Z��
���K10�G8�������n�l�h�j�b�j�h�\�Z�g�g�h�]�h���]�j�Z�n�b�l�Z�����KF1.1�����b���l�_�l�j�Z�d�b�k���l�j�b�f�_�l�b�e�k�b�e�b�e���k�b�e�Z�g�Z��
(C12H36Si5���� �i�j�b�� �^�Z�\�e�_�g�b�b�� �������� �=�I�Z���� �l�_�f�i�_�j�Z�l�m�j�Z�o�� �������� - ���������ƒ�K. �H�k�g�h�\�g�u�f��
�i�j�h�^�m�d�l�h�f�� �i�j�_�\�j�Z�s�_�g�b�c�� �l�Z�d�h�]�h�� �j�h�^�Z�� �j�h�k�l�h�\�u�o�� �k�b�k�l�_�f�� �y�\�e�y�x�l�k�y �k�f�_�k�b��
�m�e�v�l�j�Z�g�Z�g�h-���� �g�Z�g�h-, �k�m�[�f�b�d�j�h�g�g�h�c���b�� �f�b�d�j�h�g�g�h�c���j�Z�a�f�_�j�g�u�o�� �n�j�Z�d�p�b�c��
�Z�e�f�Z�a�Z���� �h�l�g�h�k�b�l�_�e�v�g�h�_�� �k�h�^�_�j�`�Z�g�b�_�� �d�h�l�h�j�u�o�� �\�� �h�[�j�Z�a�p�Z�o�� �h�i�j�_�^�_�e�y�_�l�k�y��
�d�h�g�d�j�_�l�g�u�f�� �k�h�k�l�Z�\�h�f�� �b�k�o�h�^�g�h�c�� �j�h�k�l�h�\�h�c�� �k�b�k�l�_�f�u�� �b�� �i�Z�j�Z�f�_�l�j�Z�f�b��
�h�[�j�Z�[�h�l�d�b�����J�Z�a�f�_�j�g�h�_���n�j�Z�d�p�b�h�g�g�h�_���j�Z�a�^�_�e�_�g�b�_���i�h�e�m�q�_�g�g�u�o �Z�e�f �Z�a�h�\�����i�h�k�e�_��
�i�_�j�\�b�q�g�h�c���o�b�f�b�q�_�k�d�h�c���h�q�b�k�l�d�b�����h�k�m�s�_�k�l�\�e�y�e�h�k�v���i�m�l�_�f���b�o���m�e�v�l�j�Z�a�\�m�d�h�\�h�]�h��
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�^�b�k�i�_�j�]�b�j�h�\�Z�g�b�y�� �\�� �\�h�^�_�� �b�� �i�h�k�e�_�^�m�x�s�_�]�h�� �i�h�w�l�Z�i�g�h�]�h �p�_�g�l�j�b�n�m�]�b�j�h�\�Z�g�b�y��
�i�h�e�m�q�_�g�g�u�o���\�h�^�g�u�o���^�b�k�i�_�j�k�b�c�� 

�G�Z�� �h�k�g�h�\�_�� �Z�g�Z�e�b�a�Z�� �l�h�g�d�h�c�� �k�l�j�m�d�l�m�j�u�� �k�i�_�d�l�j�h�\�� �n�h�l�h�e�x�f�b�g�_�k�p�_�g�p�b�b��
�h�^�b�g�h�q�g�u�o�� �6�LV- �p�_�g�l�j�h�\ �\�� �Z�e�f�Z�a�Z�o�� �j�Z�a�f�_�j�g�h�c�� �n�j�Z�d�p�b�b�� �������������� �g�f �i�j�b��
�g�b�a�d�b�o�� ������ �D���� �l�_�f�i�_�j�Z�l�m�j�Z�o�� �i�j�_�^�e�h�`�_�g�Z�� �Z�g�Z�e�b�l�b�q�_�k�d�Z�y�� �f�h�^�_�e�v��
�d�h�e�b�q�_�k�l�\�_�g�g�h�c�� �h�p�_�g�d�b�� �k�l�_�i�_�g�b�� �\�g�m�l�j�_�g�g�b�o�� �g�Z�i�j�y�`�_�g�b�c�� �g�Z�g�h�Z�e�f�Z�a�h�\�� �>2]. 
�I�h�d�Z�a�Z�g�h���� �q�l�h�� �a�������� �g�Z�g�h�Z�e�f�Z�a�h�\���� �i�h�e�m�q�_�g�g�u�o�� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f��
�i�j�_�^�e�h�`�_�g�g�h�]�h���f�_�l�h� �̂Z �k�b�g�l�_�a�Z�����o�Z�j�Z�d�l�_�j�b�a�m�x�l�k�y���g�b�a�d�b�f�b���b���h�q�_�g�v���g�b�a�d�b�f�b��
�k�l�_�i�_�g�y�f�b�� �\�g�m�l�j�_�g�g�b�o�� �g�Z�i�j�y�`�_�g�b�c���� �i�j�b�k�m�s�b�f�b�� �e�m�q�r�b�f�� �h�[�j�Z�a�p�Z�f��
�g�b�a�d�h�g�Z�i�j�y�`�z�g�g�u�o�� �h�[�t�_�f�g�u�o�� �Z�e�f�Z�a�h�\�����:�g�Z�e�b�a�� �k�i�_�d�l�j�h�\��
�n�h�l�h�e�x�f�b�g�_�k�p�_�g�p�b�b SiV- �p�_�g�l�j�h�\ �m�e�v�l�j�Z�g�Z�g�h�j�Z�a�f�_�j�g�h�c�� �n�j�Z�d�p�b�b�� �Z�e�f�Z�a�Z��
�k�h�� �k�j�_�^�g�b�f�� �j�Z�a�f�_�j�h�f�� �]�j�m�i�i�u 7.5+5 �g�f�� �i�j�b�� �d�h�f�g�Z�l�g�h�c�� �l�_�f�i�_�j�Z�l�m�j�_����
�i�j�h�^�_�f�h�g�k�l�j�b�j�h�\�Z�\�r�b�c�� �g�_�[�h�e�v�r�h�c�� �j�Z�a�[�j�h�k�� �i�h�e�h�`�_�g�b�c�� �p�_�g�l�j�Z��
�[�_�k�n�h�g�h�g�g�h�c�� �e�b�g�b�b���� �k�l�Z�e�� �k�\�b�^�_�l�_�e�v�k�l�\�h�f�� �k�j�Z�\�g�b�l�_�e�v�g�h�� �g�b�a�d�h�]�h�� �m�j�h�\�g�y��
�\�g�m�l�j�_�g�g�b�o���g�Z�i�j�y�`�_�g�b�c���b���\���^�Z�g�g�h�c���j�Z�a�f�_�j�g�h�c���n�j�Z�d�p�b�b���Z�e�f�Z�a�Z��[3]. 

�I�j�b�q�b�g�Z�f�b�� �g�b�a�d�h�]�h�� �m�j�h�\�g�y�� �\�g�m�l�j�_�g�g�b�o �g�Z�i�j�y�`�_�g�b�c�� �i�h�e�m�q�Z�_�f�u�o��
�g�Z�g�h�Z�e�f�Z�a�h�\�� �y�\�e�y�_�l�k�y���l�h���� �q�l�h�� �i�j�_�^�e�h�`�_�g�g�u�c�� �f�_�l�h�^�� �k�b�g�l�_�a�Z�� �b�k�d�e�x�q�Z�_�l��
�i�j�b�k�m�l�k�l�\�b�_���\���Z�e�f�Z�a�Z�o���f�_�l�Z�e�e�b�q�_�k�d�b�o���\�d�e�x�q�_�g�b�c�����\�d�e�x�q�_�g�b�c���g�_���Z�e�f�Z�a�g�u�o��
�n�h�j�f�� �m�]�e�_�j�h�^�Z�����N�Z�d�l�h�j�h�f���� �k�i�h�k�h�[�k�l�\�m�x�s�b�f�� �\�u�k�h�d�h�c�� �k�l�_�i�_�g�b��
�d�j�b�k�l�Z�e�e�b�q�_�k�d�h�]�h�� �k�h�\�_�j�r�_�g�k�l�\�Z�� �i�h�e�m�q�Z�_�f�u�o �Z�e�f �Z�a�h�\���� �y�\�e�y�_�l�k�y���l�Z�d�`�_���l�h����
�q�l�h�� �\���^�Z�g�g�h�f �k�e�m�q�Z�_�� �h�[�j�Z�a�h�\�Z�g�b�_�� �Z�e�f�Z�a�Z�� �i�j�h�b�k�o�h�^�b�l�� �\���j-�L���h�[�e�Z�k�l�b�� �_�]�h��
�l�_�j�f�h�^�b�g�Z�f�b�q�_�k�d�h�c�� �k�l�Z�[�b�e�v�g�h�k�l�b�� �i�j�b�� �^�Z�\�e�_�g�b�y�o�� �i�h�j�y�^�d�Z�� ���� �=�I�Z�� �b��
�^�h�\�h�e�v�g�h�� �\�u�k�h�d�b�o�� �l�_�f�i�_�j�Z�l�m�j�Z�o�� �a�������� - ���������ƒ�K���� �h�[�_�k�i�_�q�b�\�Z�x�s�b�o��
�w�n�n�_�d�l�b�\�g�u�c�� �h�l�`�b�]�� �j�Z�a�e�b�q�g�u�o�� �k�l�j�m�d�l�m�j�g�u�o��� �̂_�n�_�d�l�h�\�� �D�Z�d�� �j�_�a�m�e�v�l�Z�l����
�i�h�e�m�q�_�g�g�u�_�� �Z�e�f�Z�a�u�� �b�f�_�x�l�� �k�m�s�_�k�l�\�_�g�g�h�� �f�_�g�v�r�m�x�� �k�l�_�i�_�g�v�� �\�g�m�l�j�_�g�g�b�o��
�g�Z�i�j�y�`�_�g�b�c���� �q�_�f�� �Z�e�f�Z�a�g�u�_�� �f�Z�l�_�j�b�Z�e�u���� �i�h�e�m�q�_�g�g�u�_�� �f�_�l�h�^�Z�f�b�� �&�9�'�� �b�e�b�� �k��
�i�h�f�h�s�v�x���^�_�l�h�g�Z�p�b�h�g�g�u�o���l�_�o�g�h�e�h�]�b�c���� 

�<�� �k�h�\�h�d�m�i�g�h�k�l�b�� �i�j�h�\�_�^�z�g�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �i�j�_�^�k�l�Z�\�e�y�x�l�� �_�s�_�� �h�^�b�g��
�r�Z�]���g�Z �i�m�l�b���k�h�a�^�Z�g�b�y���g�Z�g�h�j�Z�a�f�_�j�g�u�o���b�k�l�h�q�g�b�d�h�\���g�_�h�l�e�b�q�b�f�u�o���n�h�l�h�g�h�\�� 

�J�Z�[�h�l�Z �\�u�i�h�e�g�_�g�Z �i�j�b�� �n�b�g�Z�g�k�h�\�h�c�� �i�h�^�^�_�j�`�d�_�� �J�h�k�k�b�c�k�d�h�]�h�� �n�h�g�^�Z��
�n�m�g�^�Z�f�_�g�l�Z�e�v�g�u�o�� �b�k�k�e�_�^�h�\�Z�g�b�c �\�� �j�Z�f�d�Z�o�� �g�Z�m�q�g�h�]�h�� �i�j�h�_�d�l�Z�� �‹�� ����-03-
00936. 

 
[1] �<���:�����>�Z�\�u�^�h�\�����:���<�����J�Z�o�f�Z�g�b�g�Z�����K���=�����E�y�i�b�g �b���^�j�� �I�b�k�v�f�Z �\ �@�W�L�N, 99, 
673 (2014). 
[2] L.J. Rogers, et al., Phys. Rev. Appl., 11, 024073 (2019). 
[3] �: .�B. �A�_�e�_�g�_�_�\ �b���^�j��,  �D�\�Z�g�l�h�\�Z�y �w�e�_�d�l�j�h�g�b�d�Z�� 50, 299 (2020). 
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 �K�m�s�_�k�l�\�m�x�s�b�_�� �f�_�l�h�^�u�� �f�Z�k�k�h�\�h�]�h�� �i�h�e�m�q�_�g�b�y�� �g�Z�g�h�Z�e�f�Z�a�h�\��
���^�_�l�h�g�Z�p�b�h�g�g�u�c���>���@�����&�9�'���>���@�����^�j�h�[�e�_�g�b�y���>���@�����g�_���i�h�a�\�h�e�y�x�l���d�h�g�l�j�h�e�b�j�h�\�Z�l�v 
�j�Z�a�f �_�j�� �b�� �k�l�j�m�d�l�m�j�g�h�_�� �k�h�k�l�h�y�g�b�_�� �i�h�e�m�q�Z�_�f�u�o���g�Z�g�h�Z�e�f�Z�a�h�\���� �\�� �h�k�h�[�_�g�g�h�k�l�b����
�\���m�e�v�l�j�Z-�f�Z�e�h�f���j�Z�a�f�_�j�g�h�f���^�b�Z�i�Z�a�h�g�_����-�����g�f�����q�l�h���k�m�s�_�k�l�\�_�g�g�h���k�^�_�j�`�b�\�Z�_�l��
�b�a�m�q�_�g�b�_�� �b�� �i�h�g�b�f�Z�g�b�_�� �w�n�n�_�d�l�h�\�� �j�Z�a�f�_�j�g�h-�a�Z�\�b�k�b�f�h�c�� �k�l�j�m�d�l�m�j�g�h�c��
�i�_�j�_�k�l�j�h�c�d�b�� �i�h�\�_�j�o�g�h�k�l�b�� �b�� �\�g�m�l�j�_�g�g�_�]�h�� �y�^�j�Z�� �g�Z�g�h�d�j�b�k�l�Z�e�e�h�\�� 
�m�k�l�h�c�q�b�\�h�k�l�b���i�j�b�f�_�k�g�u�o���^�_�n�_�d�l�h�\���� 
 �H�[�g�Z�j�m�`�_�g�b�_�� �k�b�g�_�j�]�_�l�b�q�_�k�d�h�]�h�� �w�n�n�_�d�l�Z�� �k�l�j�m�d�l�m�j�u�� �g�Z�k�u�s�_�g�g�u�o��
�m�]�e�_�\�h�^�h�j�h�^�h�\���b���k�i�h�k�h�[�g�h�k�l�b���g�_�d�h�l�h�j�u�o���]�_�l�_�j�h�Z�l�h�f�h�\���k�l�Z�[�b�e�b�a�b�j�h�\�Z�l�v���V�S3 
�m�]�e�_�j�h�^�g�u�c�� �d�e�Z�k�l�_�j�� �h�[�h�a�g�Z�q�b�e�h�� �j�_�\�h�e�x�p�b�h�g�g�u�c�� �i�j�h�j�u�\�� �\�� �f�Z�k�k�h�\�h�f��
�d�h�g�l�j�h�e�b�j�m�_�f�h�f���k�b�g�l�_�a�_���g�Z�g�h�Z�e�f �Z�a�h�\ �\���k�l�Z�l�b�q�_�k�d�b�o��HPHT �m�k�e�h�\�b�y�o�� 
 �I �_�j�\�h�_�� �i�j�b�f�_�g�_�g�b�_�� �l�_�o�g�b�d�b�� �k�l�Z�l�b�q�_�k�d�b�o�� �\�u�k�h�d�b�o�� �^�Z�\�e�_�g�b�c�� �^�e�y��
�f�Z�k�k�h�\�h�]�h�� �d�h�g�l�j�h�e�b�j�m�_�f�h�]�h�� �i�h�e�m�q�_�g�b�y�� �e�_�]�b�j�h�\�Z�g�g�u�o�� �g�Z�g�h�d�j�b�k�l�Z�e�e�h�\��
�Z�e�f�Z�a�Z���[�u�e�h�� �h�k�m�s�_�k�l�\�e�_�g�h���i�j�y�f�u�f�� �k�b�g�l�_�a�h�f�� �b�a�� �b�g�^�b�\�b�^�m�Z�e�v�g�h�]�h��
�]�_�l�_�j�h�h�j�]�Z�g�b�q�_�k�d�h�]�h�� �k�h�_�^�b�g�_�g�b�y �[�h�j�Z�[�b�p�b�d�e�h�>�����������@�g�h�g�Z�g�Z�� �^�b�f�_�j�Z����
C16H30B2 [4,5�@�����K�b�e�v�g�h���e�_�]�b�j�h�\�Z�g�g�u�_���[�h�j�h�f���Z�e�f�Z�a�u���k���j�Z�a�f�_�j�h�f���d�j�b�k�l�Z�e�e�h�\��
�f�_�g�_�_�� ������ �g�f�� �[�u�e�b�� �i�h�e�m�q�_�g�u�� �i�j�b�� �^�Z�\�e�_�g�b�b�� ��-���� �=�I�Z �b�� �l�_�f�i�_�j�Z�l�m�j�Z�o�� �h�d�h�e�h��
1000-1300 �ž�K���� �;�u�e�b�� �i�j�h�^�_�f�h�g�k�l�j�b�j�h�\�Z�g�u���\�h�a�f�h�`�g�h�k�l�b �h�[�j�Z�a�h�\�Z�g�b�y��
�m�k�l�h�c�q�b�\�u�o�� �k�m�k�i�_�g�a�b�c�� �\�� �\�h��̂_���b �b�k�i�h�e�v�a�h�\�Z�g�b�y �e�_�]�b�j�h�\�Z�g�g�u�o�� �[�h�j�h�f��
�g�Z�g�h�Z�e�f�Z�a�h�\ �\���d�Z�q�_�k�l�\�_���Z�d�l�b�\�g�u�o���w�e�_�f�_�g�l�h�\���\���n�h�l�h�l�_�j�f�h�l�_�j�Z�i�b�b���j�Z�d�h�\�u�o��
�a�Z�[�h�e�_�\�Z�g�b�c���>6]. 
 �F�Z�k�k�h�\�u�c�� �+�3�+�7�� �k�b�g�l�_�a�� �g�Z�g�h�Z�e�f�Z�a�h�\�� �d�h�g�l�j�h�e�b�j�m�_�f�h�]�h�� �j�Z�a�f�_�j�Z����
�h�l�d�j�u�\�Z�x�s�b�c�� �g�h�\�u�_�� �i�_�j�k�i�_�d�l�b�\�u�� �\�� �k�h�a�^�Z�g�b�b�� �h�^�g�h�j�h�^�g�u�o�� �i�h�� �k�\�h�c�k�l�\�Z�f��
�g�h�k�b�l�_�e�_�c �p�_�g�l�j�h�\ �h�d�j�Z�k�d�b���� �h�k�m�s�_�k�l�\�e�_�g�� �b�a�� �]�Z�e�h�]�_�g�b�j�h�\�Z�g�g�u�o��
�Z�^�Z�f�Z�g�l�Z�g�h�\��[7,8]. �K�^�_�e�Z�g�h���i�j�_�^�i�h�e�h�`�_�g�b�_�����q�l�h���Z�e�f�Z�a�h�i�h�^�h�[�g�Z�y���k�l�j�m�d�l�m�j�Z��
�f�h�e�_�d�m�e �b���k�i�h�k�h�[�g�h�k�l�v���]�Z�e�h�]�_�g�h�\���g�Z�k�u�s�Z�l�v���m�]�e�_�j�h�^�g�u�_���k�\�y�a�b �h�i�j�_�^�_�e�y�x�l��
�i�j�_�b�f�m�s�_�k�l�\�_�g�g�u�c�� �©�Z�e�f�Z�a�g�u�c�ª�� �k�p�_�g�Z�j�b�c�� �d�Z�j�[�h�g�b�a�Z�p�b�b��
�]�Z�e�h�]�_�g�b�j�h�\�Z�g�g�u�o (F, Br, Cl, I) �Z�^�Z�f�Z�g�l�Z�g�h�\ (�i�j�b�� �^�Z�\�e�_�g�b�b�� ��-9 �=�I�Z�� �b��
�l�_�f�i�_�j�Z�l�m�j�Z�o�� �\�u�r�_�� ������ �ž�K). �I�j�h�^�_�f�h�g�k�l�j�b�j�h�\�Z�g�Z �\�h�a�f�h�`�g�h�k�l�v 
�e�_�]�b�j�h�\�Z�g�b�y�� �g�Z�g�h�Z�e�f�Z�a�h�\�� �]�_�j�f�Z�g�b�_�f�� ���*�H�9���� �\�� �k�b�k�l�_�f�_�� �%�U-H-C-Ge [8], �\��
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�k�\�y�a�b�� �k�� �q�_�f���\�h�i�j�h�k�� �i�h�e�m�q�_�g�b�y�� �d�h�e�e�h�b�^�h�\�� �k�l�Z�g�h�\�b�l�k�y�� �d�j�Z�c�g�_�� �Z�d�l�m�Z�e�v�g�u�f��
�^�e�y���n�m�g�^�Z�f�_�g�l�Z�e�v�g�u�o���b�k�k�e�_�^�h�\�Z�g�b�c���b���i�j�Z�d�l�b�q�_�k�d�h�]�h���i�j�b�f�_�g�_�g�b�y�� 
 �G�Z�� �i�j�b�f�_�j�_�� �i�h�e�b�\�b�g�b�e�o�e�h�j�b�^�Z�� ���I�<�O��C2H3Cl) �i�h�d�Z�a�Z�g�h���� �q�l�h��
�Z�e�f�Z�a�h�i�h�^�h�[�g�Z�y�� �k�l�j�m�d�l�m�j�Z�� �f�h�e�_�d�m�e�� �g�_�� �y�\�e�y�_�l�k�y�� �h�[�y�a�Z�l�_�e�v�g�u�f�� �m�k�e�h�\�b�_�f��
�^�e�y���g�b�a�d�h�l�_�f�i�_�j�Z�l�m�j�g�h�]�h���h�j�]�Z�g�b�q�_�k�d�h�]�h���k�b�g�l�_�a�Z���g�Z�g�h�Z�e�f�Z�a�h�\�����G�Z�g�h�Z�e�f�Z�a�u��
�k�� �m�e�v�l�j�Z�f�Z�e�u�f �j�Z�a�f�_�j�h�f�� �[�u�e�b�� �i�h�e�m�q�_�g�u�� �b�a�� �I�<�O���� �i�h�e�b�f�_�j�Z�� �k�� �e�b�g�_�c�g�u�f��
�k�l�j�h�_�g�b�_�f�� �f�h�e�_�d�m�e���� �i�j�b�� �j�_�d�h�j�^�g�h�� �g�b�a�d�b�o�� �l�_�f�i�_�j�Z�l�m�j�Z�o�� ������-500 �q�K�� �i�j�b��
�^�Z�\�e�_�g�b�y�o�� ��-���� �=�I�Z���� �I�j�_�^�e�h�`�_�g�� �g�h�\�u�c�� �f�_�o�Z�g�b�a�f�� �^�_�]�b�^�j�h�o�e�h�j�b�j�h�\�Z�g�b�y��
�I�<�O�� �i�h�^�� �^�Z�\�e�_�g�b�_�f�� �k�� �h�[�j�Z�a�h�\�Z�g�b�_�f�� �f�_�`�f�h�e�_�d�m�e�y�j�g�u�o�� �K-�K�� �k�\�y�a�_�c����
�k�h�o�j�Z�g�_�g�b�_�f�� sp3 �]�b�[�j�b�^�b�a�Z�p�b�b�� �m�]�e�_�j�h�^�g�h�]�h�� �h�k�l�h�\�Z�� �b�� �a�Z�j�h�`�^�_�g�b�_�f��
�g�Z�g�h�Z�e�f�Z�a�h�\���� 
 �K�\�_�j�o�f�Z�e�u�_�� �g�Z�g�h�Z�e�f�Z�a�u�� �k�h�� �k�j�_�^�g�b�f�� �j�Z�a�f�_�j�h�f�� �d�j�b�k�l�Z�e�e�h�\�� �h�l�� �� �^�h��
4 �g�f���f�h�]�m�l���[�u�l�v���i�h�e�m�q�_�g�u���\���]�_�l�_�j�h�m�]�e�_�\�h�^�h�j�h�^�g�u�o���k�b�k�l�_�f�Z�o���i�j�b���� - 9 �=�I�Z��
�\�Z�j�b�Z�p�b�_�c �l�_�f�i�_�j�Z�l�m�j�u �b�� �\�j�_�f�_�g�b �k�b�g�l�_�a�Z�� �\�� �^�b�Z�i�Z�a�h�g�_�� ������ - 1150 �ƒ�K���� �q�l�h��
�h�l�d�j�u�\�Z�_�l�� �g�h�\�u�_�� �\�h�a�f�h�`�g�h�k�l�b���g�_�� �l�h�e�v�d�h�� �\�� �i�j�b�d�e�Z�^�g�h�c�� �k�n�_�j�_���� �g�h�� �b���^�e�y��
�b�a�m�q�_�g�b�y���d�\�Z�g�l�h�\�u�o���w�e�_�d�l�j�h�g�g�u�o���b���n�h�g�h�g�g�u�o���k�\�h�c�k�l�\���g�Z�g�h�Z�e�f�Z�a�h�\�����d�Z�d���g�Z��
�h�l�^�_�e�v�g�u�o���d�j�b�k�l�Z�e�e�Z�o�����l�Z�d���b���g�Z���h�[�t�z�f�g�u�o���h�[�j�Z�a�p�Z�o�� 
 �B�k�k�e�_�^�h�\�Z�g�b�_���\�u�i�h�e�g�_�g�h���a�Z���k�q�_�l���]�j�Z�g�l�Z���J�h�k�k�b�c�k�d�h�]�h���g�Z�m�q�g�h�]�h �n�h�g�^�Z��
���i�j�h�_�d�l���‹����-12-00407). 
 
[1] �D.�<. �<�h�e�d�h�\, �b���^�j�������N�b�a�b�d�Z���]�h�j�_�g�b�y���b���\�a�j�u�\�Z����26, (3) 123 (1990). 
[2] M. Feudiset, et al., Adv. Mater. Interfaces 1901408, (2019). 
[3] J.-P. Boudou, et al., Nanotechnology 20, 235602 (2009). 
[4] E. A. Ekimov, et al., Advanced Materials, 27, 5518 (2015). 
[5] E.A. Ekimov, et al., Phys. Status Solidi A, 213, 2582  (2016). 
[6] A. M. Vervald, et al., Laser Phys. Lett. 14, 045702 (2017). 
[7] E.A. Ekimov, et al., Carbon, 150, 436 (2019). 
[8] E.A. Ekimov, et al., Diam. Relat. Mater. 103, 107718 (2020). 
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�;���<���:�g�^�j�x�r�_�q�d�b�g 
 

�B�g�k�l�b�l�m�l���h�[�s�_�c���n�b�a�b�d�b���b�f�����:���F�����I�j�h�o�h�j�h�\�Z���J�:�G���� 
���������������F�h�k�d�\�Z�����m�e�����<�Z�\�b�e�h�\�Z�������� 
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 �=�Z�e�h�]�_�g�u���n�h�j�f�b�j�m�x�l���g�Z���f�_�l�Z�e�e�Z�o���[�h�e�v�r�h�_���j�Z�a�g�h�h�[�j�Z�a�b�_���^�\�m�f�_�j�g�u�o��
�n�Z�a���b���g�Z�g�h�h�[�t�_�d�l�h�\���\���a�Z�\�b�k�b�f�h�k�l�b���h�l���k�l�_�i�_�g�b���i�h�d�j�u�l�b�y���b���l�_�f�i�_�j�Z�l�m�j�u�����<��
�q�Z�k�l�g�h�k�l�b���� �g�Z�� �i�h�\�_�j�o�g�h�k�l�b�� �f�h�]�m�l�� �g�Z�[�e�x�^�Z�l�v�k�y�� �i�h�j�b�k�l�u�_�� �k�\�_�j�o�k�l�j�m�d�l�m�j�u����
�d�j�Z�m�^�b�h�g�u���� �^�h�f�_�g�g�u�_���k�l�_�g�d�b���� �d�e�Z�k�l�_�j�u���� �d�\�Z�a�b�f�h�e�_�d�m�e�u���b �d�Z�j�l�b�g�u�� �f�m�Z�j�Z����
�D�j�h�f�_�� �l�h�]�h���� �Z�^�k�h�j�[�p�b�y�� �]�Z�e�h�]�_�g�h�\�� �f�h�`�_�l�� �b�g�b�p�b�b�j�h�\�Z�l�v�� �j�_�d�h�g�k�l�j�m�d�p�b�x�� �b��
�n�Z�k�_�l�b�j�h�\�Z�g�b�_�� �i�h�\�_�j�o�g�h�k�l�b���� �H�k�h�[�u�c�� �b�g�l�_�j�_�k�� �i�j�_�^�k�l�Z�\�e�y�x�l�� �l�h�g�d�b�_�� ��D 
�i�e�_�g�d�b�� �]�Z�e�h�]�_�g�b�^�h�\���� �Z�l�h�f�g�Z�y�� �b�� �w�e�_�d�l�j�h�g�g�Z�y�� �k�l�j�m�d�l�m�j�Z�� �d�h�l�h�j�u�o�� �b�f�_�_�l��
�h�k�h�[�_�g�g�h�k�l�b���i�h���k�j�Z�\�g�_�g�b�x���k���h�[�t�_�f�g�u�f�b���d�j�b�k�l�Z�e�e�Z�f�b���]�Z�e�h�]�_�g�b�^�h�\���>���@���� 

�<���^�Z�g�g�h�c���j�Z�[�h�l�_���b�k�k�e�_�^�h�\�Z�e�Z�k�v���k�b�k�l�_�f�Z��Cl/Au���������������:�^�k�h�j�[�p�b�y���o�e�h�j�Z��
�i�j�h�\�h�^�b�e�Z�k�v�� �i�j�b�� �l�_�f�i�_�j�Z�l�m�j�_�� �������� �D���� �Z�� �b�a�f�_�j�_�g�b�y�� �f�_�l�h�^�h�f�� �k�d�Z�g�b�j�m�x�s�_�c��
�l�m�g�g�_�e�v�g�h�c�� �f�b�d�j�h�k�d�h�i�b�b�� ���K�L�F���� �i�j�b�� �h�o�e�Z�`�^�_�g�b�b�� �^�h�� �� �D���� �;�u�e�h��
�m�k�l�Z�g�h�\�e�_�g�h���� �q�l�h�� �i�j�b�� �Z�^�k�h�j�[�p�b�b�� �f�h�e�_�d�m�e�u�� �o�e�h�j�Z�� �^�b�k�k�h�p�b�b�j�m�x�l����
�Z�^�k�h�j�[�b�j�m�y�k�v�� �g�Z �i�h�\�_�j�o�g�h�k�l�v��Au������������ �\�� �\�b�^�_�� �h�l�^�_�e�v�g�u�o�� �Z�l�h�f�h�\���� �I�j�b��
�k�l�_�i�_�g�b���i�h�d�j�u�l�b�y���§�����������F�K���j�_�d�h�g�k�l�j�m�d�p�b�y���i�h�\�_�j�o�g�h�k�l�b���a�h�e�h�l�Z���b�k�q�_�a�Z�_�l�����Z��
�g�Z�� �i�h�\�_�j�o�g�h�k�l�b�� �\�h�a�g�b�d�Z�_�l�� �k�b�k�l�_�f�Z�� �m�i�h�j�y�^�h�q�_�g�g�u�o�� �d�h�e�_�p�� �b�a�� �Z�l�h�f�h�\�� �o�e�h�j�Z��
���J�b�k���������� 

 
�J�b�k�m�g�h�d���������K�L�F- �b�a�h�[�j�Z�`�_�g�b�_���g�Z�g�h�i�h�j�b�k�l�h�c���k�l�j�m�d�l�m�j�u��Cl/Au(111), 0.09 
�F�K������K  
 

�J�Z�k�k�l�h�y�g�b�y�� �f�_�`�^�m�� �k�h�k�_�^�g�b�f�b�� �Z�l�h�f�Z�f�b�� �o�e�h�j�Z���� �\�� �h�k�g�h�\�g�h�f����
�k�h�k�l�Z�\�e�y�x�l�� �§������ �c���� �q�l�h�� �k�h�h�l�\�_�l�k�l�\�m�_�l�� �i�Z�j�Z�f�_�l�j�m�� �j�_�r�z�l�d�b�� ���¥���î�¥����R�����ƒ����
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�g�Z�[�e�x�^�Z�_�f�h�c���i�j�b���k�l�_�i�_�g�b���i�h�d�j�u�l�b�y�������������F�K�����>�e�y���m�k�l�Z�g�h�\�e�_�g�b�y���^�\�b�`�m�s�_�c��
�k�b�e�u�� �g�Z�[�e�x�^�Z�_�f�h�c�� �k�Z�f�h�h�j�]�Z�g�b�a�Z�p�b�b�� �[�u�e�b�� �i�j�h�\�_�^�_�g�u�� �\�u�q�b�k�e�_�g�b�y��
�f�_�l�h�^�h�f�� �n�m�g�d�p�b�h�g�Z�e�Z�� �i�e�h�l�g�h�k�l�b���� �d�h�l�h�j�u�_�� �i�h�d�Z�a�Z�e�b���� �q�l�h�� �j�_�r�Z�x�s�m�x�� �j�h�e�v��
�b�]�j�Z�x�l���g�_�i�j�y�f�u�_���\�a�Z�b�f�h�^�_�c�k�l�\�b�y���q�_�j�_�a���m�i�j�m�]�m�x���^�_�n�h�j�f�Z�p�b�x���i�h�^�e�h�`�d�b�� 

 

 
�J�b�k���������D�Z�j�l�u����dI/dV�������a�Z�i�b�k�Z�g�g�u�_���i�j�b���j�Z�a�e�b�q�g�u�o���g�Z�i�j�y�`�_�g�b�y�o���k�f�_�s�_�g�b�y�� 

 
�>�e�y�� �^�Z�g�g�h�c�� �k�b�k�l�_�f�u�� �g�_�h�[�o�h�^�b�f�h�� �i�j�b�g�y�l�v�� �\�h�� �\�g�b�f�Z�g�b�_�� �g�Z�e�b�q�b�_��

�i�h�\�_�j�o�g�h�k�l�g�u�o�� �w�e�_�d�l�j�h�g�g�u�o�� �k�h�k�l�h�y�g�b�c�� �^�e�y��Au�������������� �>�e�y�� �i�h�\�_�j�o�g�h�k�l�g�u�o��
�w�e�_�d�l�j�h�g�h�\�� �k�b�k�l�_�f�Z�� �m�i�h�j�y�^�h�q�_�g�g�u�o�� �d�h�e�_�p�� �f�h�`�_�l�� �[�u�l�v�� �j�Z�k�k�f�h�l�j�_�g�Z�� �d�Z�d��
�k�b�k�l�_�f�Z�� �k�\�y�a�Z�g�g�u�o�� �d�\�Z�g�l�h�\�u�o�� �y�f���� �<�g�m�l�j�b�� �d�Z�`�^�h�c�� �d�\�Z�g�l�h�\�h�c�� �y�f�u��
�\�h�a�g�b�d�Z�x�l�� �e�h�d�Z�e�b�a�h�\�Z�g�g�u�_�� �k�h�k�l�h�y�g�b�y���� �w�g�_�j�]�b�y�� �d�h�l�h�j�u�o�� �k�\�y�a�Z�g�Z�� �k��
�]�_�h�f�_�l�j�b�_�c�� �d�h�e�_�p���� �G�Z�� �J�b�k�� ���� �i�h�d�Z�a�Z�g�u�� �k�i�_�d�l�j�h�k�d�h�i�b�q�_�k�d�b�_�� �K�L�F��
�b�a�h�[�j�Z�`�_�g�b�y�����d�Z�j�l�u���^�b�n�n�_�j�_�g�p�b�Z�e�v�g�h�c���i�j�h�\�h�^�b�f�h�k�l�b�������d�h�l�h�j�u�_���g�Z�]�e�y�^�g�h��
�^�_�f�h�g�k�l�j�b�j�m�x�l�� �\�h�a�f�h�`�g�h�k�l�v�� �j�_�]�b�k�l�j�Z�p�b�b�� �j�Z�a�e�b�q�g�u�o�� �f�h�^�� �l�Z�d�h�]�h��
�©�Z�l�h�f�g�h�]�h���j�_�a�h�g�Z�l�h�j�Z�ª�� 

�B�g�l�_�j�_�k�g�h�c�� �h�k�h�[�_�g�g�h�k�l�v�x �h�[�g�Z�j�m�`�_�g�g�h�c�� �k�Z�f�h�h�j�]�Z�g�b�a�Z�p�b�b�� �y�\�e�y�_�l�k�y��
�\�h�a�f�h�`�g�h�k�l�v���b�a�f�_�g�y�l�v���i�_�j�b�h�^�b�q�g�h�k�l�v���k�b�k�l�_�f�u�����b�a�f�_�g�y�y���k�l�_�i�_�g�v���i�h�d�j�u�l�b�y��
�\�� �^�b�Z�i�Z�a�h�g�_�� �������� - ���������� �F�K���� �i�j�b�� �w�l�h�f�� �i�j�h�b�k�o�h�^�b�l�� �m�f�_�g�v�r�_�g�b�_���� �d�Z�d��
�^�b�Z�f�_�l�j�Z�� �d�h�e�_�p���� �l�Z�d�� �b�� �j�Z�k�k�l�h�y�g�b�y�� �f�_�`�^�m�� �b�o�� �p�_�g�l�j�Z�f�b���� �L�Z�d�b�f�� �h�[�j�Z�a�h�f����
�\�h�a�g�b�d�Z�_�l�� �i�h�l�_�g�p�b�Z�e�v�g�Z�y�� �\�h�a�f�h�`�g�h�k�l�v���b�k�i�h�e�v�a�h�\�Z�l�v�� �k�b�k�l�_�f�m��Cl/Au������������ �\��
�d�Z�q�_�k�l�\�_�� �r�Z�[�e�h�g�Z�� �^�e�y�� �l�_�o�g�h�e�h�]�b�q�_�k�d�b�o�� �i�j�b�e�h�`�_�g�b�c�� �i�j�b�� �k�h�a�^�Z�g�b�b��
�m�i�h�j�y�^�h�q�_�g�g�h�]�h���f�Z�k�k�b�\�Z���g�Z�g�h�h�[�t�_�d�l�h�\�����d�h�l�h�j�u�_���f�h�]�m�l���[�u�l�v���e�h�d�Z�e�b�a�h�\�Z�g�u��
�\�g�m�l�j�b���d�h�e�_�p�� 
  
[1] B.V. Andryushechkin, T.V. Pavlova, K.N. Eltsov, Surf. Sci. Rep., 73, 83 
(2018). 
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�<���:�� �D�m�e�v�[�Z�q�b�g�k�d�b�c1 
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���������������F�h�k�d�\�Z�����E�_�g�b�g�k�d�b�_���]�h�j�u������ 
2 �G�Z�p�b�h�g�Z�e�v�g�u�c���b�k�k�e�_�^�h�\�Z�l�_�e�v�k�d�b�c���p�_�g�l�j���³�D�m�j�q�Z�l�h�\�k�d�b�c���b�g�k�l�b�l�m�l�´����

���������������F�h�k�d�\�Z�����i�e�h�s�Z�^�v���:�d�Z�^�_�f�b�d�Z���D�m�j�q�Z�l�h�\�Z������  

3�F�h�k�d�h�\�k�d�b�c���n�b�a�b�d�h-�l�_�o�g�b�q�_�k�d�b�c���b�g�k�l�b�l�m�l�������������������>�h�e�]�h�i�j�m�^�g�u�c����
�B�g�k�l�b�l�m�l�k�d�b�c���i�_�j�������� 
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 �G�Z�g�h�d�j�b�k�l�Z�e�e�b�q�_�k�d�b�c���^�b�h�d�k�b�^���l�b�l�Z�g�Z����TiO2�����Z�d�l�b�\�g�h���b�k�i�h�e�v�a�m�_�l�k�y���\��
�d�Z�q�_�k�l�\�_�� �n�h�l�h�d�Z�l�Z�e�b�a�Z�l�h�j�Z�� �^�e�y�� �h�q�b�k�l�d�b�� �\�h�a�^�m�o�Z�� �h�l�� �l�h�d�k�b�q�g�u�o�� �i�j�b�f�_�k�_�c��
[1,���@���� �i�j�b�q�z�f  � �̂e�y�� �_�]�h�� �[�_�k�i�_�j�_�[�h�c�g�h�c�� �j�Z�[�h�l�u�� �l�j�_�[�m�_�l�k�y�� �g�_�i�j�_�j�u�\�g�h�_��
�m�e�v�l�j�Z�n�b�h�e�_�l�h�\�h�_�� �b�a�e�m�q�_�g�b�_, �i�h�\�u�r�Z�x�s�_�_ �w�g�_�j�]�h�a�Z�l�j�Z�l�u���� �>�e�y�� �j�_�r�_�g�b�y��
�m�d�Z�a�Z�g�g�h�c�� �i�j�h�[�e�_�f�u��TiO2 �e�_�]�b�j�m�x�l�� �j�Z�a�e�b�q�g�u�f�b�� �w�e�_�f�_�g�l�Z�f�b�� �b��
�d�h�f�[�b�g�b�j�m�x�l���k���^�j�m�]�b�f�b���j�_�^�h�d�k-�Z�d�l�b�\�g�u�f�b���f�_�l�Z�e�e�h�h�d�k�b�^�Z�f�b����MoO3, WO3, 
V2O5) [2,3]�����>�_�n�_�d�l�u�����[�h�e�v�r�b�g�k�l�\�h���b�a���d�h�l�h�j�u�o���g�Z�o�h�^�b�l�k�y���\���i�Z�j�Z�f�Z�]�g�b�l�g�h�f��
�k�h�k�l�h�y�g�b�b���� �^�Z�x�l�� �\�d�e�Z�^�� �\�� �i�h�]�e�h�s�_�g�b�_�� �\�� �\�b�^�b�f�h�c�� �h�[�e�Z�k�l�b�� �k�i�_�d�l�j�Z�� �b��
�m�q�Z�k�l�\�m�x�l�� �\�� �h�d�b�k�e�b�l�_�e�v�g�h-�\�h�k�k�l�Z�g�h�\�b�l�_�e�v�g�u�o�� �j�_�Z�d�p�b�y�o�����P�_�e�v�x�� �^�Z�g�g�h�c��
�j�Z�[�h�l�u�� �y�\�e�y�e�h�k�v�� �b�a�m�q�_�g�b�_�� �j�_�Z�d�p�b�c�� �i�_�j�_�a�Z�j�y�^�d�b�� �^�_�n�_�d�l�h�\�� �i�j�b��
�n�h�l�h�\�h�a�[�m�`�^�_�g�b�b �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �W�I�J���k�i�_�d�l�j�h�k�d�h�i�b�b���� �h�i�j�_�^�_�e�_�g�b�_�� �b�o��
�h�k�g�h�\�g�u�o�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d���� �\�� �l�h�f�� �q�b�k�e�_�� �b�o�� �i�h�e�h�`�_�g�b�y�� �\�� �a�Z�i�j�_�s�z�g�g�h�c�� �a�h�g�_��
�g�Z�g�h�]�_�l�_�j�h�k�l�j�m�d�l�m�j�� �g�Z�� �h�k�g�h�\�_�� �^�b�h�d�k�b�^�Z�� �l�b�l�Z�g�Z���� �K�� �i�h�f�h�s�v�x�� �a�h�e�v-�]�_�e�v��
�f�_�l�h�^�Z�� �[�u�e�b�� �k�b�g�l�_�a�b�j�h�\�Z�g�u�� �k�e�_�^�m�x�s�b�_�� �e�_�]�b�j�h�\�Z�g�g�u�_�� �Z�a�h�l�h�f��
�g�Z�g�h�]�_�l�_�j�h�k�l�j�m�d�l�m�j�u����TiO2/MoO3, TiO2/WO3, TiO2/V2O5, TiO2/MoO3/WO3, 
TiO2/MoO3/V2O5 �>���@���� �F�b�d�j�h�k�n�_�j�u��TiO2/MoO3, TiO2/WO3, TiO2/V2O5, 
TiO2/MoO3/V2O5, TiO2/WO3/V2O5, TiO2/MoO3/WO3, TiO2/MoO3/WO3/V2O5 
�[�u�e�b�� �i�h�e�m�q�_�g�u�� �k�� �i�h�f�h�s�v�x�� �f�_�l�h�^�Z�� �i�b�j�h�e�b�a�Z�� �Z�w�j�h�a�h�e�_�c�� �>���@�����B�a�f�_�j�_�g�b�y��
�k�i�_�d�l�j�h�\�� �W�I�J�� �[�u�e�b�� �\�u�i�h�e�g�_�g�u�� �g�Z�� �W�I�J-�k�i�_�d�l�j�h�f�_�l�j�_�� �n�b�j�f�u�� �%�U�X�N�H�U��
ELEXSYS-���������� �h�k�g�Z�s�z�g�g�h�f�� �j�l�m�l�g�h�c�� �e�Z�f�i�h�c�� �\�u�k�h�d�h�]�h�� �^�Z�\�e�_�g�b�y����
�L�_�f�i�_�j�Z�l�m�j�Z�� �b�a�f�_�j�_�g�b�c�� �k�h�k�l�Z�\�e�y�e�Z�� ������ �D�� �K�h�]�e�Z�k�g�h�� �^�Z�g�g�u�f��
�j�_�g�l�]�_�g�h�\�k�d�h�c�� �^�b�n�j�Z�d�p�b�b�� �k�j�_�^�g�b�c�� �j�Z�a�f�_�j�� �i�h�e�m�q�_�g�g�u�o�� �f�_�l�Z�e�h�h�d�k�b�^�g�u�o��
�g�Z�g�h�q�Z�k�l�b�p�� �e�_�`�Z�e�� �\�� �^�b�Z�i�Z�a�h�g�_�� ���í������ �g�f���� �G�Z�[�e�x�^�Z�_�f�u�_�� �j�Z�^�b�d�Z�e�u�� �[�u�e�b��
�b�^�_�g�l�b�n�b�p�b�j�h�\�Z�g�u�� �i�m�l�_�f�� �k�j�Z�\�g�_�g�b�y�� �i�Z�j�Z�f�_�l�j�h�\�� �k�i�b�g-�]�Z�f�b�e�v�l�h�g�b�Z�g�Z����
�i�h�e�m�q�_�g�g�u�o�� �b�a�� �l�_�h�j�_�l�b�q�_�k�d�b�o�� �k�i�_�d�l�j�h�\�� �W�I�J���� �k�� �e�b�l�_�j�Z�l�m�j�g�u�f�b�� �^�Z�g�g�u�f�b��
[5]. �;�u�e�h�� �m�k�l�Z�g�h�\�e�_�g�h���� �q�l�h�� �\�� �f�b�d�j�h�k�n�_�j�Z�o���i�j�b�k�m�l�k�l�\�m�x�l���1�‡��-�j�Z�^�b�d�Z�e�u����
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NO�‡-�j�Z�^�b�d�Z�e�u����Ti3+, �F�h5+, V4+ �p�_�g�l�j�u���� �H�l�f�_�l�b�f���� �q�l�h�� �b�h�g�u��W5+ �f�u��
�g�Z�[�e�x�^�Z�e�b�� �l�h�e�v�d�h�� �\�� �h�[�j�Z�a�p�Z�o���� �i�j�b�]�h�l�h�\�e�_�g�g�u�o�� �a�h�e�v-�]�_�e�v�� �f�_�l�h�^�h�f����
�K �i�h�f�h�s�v�x�� �j�Z�a�j�Z�[�h�l�Z�g�g�h�]�h�� �g�Z�f�b�� �h�j�b�]�b�g�Z�e�v�g�h�]�h�� �f�_�l�h�^�Z�� �g�Z�� �h�k�g�h�\�_�� �W�I�J��
�k�i�_�d�l�j�h�k�d�h�i�b�b���� �\�� �h�k�g�h�\�_�� �d�h�l�h�j�h�]�h�� �e�_�`�b�l�� �h�k�\�_�s�_�g�b�_�� �h�[�j�Z�a�p�h�\�� �n�h�l�h�g�Z�f�b��
�j�Z�a�e�b�q�g�h�c���w�g�_�j�]�b�b���g�_�i�h�k�j�_�^�k�l�\�_�g�g�h���\���j�_�a�h�g�Z�l�h�j�_���k�i�_�d�l�j�h�f�_�l�j�Z���W�I�J�����[�u�e�b��
�h�i�j�_�^�_�e�_�g�u�� �\�_�e�b�q�b�g�u�� �a�Z�i�j�_�s�z�g�g�h�c�� �a�h�g�u�� �b�� �i�h�e�h�`�_�g�b�_�� �w�g�_�j�]�_�l�b�q�_�k�d�b�o��
�m�j�h�\�g�_�c�� �j�Z�^�b�d�Z�e�h�\�� �\�h�� �\�k�_�o�� �h�[�j�Z�a�p�Z�o�� �>�e�y�� �\�u�y�\�e�_�g�b�y�� �j�h�e�b�� �j�Z�a�e�b�q�g�u�o��
�i�Z�j�Z�f�Z�]�g�b�l�g�u�o�� �p�_�g�l�j�h�\�� �\�� �n�h�l�h�d�Z�l�Z�e�b�l�b�q�_�k�d�h�f�� �i�j�h�p�_�k�k�_�� �[�u�e�b�� �b�a�m�q�_�g�u��
�h�[�j�Z�a�p�u�����g�Z���i�h�\�_�j�o�g�h�k�l�v���d�h�l�h�j�u�o���b�a���\�h�^�g�h�]�h���j�Z�k�l�\�h�j�Z���g�Z�g�h�k�b�e�k�y���i�j�h�[�g�u�c��
�d�j�Z�k�b�l�_�e�v�� �j�h�^�Z�f�b�g�� ���@�� �\ �d�h�e�b�q�_�k�l�\�_�� ���1̃0�±8 �f�h�e�v���k�f2���� �>�b�g�Z�f�b�d�Z�� �j�Z�^�b�d�Z�e�h�\��
�b�a�m�q�Z�e�Z�k�v�� �i�j�b�� �h�k�\�_�s�_�g�b�b�� �\�� �\�b�^�b�f�h�f�� �^�b�Z�i�Z�a�h�g�_�� �k�i�_�d�l�j�Z�� �d�Z�d�� �\�� �b�k�o�h�^�g�u�o��
�h�[�j�Z�a�p�Z�o���� �l�Z�d�� �b�� �\�� �n�h�l�h�d�Z�l�Z�e�b�a�Z�l�h�j�Z�o�� �k�� �j�h�^�Z�f�b�g�h�f�� ���@���� �;�u�e�h�� �m�k�l�Z�g�h�\�e�_�g�h����
�q�l�h�� �\�� �b�k�o�h�^�g�u�o�� �h�[�j�Z�a�p�Z�o�� �d�h�g�p�_�g�l�j�Z�p�b�y�� �m�d�Z�a�Z�g�g�u�o�� �\�u�r�_�� �i�Z�j�Z�f�Z�]�g�b�l�g�u�o��
�p�_�g�l�j�h�\�� �m�\�_�e�b�q�b�\�Z�e�Z�k�v�� �i�j�b���h�k�\�_�s�_�g�b�b���� �\�� �l�h�� �\�j�_�f�y�� �d�Z�d�� �\�� �k�l�j�m�d�l�m�j�Z�o�� �k��
�g�Z�g�_�k�_�g�g�u�f�� �d�j�Z�k�b�l�_�e�_�f�� �g�Z�[�e�x�^�Z�e�h�k�v�� �m�f�_�g�v�r�_�g�b�_�� �m�d�Z�a�Z�g�g�h�c�� �\�_�e�b�q�b�g�u����
�F�h�`�g�h�� �i�j�_�^�i�h�e�h�`�b�l�v���� �q�l�h�� �i�j�b�� �h�k�\�_�s�_�g�b�b�� �i�Z�j�Z�f�Z�]�g�b�l�g�u�_�� �p�_�g�l�j�u��
�i�_�j�_�o�h�^�y�l�� �\�� �g�_�i�Z�j�Z�f�Z�]�g�b�l�g�h�_�� �k�h�k�l�h�y�g�b�_���� �l�_�j�y�y�� �w�e�_�d�l�j�h�g�u����
�N�h�l�h�\�h�a�[�m�`�^�_�g�g�u�_�� �k�� �^�Z�g�g�u�o�� �p�_�g�l�j�h�\�� �w�e�_�d�l�j�h�g�u�� �m�q�Z�k�l�\�m�x�l�� �\��
�h�d�b�k�e�b�l�_�e�v�g�h-�\�h�k�k�l�Z�g�h�\�b�l�_�e�v�g�u�o�� �j�_�Z�d�p�b�y�o�� �g�Z�� �i�h�\�_�j�o�g�h�k�l�b�� �h�[�j�Z�a�p�h�\����
�i�j�b�\�h�^�y�s�b�o�� �d�� �^�_�k�l�j�m�d�p�b�b�� �d�j�Z�k�b�l�_�e�y���� �I�h�k�e�_�� �\�u�d�e�x�q�_�g�b�y�� �h�k�\�_�s�_�g�b�y��
�a�g�Z�q�_�g�b�_�� �d�h�g�p�_�g�l�j�Z�p�b�b�� �i�Z�j�Z�f�Z�]�g�b�l�g�u�o�� �p�_�g�l�j�h�\�� �\�h�a�\�j�Z�s�Z�e�h�k�v�� �\�� �b�k�o�h�^�g�h�_��
�k�h�k�l�h�y�g�b�_���a�Z���h�q�_�g�v���^�e�b�l�_�e�v�g�h�_���\�j�_�f�y�����i�j�b�f�_�j�g�h���\���l�_�q�_�g�b�_���^�\�m�o���k�m�l�h�d���^�e�y��
�g�Z�g�h�]�_�l�_�j�h�k�l�j�m�d�l�m�j���� �k�b�g�l�_�a�b�j�h�\�Z�g�g�u�o�� �a�h�e�v-�]�_�e�v�� �f�_�l�h�^�h�f�� �b�� �[�h�e�_�_�� �^�\�m�o��
�k�m�l�h�d�� �^�e�y�� �f�b�d�j�h�k�n�_�j������ �l���_���� �\�� �b�k�k�e�_�^�m�_�f�u�o�� �h�[�j�Z�a�p�Z�o�� �g�Z�[�e�x�^�Z�e�k�y�� �w�n�n�_�d�l��
�g�Z�d�h�i�e�_�g�b�y�� �n�h�l�h�\�h�a�[�m�`�^�z�g�g�u�o�� �g�h�k�b�l�_�e�_�c�� �a�Z�j�y�^�Z�� �L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �\��
�i�h�e�m�q�_�g�g�u�o�� �j�Z�a�g�u�f�b�� �f�_�l�h�^�Z�f�b �g�Z�g�h�]�_�l�_�j�h�k�l�j�m�d�l�m�j�Z�o�� �g�Z�� �h�k�g�h�\�_��
�h�d�k�b�^�h�\��TiO2, MoO3, WO3, V2O5 �k�� �i�h�f�h�s�v�x�� �W�I�J�� �k�i�_�d�l�j�h�k�d�h�i�b�b�� �i�j�b��
�h�k�\�_�s�_�g�b�b�� �^�b�Z�]�g�h�k�l�b�j�h�\�Z�g�u�� �i�j�h�p�_�k�k�u�� �i�_�j�_�a�Z�j�y�^�d�b�� �i�Z�j�Z�f�Z�]�g�b�l�g�u�o��
�p�_�g�l�j�h�\���� �w�n�n�_�d�l�u�� �j�Z�a�^�_�e�_�g�b�y�� �b�� �g�Z�d�h�i�e�_�g�b�y�� �n�h�l�h�\�h�a�[�m�`�^�z�g�g�u�o��
�w�e�_�d�l�j�h�g�h�\�� �b�� �^�u�j�h�d���� �d�h�l�h�j�u�_�� �h�[�_�k�i�_�q�b�\�Z�x�l�� �i�j�h�l�_�d�Z�g�b�_��
�n�h�l�h�d�Z�l�Z�e�b�l�b�q�_�k�d�b�o���j�_�Z�d�p�b�c���g�Z���i�h�\�_�j�o�g�h�k�l�b���h�[�j�Z�a�p�h�\���\���l�_�q�_�g�b�_���^�\�m�o��
�k�m�l�h�d�� �b�� �[�h�e�_�_�� �i�h�k�e�_�� �\�u�d�e�x�q�_�g�b�y�� �h�k�\�_�s�_�g�b�y���� �q�l�h�� �k�\�b�^�_�l�_�e�v�k�l�\�m�_�l�� �h��
�i�_�j�k�i�_�d�l�b�\�g�h�k�l�b�� �i�h�e�m�q�_�g�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\�� �^�e�y�� �i�j�Z�d�l�b�q�_�k�d�b�o��
�i�j�b�f�_�g�_�g�b�c�����B�k�k�e�_�^�h�\�Z�g�b�_���\�u�i�h�e�g�_�g�h���i�j�b���n�b�g�Z�g�k�h�\�h�c���i�h�^�^�_�j�`�d�_���J�N�N�B��
�\���j�Z�f�d�Z�o���g�Z�m�q�g�h�]�h���i�j�h�_�d�l�Z���‹������-29-23051. 
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�<�E�B�Y�G�B�?���K�I�B�G-�H�J�;�B�L�:�E�V�G�H�=�H���<�A�:�B�F�H�>�?�C�K�L�<�B�Y��
�G�:���N�B�A�B�Q�?�K�D�B�?���K�<�H�C�K�L�<�:����d/5d �K�H�?�>�B�G�?�G�B�C 
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1�B�g�k�l�b�l�m�l���n�b�a�b�d�b���f�_�l�Z�e�e�h�\���b�f�����F���G�����F�b�o�_�_�\�Z���M�j�H���J�:�G������������������
�?�d�Z�l�_�j�b�g�[�m�j�]�����m�e�����K�����D�h�\�Z�e�_�\�k�d�h�c������ 

2�D�_�e�v�g�k�d�b�c���m�g�b�\�_�j�k�b�l�_�l�����D�_�e�v�g�����P�x�e�v�i�b�o�_�j���r�l�j�Z�k�k�_������ 
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 �B�a�m�q�_�g�b�_���\�e�b�y�g�b�y���k�i�b�g-�h�j�[�b�l�Z�e�v�g�h�]�h���\�a�Z�b�f�h�^�_�c�k�l�\�b�y���g�Z���n�b�a�b�q�_�k�d�b�_��
�k�\�h�c�k�l�\�Z�� �j�Z�a�e�b�q�g�u�o�� �f�Z�l�_�j�b�Z�e�h�\�� �[�_�a�� �k�h�f�g�_�g�b�y�� �k�l�Z�e�h�� �h�^�g�h�c�� �b�a�� �d�e�x�q�_�\�u�o��
�h�[�e�Z�k�l�_�c�� �n�b�a�b�d�b�� �d�h�g�^�_�g�k�b�j�h�\�Z�g�g�h�]�h�� �k�h�k�l�h�y�g�b�y�� �\�� �i�h�k�e�_�^�g�b�_�� �]�h�^�u����
�H�l�d�j�u�l�b�_�� �l�h�i�h�e�h�]�b�q�_�k�d�b�o�� �b�a�h�e�y�l�h�j�h�\�� ���Z�� �l�Z�d�`�_�� �^�b�j�Z�d�h�\�k�d�b�o �b�� �\�_�c�e�_�\�k�d�b�o��
�i�h�e�m�f�_�l�Z�e�e�h�\������ �\�Z�`�g�h�k�l�v�� �m�q�_�l�Z�� �k�i�b�g-�h�j�[�b�l�Z�e�v�g�h�]�h�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �^�e�y��
�h�i�b�k�Z�g�b�y�� �w�e�_�d�l�j�h�g�g�u�o�� �b�� �f�Z�]�g�b�l�g�u�o�� �k�\�h�c�k�l�\�� �f�g�h�]�b�o��
�k�b�e�v�g�h�d�h�j�j�_�e�b�j�h�\�Z�g�g�u�o�� �k�h�_�^�b�g�_�g�b�c�� �i�_�j�_�o�h�^�g�u�o�� �f�_�l�Z�e�e�h�\�� ���k�i�b�g- 
�h�j�[�b�l�Z�e�v�g�u�_�� �f�h�l�l�h�\�k�d�b�_�� �b�a�h�e�y�l�h�j�u������ �k�i�b�g-�h�j�[�b�l�Z�e�v�g�h�_�� �a�Z�i�m�l�u�\�Z�g�b�_, 
�y�\�e�_�g�b�y�� �k�\�y�a�Z�g�g�u�_���k���Z�g�b�a�h�l�j�h�i�b�_�c���h�[�f�_�g�g�h�]�h���\�a�Z�b�f�h�^�_�c�k�l�\�b�y���b���f�h�^�_�e�v�x��
�D�b�l�Z�_�\�Z����- �\�k�_�� �w�l�b�� �w�n�n�_�d�l�u�� �h�d�Z�a�Z�e�b�� �\�Z�`�g�h�_�� �\�e�b�y�g�b�_�� �b�� �k�m�s�_�k�l�\�_�g�g�h��
�h�[�h�]�Z�l�b�e�b���n�b�a�b�q�_�k�d�m�x���g�Z�m�d�m�� 

�<�� �g�Z�k�l�h�y�s�_�f�� �^�h�d�e�Z�^�_�� �[�m�^�_�l�� �i�j�_�^�k�l�Z�\�e�_�g�u�� �i�h�k�e�_�^�g�b�_�� �j�_�a�m�e�v�l�Z�l�u��
�b�k�k�e�_�^�h�\�Z�g�b�c���� �k�\�y�a�Z�g�g�u�o�� �k�� �b�a�m�q�_�g�b�_�f�� �\�e�b�y�g�b�y �k�i�b�g-�h�j�[�b�l�Z�e�v�g�h�]�h��
�\�a�Z�b�f�h�^�_�c�k�l�\�b�y���g�Z���n�b�a�b�q�_�k�d�h�_���k�\�h�c�k�l�\�Z���k�h�_�^�b�g�_�g�b�c���i�_�j�_�o�h�^�g�u�o���f�_�l�Z�e�e�h�\����
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�J�Z�[�h�l�Z���\�u�i�h�e�g�_�g�Z���i�j�b �i�h�^�^�_�j�`�d�_���J�G�N������-62-46047. 
 
[1] S.V. Streltsov, D.I. Khomskii, Phys. Rev. X, 10, 031043 (2020). 
[2] A. Revelli, M. Sala, G. Monaco, P. Becker, L. Bohaty, M. Hermanns, 
T.C. Koethe, T. Frohlich, P. Warzanowski, T. Lorenz, S.V. Streltsov, 
P.H.M. van Loosdrecht D.I. Khomskii, J. van den Brink, M. Gruninger, Sci. 
Adv., 5, eaav4020 (2019) 
[3] E.V. Komleva, D.I. Khomskii, S.V. Streltsov, arXiv:2007.15230 
[4] S.A. Nikolaev, I.V. Solovyev, A.N. Ignatenko, V.Yu. Irkhin, S.V. Streltsov, 
Phys. Rev. B, 98, 201106(R) (2018) 
[5] A.V. Ushakov, I. Solovyev, S.V. Streltsov, to be published in JETP Lett. 



 17 

�N�:�A�:���K�I�B�G�H�<�H-�A�:�J�Y�>�H�<�H�=�H���K�L�?�D�E�:���<���F�:�=�G�B�L�G�U�O��
�B���G�?�F�:�=�G�B�L�G�U�O���I�H�E�M�I�J�H�<�H�>�G�B�D�:�O����

�F�:�=�G�B�L�G�U�C���N�:�A�H�<�U�C���I�?�J�?�O�H�>���I�H�>���<�E�B�Y�G�B�?�F��
�W�E�?�D�L�J�H�K�L�:�L�B�Q�?�K�D�B�O���N�E�M�D�L�M�:�P�B�C 

 
�G���:�� �;�h�]�h�k�e�h�\�k�d�b�c�����I���<�� �I�_�l�j�h�\�����G���K�� �:�\�_�j�d�b�_�\ 

 
�N�b�a�b�d�h-�l�_�o�g�b�q�_�k�d�b�c���b�g�k�l�b�l�m�l���b�f�����:���N�����B�h�n�n�_���������������������K�Z�g�d�l-�I�_�l�_�j�[�m�j�]����

�m�e�����I�h�e�b�l�_�o�g�b�q�_�k�d�Z�y�������� 
 

pavel.petrov@gmail.com 
 
 

�D�h�f�i�_�g�k�b�j�h�\�Z�g�g�u�_�� �i�h�e�m�i�j�h�\�h�^�g�b�d�b�� �i�j�b�� �g�b�a�d�b�o�� �l�_�f�i�_�j�Z�l�m�j�Z�o��
�i�j�_�^�k�l�Z�\�e�y�x�l�� �k�h�[�h�c�� �d�h�f�i�e�_�d�k�g�m�x�� �n�b�a�b�q�_�k�d�m�x�� �k�b�k�l�_�f�m����
�o�Z�j�Z�d�l�_�j�b�a�m�x�s�m�x�k�y�� �[�h�e�v�r�b�f�� �q�b�k�e�h�f�� �k�l�_�i�_�g�_�c�� �k�\�h�[�h�^�u���� �<�� �k�e�m�q�Z�_�� �f�Z�e�h�c��
�k�l�_�i�_�g�b�� �d�h�f�i�_�g�k�Z�p�b�b�� �i�j�b�� �d�h�g�p�_�g�l�j�Z�p�b�y�o�� �i�j�b�f�_�k�_�c�� �f�_�g�v�r�b�o���� �q�_�f��
�d�h�g�p�_�g�l�j�Z�p�b�y�� �i�_�j�_�o�h�^�Z�� �f�_�l�Z�e�e-�^�b�w�e�_�d�l�j�b�d�� �k�b�k�l�_�f�Z�� �g�h�k�b�l�_�e�_�c�� �a�Z�j�y�^�Z��
�e�h�d�Z�e�b�a�h�\�Z�g�g�u�o�� �g�Z�� �i�j�b�f�_�k�y�o�� �i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �k�i�b�g�h�\�h�_�� �k�l�_�d�e�h����
�k�\�h�c�k�l�\�Z�� �d�h�l�h�j�h�]�h�� �h�[�m�k�e�h�\�e�_�g�u�� �h�[�f�_�g�g�u�f�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�_�f�� �g�h�k�b�l�_�e�_�c��
�a�Z�j�y�^�Z�� �f�_�`�^�m�� �k�h�[�h�c���� �I�j�b�� �[�h�e�v�r�h�c���k�l�_�i�_�g�b�� �d�h�f�i�_�g�k�Z�p�b�b�� �\�� �k�b�k�l�_�f�_��
�\�h�a�j�Z�k�l�Z�_�l�� �j�h�e�v�� �w�e�_�d�l�j�h�k�l�Z�l�b�q�_�k�d�h�]�h�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �b�h�g�b�a�b�j�h�\�Z�g�g�u�o��
�i�j�b�f�_�k�_�c���b���l�Z�d�m�x���k�b�k�l�_�f�m���i�j�b�g�y�l�h���h�[�u�q�g�h���h�i�b�k�u�\�Z�l�v���f�h�^�_�e�v�x���a�Z�j�y�^�h�\�h�]�h��
�k�l�_�d�e�Z���� �<�� �h�[�s�_�f�� �k�e�m�q�Z�_�� �^�e�y�� �h�i�b�k�Z�g�b�y�� �d�h�f�i�_�g�k�b�j�h�\�Z�g�g�u�o��
�i�h�e�m�i�j�h�\�h�^�g�b�d�h�\�� �g�_�h�[�o�h�^�b�f�h�� �m�q�b�l�u�\�Z�l�v�� �h�[�Z�� �l�b�i�Z�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y���� �<��
�g�Z�k�l�h�y�s�_�c���j�Z�[�h�l�_���b�k�k�e�_�^�m�x�l�k�y���f�Z�]�g�b�l�g�u�_���k�\�h�c�k�l�\�Z���k�b�k�l�_�f�u���i�j�h�y�\�e�y�x�s�_�c��
�k�\�h�c�k�l�\�Z�� �d�Z�d�� �a�Z�j�y�^�h�\�h�]�h���� �l�Z�d���b�� �k�i�b�g�h�\�h�]�h�� �k�l�_�d�e�Z���b�� �\�a�Z�b�f�g�h�_�� �\�e�b�y�g�b�_�� �w�l�b�o��
�^�\�m�o���i�h�^�k�b�k�l�_�f���^�j�m�]���g�Z���^�j�m�]�Z�����I�j�b���w�l�h�f���^�e�y���k�e�m�q�Z�y���Z�g�l�b�n�_�j�j�h�f�Z�]�g�b�l�g�h�]�h��
�\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �g�Z�f�b���b�k�k�e�_�^�h�\�Z�e�Z�k�v�� �a�Z�\�b�k�b�f�h�k�l�v�� �f�Z�]�g�b�l�g�h�c��
�\�h�k�i�j�b�b�f�q�b�\�h�k�l�b�� �h�l�� �l�_�f�i�_�j�Z�l�m�j�u���� �l�h�]�^�Z�� �d�Z�d�� �^�e�y�� �n�_�j�j�h�f�Z�]�g�b�l�g�h�]�h��
�\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �j�Z�k�k�q�b�l�u�\�Z�e�Z�k�v�� �a�Z�\�b�k�b�f�h�k�l�v�� �g�Z�f�Z�]�g�b�q�_�g�g�h�k�l�b�� �h�l��
�f�Z�]�g�b�l�g�h�]�h�� �i�h�e�y�� �^�e�y�� �j�Z�a�g�u�o�� �k�l�_�i�_�g�_�c�� �d�h�f�i�_�g�k�Z�p�b�b���� �I�h�^�h�[�g�u�c�� �\�u�[�h�j��
�h�[�m�k�e�h�\�e�_�g�� �g�Z�e�b�q�b�_�f�� �m�`�_�� �h�i�m�[�e�b�d�h�\�Z�g�g�u�o�� �\�� �g�Z�m�q�g�h�c�� �e�b�l�_�j�Z�l�m�j�_��
�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o���^�Z�g�g�u�o�����k���d�h�l�h�j�u�f�b���f�u���k�j�Z�\�g�b�\�Z�_�f���j�_�a�m�e�v�l�Z�l�u���g�Z�r�b�o��
�j�Z�k�q�z�l�h�\�� �>��-4]. �<�� �i�j�_�^�u�^�m�s�b�o�� �j�Z�[�h�l�Z�o�� �g�Z�f�b�� �m�`�_�� �b�k�k�e�_�^�h�\�Z�e�b�k�v�� �k�\�h�c�k�l�\�Z��
�a�Z�j�y�^�h�\�h�]�h�� �b�� �k�i�b�g�h�\�h�]�h�� �k�l�_�d�e�Z�� �i�h�� �h�l�^�_�e�v�g�h�k�l�b���� �I�j�b�� �b�a�m�q�_�g�b�b�� �k�b�k�l�_�f��
�k�l�_�d�h�e�v�g�h�]�h���l�b�i�Z�����h�d�Z�a�Z�e�h�k�v���d�h�g�k�l�j�m�d�l�b�\�g�u�f���b�k�i�h�e�v�a�h�\�Z�l�v���k�h�q�_�l�Z�g�b�_���^�\�m�o��
�i�h�^�o�h�^�h�\���� �q�b�k�e�_�g�g�h�]�h�� �f�h�^�_�e�b�j�h�\�Z�g�b�y�� �k�\�h�c�k�l�\�� �k�b�k�l�_�f�u�� �\�� �h�[�s�_�f�� �k�e�m�q�Z�_�� �b��
�j�Z�k�k�f�h�l�j�_�g�b�y���[�h�e�_�_���i�j�h�k�l�u�o�����Z�g�Z�e�b�l�b�q�_�k�d�b�o���f�h�^�_�e�_�c���\���j�Z�a�e�b�q�g�u�o���q�Z�k�l�g�u�o��
�i�j�_�^�_�e�v�g�u�o�� �k�e�m�q�Z�y�o���� �k�� �i�h�k�e�_�^�m�x�s�b�f�� �k�j�Z�\�g�_�g�b�_�f�� �j�_�a�m�e�v�l�Z�l�h�\�� �h�[�h�b�o��
�i�h�^�o�h�^�h�\�����<�� �g�Z�k�l�h�y�s�_�c�� �j�Z�[�h�l�_�� �q�b�k�e�_�g�g�h�_�� �f�h�^�_�e�b�j�h�\�Z�g�b�_�� �b�k�i�h�e�v�a�h�\�Z�e�h�k�v��
�^�e�y���g�Z�o�h�`�^�_�g�b�y���l�Z�d�b�o���k�\�h�c�k�l�\���k�b�k�l�_�f�u���i�j�b�f�_�k�g�h�c���k�b�k�l�_�f�u���d�Z�d���i�e�h�l�g�h�k�l�v��
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�k�h�k�l�h�y�g�b�c�� �b�� �i�e�h�l�g�h�k�l�v�� �j�Z�k�i�j�_�^�_�e�_�g�b�y�� �w�g�_�j�]�b�b�� �h�[�f�_�g�g�h�]�h�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y��
�i�j�b�� �g�m�e�_�\�h�c�� �l�_�f�i�_�j�Z�l�m�j�_���� �K�m�s�_�k�l�\�_�g�g�u�f�� �y�\�e�y�_�l�k�y�� �l�h���� �q�l�h�� �\�� �h�l�e�b�q�b�_�� �h�l��
�h�[�u�q�g�h�� �b�k�i�h�e�v�a�m�_�f�h�]�h�� �^�e�y�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �f�Z�]�g�b�l�g�u�o�� �k�\�h�c�k�l�\�� �f�_�l�h�^�Z��
�k�j�_�^�g�_�]�h���i�h�e�y�����m�q�b�l�u�\�Z�x�l�k�y���n�e�m�d�l�m�Z�p�b�b���k�i�b�g�h�\�h�c���i�e�h�l�g�h�k�l�b���� 

�=�Z�f�b�e�v�l�h�g�b�Z�g�� �i�j�b�f�_�k�g�h�c�� �k�b�k�l�_�f�u�� �d�h�f�i�_�g�k�b�j�h�\�Z�g�g�h�]�h��
�i�h�e�m�i�j�h�\�h�^�g�b�d�Z���f�h�`�g�h���a�Z�i�b�k�Z�l�v���k�e�_�^�m�x�s�b�f���h�[�j�Z�a�h�f�� 

H = ��  qiqj e2/r ij + ��  J(r ij)SiSj  
�A�^�_�k�v�� �\�� �i�_�j�\�h�c�� �k�m�f�f�_�� �k�m�f�f�b�j�h�\�Z�g�b�_�� �b�^�z�l�� �i�h�� �\�k�_�f�� �a�Z�j�y�`�_�g�g�u�f�� �i�j�b�f�_�k�y�f����
qi � �� ������ �^�e�y�� �^�h�g�h�j�h�\�� �b��-���� �^�e�y�� �Z�d�p�_�i�l�h�j�h�\���� �\�h�� �\�l�h�j�h�c�� �k�m�f�f�_�� �k�m�f�f�b�j�h�\�Z�g�b�_��
�b�^�z�l���i�h���\�k�_�f���g�_�c�l�j�Z�e�v�g�u�f���^�h�g�h�j�Z�f����Si �w�l�h���i�j�h�_�d�p�b�y���k�h�[�k�l�\�_�g�g�h�]�h���f�h�f�_�g�l�Z��
�b�f�i�m�e�v�k�Z�� �e�h�d�Z�e�b�a�h�\�Z�g�g�h�]�h�� �g�Z�� �i�j�b�f�_�k�b�� �w�e�_�d�l�j�h�g�Z�� �g�Z�� �i�j�h�b�a�\�h�e�v�g�h�_��
�g�Z�i�j�Z�\�e�_�g�b�_���� �B�k�i�h�e�v�a�h�\�Z�e�Z�k�v�� �\�h�^�h�j�h�^�h�i�h�^�h�[�g�Z�y�� �n�m�g�d�p�b�y�� �a�Z�\�b�k�b�f�h�k�l�b��
�h�[�f�_�g�g�h�c���w�g�_�j�]�b�b���h�l���j�Z�k�k�l�h�y�g�b�y��J(r ij) = J0 r5/2  exp(-r ij/2a)�����]�^�_��a - �[�h�j�h�\�k�d�b�c��
�j�Z�^�b�m�k�� �w�e�_�d�l�j�h�g�Z���� �D�Z�q�_�k�l�\�_�g�g�h�� �i�h�\�_�^�_�g�b�_�� �w�e�_�d�l�j�h�g�h�\�� �i�j�b�� �g�b�a�d�b�o��
�l�_�f�i�_�j�Z�l�m�j�Z�o�� �\�� �k�b�k�l�_�f�_�� �k�� �l�Z�d�b�f�� �]�Z�f�b�e�v�l�h�g�b�Z�g�h�f�� �f�h�`�g�h�� �h�i�b�k�Z�l�v��
�k�e�_�^�m�x�s�b�f�� �h�[�j�Z�a�h�f���� �I�j�b�� �l�_�f�i�_�j�Z�l�m�j�Z�o�� �f�g�h�]�h�� �\�u�r�_�� �l�_�f�i�_�j�Z�l�m�j�u��
�d�m�e�h�g�h�\�k�d�h�]�h�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �g�Z�� �k�j�_�^�g�_�f�� �j�Z�k�k�l�h�y�g�b�b�� �g�h�k�b�l�_�e�b�� �a�Z�j�y�^�Z��
�k�e�m�q�Z�c�g�u�f�� �h�[�j�Z�a�h�f�� �j�Z�k�i�j�_�^�_�e�_�g�u�� �i�h�� �i�j�b�f�_�k�g�u�f�� �p�_�g�l�j�Z�f�� �b�� �a�Z�\�b�k�b�f�h�k�l�v��
�b�o�� �f�Z�]�g�b�l�g�h�c�� �\�h�k�i�j�b�b�f�q�b�\�h�k�l�b�� �h�l���l�_�f�i�_�j�Z�l�m�j�u�� �Z�g�Z�e�h�]�b�q�g�Z�� �l�Z�d�h�c��
�a�Z�\�b�k�b�f�h�k�l�b�� �^�e�y�� �g�m�e�_�\�h�c�� �d�h�f�i�_�g�k�Z�p�b�b���� �d�h�l�h�j�Z�y�� �[�u�e�Z�� �g�Z�f�b�� �b�k�k�e�_�^�h�\�Z�g�Z�� �\��
�i�j�_�^�u�^�m�s�_�c�� �j�Z�[�h�l�_���� �I�j�b�� �g�b�a�d�b�o�� �l�_�f�i�_�j�Z�l�m�j�Z�o�� �i�j�h�b�k�o�h�^�b�l��
�i�_�j�_�j�Z�k�i�j�_�^�_�e�_�g�b�_���g�h�k�b�l�_�e�_�c���a�Z�j�y�^�Z���i�h���i�j�b�f�_�k�g�u�f���p�_�g�l�j�Z�f���b���h�[�j�Z�a�h�\�Z�g�b�_��
�d�m�e�h�g�h�\�k�d�h�c�� �s�_�e�b�� �\�� �i�e�h�l�g�h�k�l�b�� �k�h�k�l�h�y�g�b�c���� �D�Z�d�� �i�h�d�Z�a�u�\�Z�x�l�� �g�Z�r�b��
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 �G�Z�b�[�h�e�_�_�� �j�Z�k�i�j�h�k�l�j�Z�g�_�g�g�u�f�� �f�_�o�Z�g�b�a�f�h�f�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �f�_�`�^�m��
�f�Z�]�g�b�l�g�u�f�b���i�j�b�f�_�k�y�f�b���\���f�_�l�Z�e�e�Z�o���b���i�h�e�m�i�j�h�\�h�^�g�b�d�Z�o���y�\�e�y�_�l�k�y���d�h�k�\�_�g�g�h�_��
�h�[�f�_�g�g�h�_���\�a�Z�b�f�h�^�_�c�k�l�\�b�_�����\�a�Z�b�f�h�^�_�c�k�l�\�b�_���J�m�^�_�j�f�Z�g�Z���± �D�b�l�l�_�e�y���± �D�Z�k�m�y���± 
�C�h�k�b�^�Z���� �J�D�D�B�� [1]���� �J�D�D�B�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�_�� �o�h�j�h�r�h�� �b�a�m�q�_�g�h�� �^�e�y�� �k�b�k�l�_�f�� �k��
�b�^�_�Z�e�v�g�u�f���\�u�j�h�`�^�_�g�g�u�f �w�e�_�d�l�j�h�g�g�u�f���]�Z�a�h�f���j�Z�a�e�b�q�g�h�c���j�Z�a�f�_�j�g�h�k�l�b�����d�Z�d��
�^�e�y�� �d�\�Z�^�j�Z�l�b�q�g�h�]�h�� �k�i�_�d�l�j�Z���� �l�Z�d�� �b�� �^�e�y�� �e�b�g�_�c�g�h�]�h�� �k�i�_�d�l�j�Z�� �\�� �]�j�Z�n�_�g�_�� �b��
�m�]�e�_�j�h�^�g�u�o�� �g�Z�g�h�l�j�m�[�d�Z�o���� �H�g�h�� �\�h�a�g�b�d�Z�_�l�� �b�a-�a�Z�� �k�i�b�g-�a�Z�\�b�k�b�f�h�]�h�� �j�Z�k�k�_�y�g�b�y��
�w�e�_�d�l�j�h�g�h�\�� �g�Z�� �f�Z�]�g�b�l�g�u�o�� �p�_�g�l�j�Z�o�� �b�� �b�g�l�_�j�n�_�j�_�g�p�b�b�� �j�Z�k�k�_�y�g�g�u�o�� �\�h�e�g�� �\��
�l�h�q�d�Z�o���j�Z�k�i�h�e�h�`�_�g�b�y�� �^�j�m�]�b�o�� �f�Z�]�g�b�l�g�u�o�� �p�_�g�l�j�h�\�� �d�j�b�k�l�Z�e�e�Z���� �<�� �k�\�y�a�b�� �k��
�w�l�b�f���� �\�Z�`�g�u�f�� �m�k�e�h�\�b�_�f�� �g�Z�e�b�q�b�y�� �l�Z�d�h�]�h�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �y�\�e�y�_�l�k�y��
�d�h�]�_�j�_�g�l�g�h�k�l�v�� �w�e�_�d�l�j�h�g�g�h�c�� �k�i�b�g�h�\�h�c�� �i�e�h�l�g�h�k�l�b�� �\�� �j�Z�a�g�u�o�� �l�h�q�d�Z�o��
�d�j�b�k�l�Z�e�e�Z���� �<�d�e�x�q�_�g�b�_�� �[�_�k�i�h�j�y�^�d�Z�� �i�j�b�\�h�^�b�l�� �d�� �a�g�Z�q�b�l�_�e�v�g�h�f�m�� �b�a�f�_�g�_�g�b�x��
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�<�� �k�b�k�l�_�f�Z�o�� �k�� �[�h�e�_�_�� �\�u�k�h�d�h�c�� �j�Z�a�f�_�j�g�h�k�l�v�x�� �\�e�b�y�g�b�_�� �[�_�k�i�h�j�y�^�d�Z�� �g�Z��
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�\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �q�Z�s�_�� �\�h�a�\�j�Z�s�Z�_�l�k�y������ �H�^�g�Z�d�h�� �\�k�_ �w�l�b�� �j�_�a�m�e�v�l�Z�l�u�� �^�e�y��
�l�j�z�o�f�_�j�g�u�o�� �b�� �^�\�m�f�_�j�g�u�o�� �k�b�k�l�_�f�� �y�\�e�y�x�l�k�y�� �k�e�_�^�k�l�\�b�_�f�� �j�Z�k�q�_�l�Z�� �i�h�� �l�_�h�j�b�b��
�\�h�a�f�m�s�_�g�b�c�� �h�l�g�h�k�b�l�_�e�v�g�h�� �i�h�l�_�g�p�b�Z�e�Z�� �[�_�k�i�h�j�y�^�d�Z���� �<�� �h�^�g�h�f�_�j�g�h�f��
�d�j�b�k�l�Z�e�e�_�� �[�_�k�i�h�j�y�^�h�d�� �d�j�b�l�b�q�_�g�� �^�e�y�� �b�g�l�_�j�n�_�j�_�g�p�b�h�g�g�u�o�� �w�n�n�_�d�l�h�\����
�i�h�k�d�h�e�v�d�m�� �i�j�b�\�h�^�b�l�� �d�� �e�h�d�Z�e�b�a�Z�p�b�b�� �\�k�_�o�� �g�h�k�b�l�_�e�_�c �a�Z�j�y�^�Z���� �i�h�w�l�h�f�m�� �_�]�h��
�g�_�h�[�o�h�^�b�f�h�� �m�q�b�l�u�\�Z�l�v�� �l�h�q�g�h���� �L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �\�� �h�^�g�h�f�_�j�g�h�f�� �k�e�m�q�Z�_��
�i�h�^�o�h�^�u�� �b�� �j�_�a�m�e�v�l�Z�l�u�� �^�e�y�� ���'�� �b�� ���'�� �k�b�k�l�_�f�� �g�_�� �f�h�]�m�l�� �[�u�l�v�� �b�k�i�h�e�v�a�h�\�Z�g�u����
�l�Z�d�� �d�Z�d�� �h�g�b�� �i�j�_�^�i�h�e�Z�]�Z�x�l�� �b�a�g�Z�q�Z�e�v�g�h�� �^�_�e�h�d�Z�e�b�a�h�\�Z�g�g�u�_�� �\�h�e�g�h�\�u�_��
�n�m�g�d�p�b�b�����q�l�h���g�_�\�_�j�g�h���^�e�y���h�^�g�h�f�_�j�g�u�o���k�b�k�l�_�f �����<���^�Z�g�g�h�c���j�Z�[�h�l�_���i�h�d�Z�a�Z�g�h����
�q�l�h�� �g�_�� �l�h�e�v�d�h�� �\�l�h�j�h�c���� �g�h�� �b�� �\�k�_�� �\�u�k�r�b�_�� �f�h�f�_�g�l�u�� �i�h�k�l�h�y�g�g�h�c�� �J�D�D�B�� �\��
�h�^�g�h�f�_�j�g�h�f�� �d�j�b�k�l�Z�e�e�_�� �b�]�j�Z�x�l�� �k�m�s�_�k�l�\�_�g�g�m�x�� �j�h�e�v�� �i�j�b�� �\�u�q�b�k�e�_�g�b�b��
�g�Z�[�e�x�^�Z�_�f�u�o�� �g�Z�� �f�Z�k�r�l�Z�[�Z�o���� �i�j�_�\�u�r�Z�x�s�b�o�� �^�e�b�g�m�� �e�h�d�Z�e�b�a�Z�p�b�b���� �D�Z�d�� �f�u��
�i�h�d�Z�a�u�\�Z�_�f���� �g�_�h�[�o�h�^�b�f�h�� �b�k�i�h�e�v�a�h�\�Z�l�v�� �n�m�g�d�p�b�x�� �j�Z�k�i�j�_�^�_�e�_�g�b�y��
�d�h�k�\�_�g�g�h�]�h���h�[�f�_�g�g�h�]�h���\�a�Z�b�f�h�^�_�c�k�l�\�b�y���k���©�l�y� �̀z�e�u�f�b�ª �o�\�h�k�l�Z�f�b�� 
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 �I�_�j�_�o�h�^�� �\�� �n�Z�a�m�� �w�e�_�d�l�j�h�g�g�h�]�h�� �g�_�f�Z�l�b�d�Z�� �\�� �k�b�e�v�g�h�� �d�h�j�j�_�e�b�j�h�\�Z�g�g�u�o��
�w�e�_�d�l�j�h�g�g�u�o�� �k�b�k�l�_�f�Z�o�� �i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �h�k�h�[�u�c�� �l�b�i�� �f�Z�]�g�b�l�g�h�]�h��
�i�_�j�_�o�h�^�Z�� �>���@���� �d�h�l�h�j�u�c�� �f�h�`�g�h�� �j�Z�k�k�f�Z�l�j�b�\�Z�l�v�� �d�Z�d�� �q�Z�k�l�g�u�c�� �k�e�m�q�Z�c�� �k�i�b�g-
�n�e�m�d�l�m�Z�p�b�h�g�g�h�]�h�� �i�_�j�_�o�h�^�Z�� ���K�N�I���� �>���@���� �<�� �i�j�h�k�l�_�c�r�_�f�� �k�e�m�q�Z�_�� �n�b�a�b�q�_�k�d�Z�y��
�d�Z�j�l�b�g�Z�� �l�Z�d�h�]�h�� �y�\�e�_�g�b�y�� �f�h�`�_�l�� �[�u�l�v�� �i�j�h�b�e�e�x�k�l�j�b�j�h�\�Z�g�Z�� �k�e�_�^�m�x�s�b�f��
�h�[�j�Z�a�h�f���� �J�Z�k�k�f�h�l�j�b�f�� �f�Z�]�g�_�l�b�d���� �\�� �d�h�l�h�j�h�f�� �k�i�b�g�u�� �k�o�_�f�Z�l�b�q�_�k�d�b��
�i�j�_�^�k�l�Z�\�e�_�g�u�� �^�\�m�f�_�j�g�u�f�� �g�Z�[�h�j�h�f�� �f�Z�]�g�b�l�g�u�o�� �k�l�j�_�e�h�d�� ���J�b�k�� 1). 
�< �i�Z�j�Z�f�Z�]�g�b�l�g�h�c�� �n�Z�a�_�� �h�[�_�� �k�j�_�^�g�b�_�� �i�j�h�_�d�p�b�b�� �k�i�b�g�Z�� ��Sx�!�� �b�� ��Sy> 
�m�^�h�\�e�_�l�\�h�j�y�x�l�� �m�k�e�h�\�b�y�f�� ��Sx>=<Sy�!� ���� �b���� �k�e�_�^�h�\�Z�l�_�e�v�g�h���� �k�j�_�^�g�b�c�� �k�i�b�g�� �g�Z��
�m�a�e�_�� �j�Z�\�_�g�� �g�m�e�x���� �H�^�g�h�\�j�_�f�_�g�g�h���� �\�� �i�Z�j�Z�f�Z�]�g�b�l�g�h�c�� �n�Z�a�_�� �k�i�b�g�h�\�u�_ 
�n�e�m�d�l�m�Z�p�b�b���[�m�^�m�l���b�a�h�l�j�h�i�g�u������Sx

2>=<Sy
2>�z0.  

 

 
 

�J�b�k�m�g�h�d �������F�Z�]�g�b�l�g�u�_���i�_�j�_�o�h�^�u���b���k�i�b�g-�n�e�m�d�l�m�Z�p�b�h�g�g�u�_���i�_�j�_�o�h�^�u�� 
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�<�� �g�Z�r�_�f�� �g�Z�]�e�y�^�g�h�f�� �i�j�b�f�_�j�_�� ���J�b�k�� ������ �w�l�h�� �h�a�g�Z�q�Z�_�l���� �q�l�h�� �f�Z�]�g�b�l�g�u�_��
�k�l�j�_�e�d�b���g�_���m�i�h�j�y�^�h�q�_�g�u���b���b�o���i�h�e�h�`�_�g�b�y���h�^�b�g�Z�d�h�\�h���n�e�m�d�l�m�b�j�m�x�l���i�h���\�k�_�f��
�g�Z�i�j�Z�\�e�_�g�b�y�f�� �I�j�b �h�[�u�q�g�h�f�� �f�Z�]�g�b�l�g�h�f�� �i�_�j�_�o�h�^�_�� �g�_�d�h�l�h�j�Z�y�� �i�j�h�_�d�p�b�y��
�k�i�b�g�Z�� �k�l�Z�g�h�\�b�l�k�y�� �h�l�e�b�q�g�h�c�� �h�l�� �g�m�e�y�� ����Sy>�z���� �b�� ��Sx�!� ���� �g�Z�� �J�b�k�� ������ �b��
�h�[�j�Z�a�m�_�l�k�y���f�Z�]�g�b�l�g�Z�y���k�l�j�m�d�l�m�j�Z�����g�Z�i�j�b�f�_�j���n�_�j�j�h�f�Z�]�g�b�l�g�h�]�h���l�b�i�Z�����J�b�k�� 1). 
�<�� �w�l�h�c�� �n�Z�a�_�� �k�i�b�g�h�\�u�_�� �n�e�m�d�l�m�Z�p�b�b�� �f�h�]�m�l�� �[�u�l�v�� �d�Z�d�� �b�a�h�l�j�h�i�g�u�f�b���� �l�Z�d�� �b��
�Z�g�b�a�h�l�j�h�i�g�u�f�b���� �g�h�� �\�� �[�h�e�v�r�b�g�k�l�\�_�� �k�e�m�q�Z�_�\�� �l�_�i�e�h�\�u�_�� �k�i�b�g�h�\�u�_��
�n�e�m�d�l�m�Z�p�b�b�� �\�u�f�_�j�a�g�m�l�� �i�j�b�� �g�m�e�_�\�h�c�� �l�_�f�i�_�j�Z�l�m�j�_, �b�� �m�i�h�j�y�^�h�q�_�g�g�h�_��
�h�k�g�h�\�g�h�_�� �k�h�k�l�h�y�g�b�_�� �[�m�^�_�l�� �\�h�a�f�m�s�Z�l�v�k�y�� �b�k�d�e�x�q�b�l�_�e�v�g�h�� �g�m�e�_�\�u�f�b��
�d�\�Z�g�l�h�\�u�f�b�� �d�h�e�_�[�Z�g�b�y�f�b���� �<�� �h�l�e�b�q�b�_�� �h�l�� �j�Z�k�k�f�h�l�j�_�g�g�h�]�h�� �k�e�m�q�Z�y���� �^�e�y�� �K�N�I��
�m�k�e�h�\�b�_�� ��Sx>=<Sy�!� ���� �\�u�i�h�e�g�y�_�l�k�y�� �\�� �e�x�[�h�c�� �n�Z�a�_���� �h�^�g�Z�d�h���� �m�k�e�h�\�b�_��
<Sx

2>=<Sy
2�!���g�Z�j�m�r�Z�_�l�k�y���\���l�h�q�d�_���k�i�b�g-�n�e�m�d�l�m�Z�p�b�h�g�g�h�]�h���i�_�j�_�o�h�^�Z���b���\���k�i�b�g-

�n�e�m�d�l�m�Z�p�b�h�g�g�h�c�� �n�Z�a�_����Sx
2>�z<Sy

2�!�� ���\�� �g�Z�r�_�f�� �i�j�b�f�_�j�_�� ���J�b�k�� ������ �\�� �j�_�a�m�e�v�l�Z�l�_��
�K�N�I�� �f�Z�]�g�b�l�g�u�_�� �k�l�j�_�e�d�b�� �g�Z�q�b�g�Z�x�l�� �©�^�j�h�`�Z�l�v�ª�� �Z�g�b�a�h�l�j�h�i�g�u�f�� �h�[�j�Z�a�h�f������
�J�Z�k�k�f�h�l�j�_�g�g�u�c�� �k�p�_�g�Z�j�b�c�� �k�h�h�l�\�_�l�k�l�\�m�_�l�� �i�_�j�_�o�h�^�m�� �\�� �n�Z�a�m�� �w�e�_�d�l�j�h�g�g�h�]�h��
�g�_�f�Z�l�b�d�Z�� �>���@���� �h�^�g�Z�d�h�� �\�� �h�[�s�_�f�� �k�e�m�q�Z�_�� �K�N�I�� �f�h�`�g�h�� �h�i�j�_�^�_�e�b�l�v�� �d�Z�d�� �e�x�[�h�c��
�i�_�j�_�o�h�^���� �i�j�b�� �d�h�l�h�j�h�f�� �b�a�f�_�g�y�_�l�k�y�� �o�Z�j�Z�d�l�_�j�� �k�i�b�g�h�\�u�o�� �n�e�m�d�l�m�Z�p�b�c�� �>���@���� �G�Z��
�i�j�b�f�_�j�_�� �k�b�e�v�g�h�� �d�h�j�j�_�e�b�j�h�\�Z�g�g�u�o�� �w�e�_�d�l�j�h�g�g�u�o�� �f�_�l�Z�e�e�h�\��CeB6 �b 
Mn1-xFexSi �f�h�`�g�h�� �i�h�d�Z�a�Z�l�v���� �q�l�h�� �k�m�s�_�k�l�\�m�x�l�� �K�N�I�� �g�_�k�d�h�e�v�d�b�o�� �l�b�i�h�\����
�I�h�f�b�f�h�� �m�i�h�f�b�g�Z�\�r�_�]�h�k�y�� �\�u�r�_�� �K�N�I�� �\�� �n�Z�a�m�� �w�e�_�d�l�j�h�g�g�h�]�h�� �g�_�f�Z�l�b�d�Z�� �>�������@����
�h�[�g�Z�j�m�`�_�g�u�� �i�_�j�_�o�h�^���� �k�\�y�a�Z�g�g�u�c�� �k�� �b�a�f�_�g�_�g�b�_�f�� �k�b�f�f�_�l�j�b�b�� �k�i�b�g�h�\�u�o��
�n�e�m�d�l�m�Z�p�b�c�����Z�g�Z�e�h�]���h�j�b�_�g�l�Z�p�b�h�g�g�h�]�h���i�_�j�_�o�h�^�Z���\���f�Z�]�g�_�l�b�d�Z�o����[2,3�@�����Z���l�Z�d�`�_��
�K�N�I���� �h�l�\�_�q�Z�x�s�b�_�� �©�a�Z�f�_�j�a�Z�g�b�x�ª�� �d�\�Z�g�l�h�\�u�o�� �b�� �d�e�Z�k�k�b�q�_�k�d�b�o�� �n�e�m�d�l�m�Z�p�b�c��
�>�������@���� �G�Z�� �i�j�b�f�_�j�_�� �k�b�k�l�_�f�u��Mn1-xFexSi �h�[�k�m�`�^�Z�_�l�k�y�� �\�h�a�f�h�`�g�u�c�� �K�N�I��
�\�g�m�l�j�b���f�Z�]�g�b�l�h�m�i�h�j�y�^�h�q�_�g�g�h�c���n�Z�a�u�� 
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 �>�b�g�Z�f�b�q�_�k�d�b�_�� �a�Z�j�y�^�h�\�u�_�� �k�l�j�Z�c�i�u�� �i�j�b�\�e�_�d�Z�x�l�� �[�h�e�v�r�h�c�� �b�g�l�_�j�_�k��
�b�k�k�e�_�^�h�\�Z�l�_�e�_�c�� �b�a-�a�Z�� �b�o�� �\�h�a�f�h�`�g�h�c�� �j�h�e�b�� �\�� �f�_�o�Z�g�b�a�f�_��
�\�u�k�h�d�h�l�_�f�i�_�j�Z�l�m�j�g�h�c�� �k�\�_�j�o�i�j�h�\�h�^�b�f�h�k�l�b�� �>���@���� �D�j�h�f�_�� �l�h�]�h���� �w�l�h�l�� �\�b�^��
�w�e�_�d�l�j�h�g�g�h�c�� �g�_�m�k�l�h�c�q�b�\�h�k�l�b�� �k�q�b�l�Z�_�l�k�y�� �\�Z�`�g�u�f�� �l�Z�d�`�_�� �^�e�y�� �i�h�g�b�f�Z�g�b�y��
�n�b�a�b�d�b�� �k�h�_�^�b�g�_�g�b�c�� �k�� �d�h�e�h�k�k�Z�e�v�g�u�f�� �f�Z�]�g�_�l�h�k�h�i�j�h�l�b�\�e�_�g�b�_�f���� �k�b�k�l�_�f�� �k��
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�\�k�l�j�h�_�g�g�u�f�b�� �\�� �g�b�o�� �b�h�g�Z�f�b�� �/�X3+���� ���F���� �K�o�_�f�Z�l�b�q�_�k�d�h�_�� �b�a�h�[�j�Z�`�_�g�b�_��
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�g�_�m�k�l�h�c�q�b�\�h�k�l�b�� �[�h�j�g�h�]�h�� �d�h�\�Z�e�_�g�l�g�h�]�h�� �d�Z�j�d�Z�k�Z���� �d�h�l�h�j�Z�y�� �i�j�b�\�h�^�b�l�� �d��
�n�e�m�d�l�m�Z�p�b�y�f�� �k�l�_�i�_�g�b�� �]�b�[�j�b�^�b�a�Z�p�b�b�� ��d(R)-2p(B���� �w�e�_�d�l�j�h�g�g�u�o�� �k�h�k�l�h�y�g�b�c��
�a�h�g�u�� �i�j�h�\�h�^�b�f�h�k�l�b�� �b���� �d�Z�d�� �k�e�_�^�k�l�\�b�_���� �d�� �\�h�a�g�b�d�g�h�\�_�g�b�x�� �h�k�p�b�e�e�b�j�m�x�s�_�c��
�w�e�_�d�l�j�h�g�g�h�c�� �i�e�h�l�g�h�k�l�b ���^�b�g�Z�f�b�q�_�k�d�b�_�� �k�l�j�Z�c�i�u������ �<�� �^�h�d�e�Z�^�_�� �h�[�k�m�`�^�Z�_�l�k�y��
�f�_�o�Z�g�b�a�f�� �n�h�j�f�b�j�h�\�Z�g�b�y�� �^�b�g�Z�f�b�q�_�k�d�b�o�� �a�Z�j�y�^�h�\�u�o�� �k�l�j�Z�c�i�h�\�� �\��
�j�_�^�d�h�a�_�f�_�e�v�g�u�o�� �\�u�k�r�b�o�� �[�h�j�b�^�Z�o���� �b�o�� �^�_�l�_�d�l�b�j�h�\�Z�g�b�_�� �\�� �i�j�_�p�b�a�b�h�g�g�u�o��
�j�_�g�l�]�_�g�h�k�l�j�m�d�l�m�j�g�u�o���w�d�k�i�_�j�b�f�_�g�l�Z�o�����Z���l�Z�d�`�_���k�\�y�a�Z�g�g�u�_���k���g�b�f�b����i�����w�n�n�_�d�l��
�g�Z�j�m�r�_�g�b�y�� �k�b�f�f�_�l�j�b�b�� �b�� ��ii ���� �\�h�a�g�b�d�g�h�\�_�g�b�_�� �k�e�h�`�g�u�o�� �Z�g�b�a�h�l�j�h�i�g�u�o��
�f�Z�]�g�b�l�g�u�o���n�Z�a�h�\�u�o���^�b�Z�]�j�Z�f�f���\���Z�g�l�b�n�_�j�j�h�f�Z�]�g�_�l�b�d�Z�o��RB12 (R- Ho, Er and 
Tm). 
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�k�\�_�j�o�i�j�h�\�h�^�y�s�b�o�� �k�h�k�l�h�y�g�b�c�� �\ �l�Z�d�b�o�� �k�b�k�l�_�f�Z�o���� �y�\�e�y�_�l�k�y�� �w�n�n�_�d�l�� �[�e�b�a�h�k�l�b����
�k�\�y�a�Z�g�g�u�c�� �k�� �i�_�j�_�o�h�^�h�f�� �w�e�_�d�l�j�h�g�h�\�� �f�_�`�^�m�� �k�\�_�j�o�i�j�h�\�h�^�y�s�_�c�� �b��
�g�_�k�\�_�j�o�i�j�h�\�h�^�y�s�_�c�� �i�h�^�k�b�k�l�_�f�Z�f�b�� �b�� �\�h�a�g�b�d�Z�x�s�b�f�b�� �\�� �j�_�a�m�e�v�l�Z�l�_��
�b�g�^�m�p�b�j�h�\�Z�g�g�u�f�b�� �k�\�_�j�o�i�j�h�\�h�^�y�s�b�f�b�� �d�h�j�j�_�e�y�p�b�y�f�b���� �B�a�f�_�g�_�g�b�_��
�\�_�e�b�q�b�g�u�� �b�� �h�j�b�_�g�l�Z�p�b�b�� �f�Z�]�g�b�l�g�h�]�h�� �i�h�e�y���� �i�j�b�e�h�`�_�g�g�h�]�h�� �d�� �l�Z�d�b�f��
�k�l�j�m�d�l�m�j�Z�f���� �i�h�a�\�h�e�y�_�l�� �m�i�j�Z�\�e�y�l�v�� �b�g�^�m�p�b�j�h�\�Z�g�g�u�f�� �k�\�_�j�o�i�j�h�\�h�^�y�s�b�f��
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�i�h�j�y�^�d�h�f���� �b�a�f�_�g�y�y�� �w�n�n�_�d�l�b�\�g�u�c�� �l�b�i�� �k�i�Z�j�b�\�Z�g�b�y���� �<�h�a�g�b�d�Z�x�s�b�_�� �i�j�b�� �w�l�h�f��
�h�^�g�h�f�_�j�g�u�_���w�e�_�d�l�j�h�g�g�u�_���k�b�k�l�_�f�u���k�h���k�\�_�j�o�i�j�h�\�h�^�y�s�b�f�b���d�h�j�j�_�e�y�p�b�y�f�b���S-
�l�b�i�Z���^�_�f�h�g�k�l�j�b�j�m�x�l���g�_�l�j�b�\�b�Z�e�v�g�u�_���l�h�i�h�e�h�]�b�q�_�k�d�b�_���k�\�h�c�k�l�\�Z���b���^�h�i�m�k�d�Z�x�l��
�h�[�j�Z�a�h�\�Z�g�b�_ �k�\�y�a�Z�g�g�u�o���f�Z�c�h�j�Z�g�h�\�k�d�b�o���k�h�k�l�h�y�g�b�c���k���g�m�e�_�\�h�c���w�g�_�j�]�b�_�c�� 

�=�b�[�j�b�^�g�u�_�� �k�l�j�m�d�l�m�j�u���� �\�� �d�h�l�h�j�u�o�� �\�h�a�f�h�`�g�u�� �n�_�j�f�b�h�g�u�� �F�Z�c�h�j�Z�g�u����
�Z�d�l�b�\�g�h�� �b�k�k�e�_�^�m�x�l�k�y�� �\�� �i�h�k�e�_�^�g�b�_�� �]�h�^�u�� �\�� �k�\�y�a�b�� �k�� �i�_�j�k�i�_�d�l�b�\�Z�f�b�� �b�o��
�b�k�i�h�e�v�a�h�\�Z�g�b�y�� �^�e�y�� �l�h�i�h�e�h�]�b�q�_�k�d�b�� �a�Z�s�b�s�_�g�g�u�o�� �d�\�Z�g�l�h�\�u�o�� �\�u�q�b�k�e�_�g�b�c����
�>�Z�g�g�u�c�� �d�j�Z�l�d�b�c�� �h�[�a�h�j�� �g�_�� �f�h�`�_�l�� �i�j�_�l�_�g�^�h�\�Z�l�v�� �g�Z�� �i�h�e�g�h�l�m�� �j�Z�k�k�f�h�l�j�_�g�b�y��
�\�k�_�o�� �Z�k�i�_�d�l�h�\�� �n�b�a�b�d�b�� �l�h�i�h�e�h�]�b�q�_�k�d�h�c�� �k�\�_�j�o�i�j�h�\�h�^�b�f�h�k�l�b���� �I�h�k�e�_�� �h�[�s�_�]�h��
�\�\�_�^�_�g�b�y�� �f�u�� �h�]�j�Z�g�b�q�b�f�k�y�� �a�^�_�k�v�� �h�[�k�m�`�^�_�g�b�_�f�� �k�e�_�^�m�x�s�b�o�� �h�k�g�h�\�g�u�o��
�g�Z�i�j�Z�\�e�_�g�b�c���� �������� �i�j�h�[�e�_�f�Z�� �]�_�g�_�j�Z�p�b�b�� �k�i�h�g�l�Z�g�g�u�o�� �l�h�d�h�\�� �\ �l�h�i�h�e�h�]�b�q�_�k�d�b��
�l�j�b�\�b�Z�e�v�g�u�o�� �b�� �g�_�l�j�b�\�b�Z�e�v�g�u�o�� �k�h�k�l�h�y�g�b�y�o�� �b�� �k�\�y�a�Z�g�g�Z�y�� �k�� �g�_�c�� �a�Z�^�Z�q�Z�� �h 
�k�i�h�g�l�Z�g�g�h�c�� �l�_�d�k�l�m�j�_�� �k�\�_�j�o�i�j�h�\�h�^�y�s�_�c�� �n�Z�a�u���� �\�h�a�g�b�d�Z�x�s�_�c�� �\�� �l�Z�d�b�o��
�k�b�k�l�_�f�Z�o���� �������� �\�e�b�y�g�b�_�� �]�_�h�f�_�l�j�b�b�� �g�Z�� �h�^�g�h�f�_�j�g�m�x�� �l�h�i�h�e�h�]�b�q�_�k�d�m�x 
�k�\�_�j�o�i�j�h�\�h�^�b�f�h�k�l�v���� �������� �g�h�\�u�_�� �k�p�_�g�Z�j�b�b�� �l�h�i�h�e�h�]�b�q�_�k�d�b�o�� �i�_�j�_�o�h�^�h�\�� �b��
�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�_�� �l�_�k�l�u�� �g�Z�� �b�o�� �k�m�s�_�k�l�\�h�\�Z�g�b�_���� �B�g�l�_�j�_�k�g�h���� �q�l�h�� �h�i�b�k�Z�g�b�_��
�f�_�o�Z�g�b�a�f�Z�� �]�_�g�_�j�Z�p�b�b�� �k�i�h�g�l�Z�g�g�u�o�� �l�h�d�h�\�� �\�� �l�h�i�h�e�h�]�b�q�_�k�d�b�� �l�j�b�\�b�Z�e�v�g�u�o��
�k�h�k�l�h�y�g�b�y�o�� �h�d�Z�a�u�\�Z�_�l�k�y�� �\�h�a�f�h�`�g�u�f�� �m�`�_�� �\�� �j�Z�f�d�Z�o�� �i�j�h�k�l�_�c�r�_�c 
�f�h�^�b�n�b�d�Z�p�b�b�� �n�_�g�h�f�_�g�h�e�h�]�b�q�_�k�d�h�c�� �l�_�h�j�b�b�� �=�b�g�a�[�m�j�]�Z �± �E�Z�g�^�Z�m�����i�m�l�z�f 
�\�d�e�x�q�_�g�b�y�� �\�� �g�_�z �b�g�\�Z�j�b�Z�g�l�Z�� �E�b�n�r�b�p�Z���� �:�g�Z�e�b�a�� �l�h�i�h�e�h�]�b�q�_�k�d�b��
�g�_�l�j�b�\�b�Z�e�v�g�u�o���n�Z�a���l�j�_�[�m�_�l���[�h�e�_�_���^�_�l�Z�e�v�g�h�]�h���f�b�d�j�h�k�d�h�i�b�q�_�k�d�h�]�h���Z�g�Z�e�b�a�Z����
�d�h�l�h�j�u�c�� �f�h�`�_�l�� �[�u�l�v�� �\�u�i�h�e�g�_�g�� �g�Z�� �h�k�g�h�\�_�� �f�h�^�b�n�b�p�b�j�h�\�Z�g�g�h�c�� �l�_�h�j�b�b��
�;�h�]�h�e�x�[�h�\�Z �± �^�_ �@�_�g�Z���� �<�� �w�l�h�c�� �q�Z�k�l�b�� �^�h�d�e�Z�^�Z�� �f�u�� �l�Z�d�`�_�� �\�h�a�\�j�Z�s�Z�_�f�k�y�� �d��
�i�j�h�[�e�_�f�_�� �k�i�h�g�l�Z�g�g�u�o�� �l�h�d�h�\�� �b�� �g�_�h�^�g�h�j�h�^�g�u�o�� �n�Z�a�� �\�� �h�k�g�h�\�g�h�f�� �k�h�k�l�h�y�g�b�b����
�g�h���� �\�� �d�Z�q�_�k�l�\�_�� �i�j�b�f�_�j�Z���� �j�Z�k�k�f�Z�l�j�b�\�Z�_�f�� �i�j�b�� �w�l�h�f�� �b�a�h�]�g�m�l�u�_�� �f�Z�c�j�Z�g�h�\�k�d�b�_��
�i�j�h�\�h�^�Z���� �B�k�i�h�e�v�a�h�\�Z�g�b�_�� �l�Z�d�b�o�� �k�b�k�l�_�f�� �\�� �d�Z�q�_�k�l�\�_�� �k�e�Z�[�h�c���k�\�y�a�b�� �\��
�^�`�h�a�_�n�k�h�g�h�\�k�d�b�o���d�h�g�l�Z�d�l�Z�o���i�h�a�\�h�e�y�_�l���g�Z�f���i�h�e�m�q�b�l�v���i�_�j�_�k�l�j�Z�b�\�Z�_�f�u�c���n�b-
�d�h�g�l�Z�d�l�� ���k�h���k�i�h�g�l�Z�g�g�h�c �j�Z�a�g�h�k�l�v�x�� �k�\�_�j�o�i�j�h�\�h�^�y�s�b�o�� �n�Z�a�� �\�� �h�k�g�h�\�g�h�f��
�k�h�k�l�h�y�g�b�b�������d�h�l�h�j�u�c���f�h�`�_�l �[�u�l�v���b�k�i�h�e�v�a�h�\�Z�g���\���d�Z�q�_�k�l�\�_���l�_�k�l�h�\�h�c���k�b�k�l�_�f�u��
�^�e�y�� �h�[�g�Z�j�m�`�_�g�b�y�� �l�h�i�h�e�h�]�b�q�_�k�d�h�]�h�� �i�_�j�_�o�h�^�Z���� �Z�� �l�Z�d�`�_�� �g�h�\�u�c�� �l�b�i��
�k�\�_�j�o�i�j�h�\�h�^�y�s�_�]�h�� �^�b�h�^�Z���� �d�j�b�l�b�q�_�k�d�b�c�� �l�h�d�� �d�h�l�h�j�h�]�h�� �a�Z�\�b�k�b�l�� �h�l��
�g�Z�i�j�Z�\�e�_�g�b�y�� 

�<�� �d�Z�q�_�k�l�\�_�� �g�h�\�u�o�� �\�Z�j�b�Z�g�l�h�\�� �l�h�i�h�e�h�]�b�q�_�k�d�b�� �g�_�l�j�b�\�b�Z�e�v�g�u�o�� �k�b�k�l�_�f��
�g�Z�f�b�� �b�k�k�e�_�^�h�\�Z�g�u�� �i�h�e�g�h�k�l�v�x�� �i�h�d�j�u�l�u�_�� �k�\�_�j�o�i�j�h�\�h�^�g�b�d�h�f��
�i�h�e�m�i�j�h�\�h�^�g�b�d�h�\�u�_�� �i�j�h�\�h�^�Z���� �g�Z�o�h�^�y�s�b�_�k�y�� �\�h�� �\�g�_�r�g�_�f�� �f�Z�]�g�b�l�g�h�f�� �i�h�e�_����
�<�o�h�^�y�s�b�_�� �i�j�b�� �k�j�Z�\�g�b�l�_�e�v�g�h�� �k�e�Z�[�u�o�� �f�Z�]�g�b�l�g�u�o�� �i�h�e�y�o�� �\�b�o�j�b�� �f�h�]�m�l��
�i�_�j�_�\�_�k�l�b�� �k�b�k�l�_�f�m�� �\�� �l�h�i�h�e�h�]�b�q�_�k�d�m�x�� �n�Z�a�m���� �H�k�g�h�\�g�u�f�� �m�k�e�h�\�b�_�f�� �_�z 
�k�m�s�_�k�l�\�h�\�Z�g�b�y�� �\�� �i�h�^�h�[�g�u�o�� �]�b�[�j�b�^�g�u�o�� �k�l�j�m�d�l�m�j�Z�o���� �y�\�e�y�_�l�k�y�� �g�Z�e�b�q�b�_�� �\��
�i�h�e�m�i�j�h�\�h�^�g�b�d�h�\�h�c�� �k�_�j�^�p�_�\�b�g�_�� �^�h�k�l�Z�l�h�q�g�h�� �k�b�e�v�g�h�]�h�� �l�_�d�k�l�m�j�b�j�h�\�Z�g�g�h�]�h��
�k�i�b�g-�h�j�[�b�l�Z�e�v�g�h�]�h�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �k�� �\�_�d�l�h�j�h�f�� �J�Z�r�[�u���� �g�Z�i�j�Z�\�e�_�g�g�u�f�� �i�h��
�j�Z�^�b�m�k�m�� 

�J�Z�[�h�l�u���i�h���^�Z�g�g�h�c���l�_�f�Z�l�b�d�_���[�u�e�b���i�h�^�^�_�j�`�Z�g�u���i�j�h�_�d�l�h�f���J�h�k�k�b�c�k�d�h�]�h��
�g�Z�m�q�g�h�]�h���n�h�g�^�Z���‹������-12-00053. 
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 �I�h�^�h�[�g�h�� �^�j�m�]�b�f�� �l�h�i�h�e�h�]�b�q�_�k�d�b�f�� �f�Z�l�_�j�b�Z�e�Z�f���� �<�_�c�e�_�\�k�d�b�_��
�i�h�e�m�f�_�l�Z�e�e�u�� �o�Z�j�Z�d�l�_�j�b�a�m�x�l�k�y�� �l�h�i�h�e�h�]�b�q�_�k�d�b�� �a�Z�s�b�s�z�g�g�u�f�b��
�i�h�\�_�j�o�g�h�k�l�g�u�f�b�� �k�h�k�l�h�y�g�b�y�f�b���± �N�_�j�f�b-�Z�j�d�Z�f�b���� �k�h�_�^�b�g�y�x�s�b�f�b�� �i�j�h�_�d�p�b�b��
�\�_�c�e�_�\�k�d�b�o���l�h�q�_�d���g�Z���i�h�\�_�j�o�g�h�k�l�g�m�x���a�h�g�m���;�j�b�e�e�x�w�g�Z���\���d-�i�j�h�k�l�j�Z�g�k�l�\�_���>���@����
�<���h�l�e�b�q�b�_���h�l���]�_�e�b�d�h�b�^�Z�e�v�g�u�o���i�h�\�_�j�o�g�h�k�l�g�u�o���k�h�k�l�h�y�g�b�c���\���l�h�i�h�e�h�]�b�q�_�k�d�b�o��
�b�a�h�e�y�l�h�j�Z�o�� �>���@���� �i�h�\�_�j�o�g�h�k�l�g�u�_�� �k�h�k�l�h�y�g�b�y�� �\�� �\�_�c�e�_�\�k�d�b�o�� �i�h�e�m�f�_�l�Z�e�e�Z�o��
�y�\�e�y�x�l�k�y�� �d�b�j�Z�e�v�g�u�f�b���� �d�Z�d�� �\�� �q�_�j�g�h�\�k�d�h�f�� �b�a�h�e�y�l�h�j�_�� ���j�_�`�b�f�� �d�\�Z�g�l�h�\�h�]�h��
�w�n�n�_�d�l�Z�� �O�h�e�e�Z���� �>���@���� �G�Z�e�b�q�b�_�� �N�_�j�f�b-�Z�j�h�d���[�u�e�h�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h��
�i�j�h�^�_�f�h�g�k�l�j�b�j�h�\�Z�g�h�� �\�� �$�5�3�(�6�� �b�a�f�_�j�_�g�b�y�o���� �g�Z�i�j�b�f�_�j���� �^�e�y�� �l�j�z�o�f�_�j�g�u�o��
�d�j�b�k�l�Z�e�e�h�\ MoTe2 �b��WTe2 [3,4].  
 �<�� �^�Z�g�g�h�c�� �j�Z�[�h�l�_�� �f�u�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�h�� �b�k�k�e�_�^�h�\�Z�e�b�� �w�e�_�d�l�j�h�g�g�u�c��
�l�j�Z�g�k�i�h�j�l�� �f�_�`�^�m�� �^�\�m�f�y�� �k�\�_�j�o�i�j�h�\�h�^�y�s�b�f�b�� �d�h�g�l�Z�d�l�Z�f�b�� �g�Z�� �i�h�\�_�j�o�g�h�k�l�b��
�f�Z�]�g�b�l�g�h�]�h�� �<�_�c�e�_�\�k�d�h�]�h�� �i�h�e�m�f�_�l�Z�e�e�Z�� �&�R3Sn2S2���� �g�Z�o�h�^�y�s�b�f�b�k�y�� �g�Z��
�j�Z�k�k�l�h�y�g�b�b�� ���� �f�d�f���� �>�e�y�� �f�Z�]�g�b�l�g�h�� �j�Z�a�m�i�h�j�y�^�h�q�_�g�g�h�]�h�� �k�h�k�l�h�y�g�b�y�� �&�R3Sn2S2, 
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�l�h�q�g�h�]�h�� �h�i�j�_�^�_�e�_�g�b�y�� �q�b�k�e�Z�� �k�d�b�j�f�b�h�g�h�\�� �\�� �\�u�[�j�Z�g�g�h�f�� �m�q�Z�k�l�d�_��
�i�j�h�k�l�j�Z�g�k�l�\�Z���� 
 �K�h�\�j�_�f�_�g�g�u�_�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�_�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �l�j�Z�g�k�i�h�j�l�g�u�o��
�k�\�h�c�k�l�\�� �f�Z�]�g�b�l�g�u�o�� �g�Z�g�h�k�l�j�m�d�l�m�j�� �k�� �b�g�^�b�\�b�^�m�Z�e�v�g�u�f�b�� �g�Z�g�h�j�Z�a�f�_�j�g�u�f�b��
�f�Z�]�g�b�l�g�u�f�b�� �k�d�b�j�f�b�h�g�Z�f�b���� �h�^�g�Z�d�h���� �b�k�i�u�l�u�\�Z�x�l�� �a�g�Z�q�b�l�_�e�v�g�u�_��
�a�Z�l�j�m�^�g�_�g�b�y�� �i�j�b�� �i�h�i�u�l�d�_�� �b�g�l�_�j�i�j�_�l�b�j�h�\�Z�g�b�y�� �i�h�e�m�q�_�g�g�u�o�� �^�Z�g�g�u�o�� �\��
�j�Z�f�d�Z�o���^�Z�g�g�h�c�� �d�Z�j�l�b�g�u���>�����������@�����G�Z���k�Z�f�h�f�� �^�_�e�_���� �d�Z�d�� �i�j�Z�\�b�e�h���� �g�Z�[�e�x�^�Z�_�f�Z�y��
�\�_�e�b�q�b�g�Z�� �L�W�O�� �a�g�Z�q�b�l�_�e�v�g�h�� �h�l�e�b�q�Z�_�l�k�y�� �h�l�� �h�p�_�g�d�b���� �h�k�g�h�\�Z�g�g�h�c��
�b�k�d�e�x�q�b�l�_�e�v�g�h�� �g�Z�� �m�k�e�h�\�b�b�� �l�h�i�h�e�h�]�b�q�_�k�d�h�]�h�� �d�\�Z�g�l�h�\�Z�g�b�y�� �L�W�O���� �<�� �^�Z�g�g�h�f��
�^�h�d�e�Z�^�_���[�m�^�m�l���j�Z�k�k�f�h�l�j�_�g�u���j�Z�a�e�b�q�g�u�_���n�b�a�b�q�_�k�d�b�_���f�_�o�Z�g�b�a�f�u���b���i�j�h�p�_�k�k�u����
�h�l�\�_�l�k�l�\�_�g�g�u�_���a�Z �h�l�d�e�h�g�_�g�b�_���Z�f�i�e�b�l�m�^�u���k�b�]�g�Z�e�Z���L�W�O���h�l���l�h�i�h�e�h�]�b�q�_�k�d�h�]�h��
�i�j�_�^�_�e�Z���� �K�j�_�^�b�� �i�j�h�q�_�]�h�� �f�h�`�g�h�� �\�u�^�_�e�b�l�v�� �f�_�o�Z�g�b�a�f�u���� �h�[�m�k�e�h�\�e�_�g�g�u�_��
�f�_�o�Z�g�b�d�h�c�� �n�h�j�f�b�j�h�\�Z�g�b�y�� �l�h�i�h�e�h�]�b�q�_�k�d�h�]�h�� �w�n�n�_�d�l�Z�� �O�h�e�e�Z�� �d�Z�d�� �l�Z�d�h�\�h�c���� �<��
�q�Z�k�l�g�h�k�l�b���� �i�j�h�^�_�f�h�g�k�l�j�b�j�h�\�Z�g�h���� �q�l�h�� �\���j�_�`�b�f�_���k�e�Z�[�h�c�� �k�\�y�a�b���b���m�f�_�j�_�g�g�h�]�h��
�h�[�f�_�g�g�h�]�h�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �m�k�e�h�\�b�_�� �l�h�i�h�e�h�]�b�q�_�k�d�h�]�h�� �d�\�Z�g�l�h�\�Z�g�b�y�� �L�W�O�� �g�_��
�l�h�e�v�d�h�� �i�_�j�_�k�l�Z�_�l�� �\�u�i�h�e�g�y�l�v�k�y���� �g�h�� �l�Z�d�`�_�� �i�j�h�b�k�o�h�^�b�l�� �k�b�f�f�_�l�j�b�c�g�Z�y��
�i�_�j�_�k�l�j�h�c�d�Z���^�Z�g�g�h�]�h���y�\�e�_�g�b�y���>�������@�����I�h�f�b�f�h���q�b�k�l�h���\�g�m�l�j�_�g�g�b�o���f�_�o�Z�g�b�a�f�h�\����
�a�g�Z�q�b�l�_�e�v�g�m�x�� �j�h�e�v�� �^�e�y�� �d�h�j�j�_�d�l�g�h�c�� �b�g�l�_�j�i�j�_�l�Z�p�b�b�� �w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o��
� �̂Z�g�g�u�o�� �f�h�]�m�l�� �b�]�j�Z�l�v�� �\�g�_�r�g�b�_�� �i�h�� �h�l�g�h�r�_�g�b�x�� �d�� �n�b�a�b�d�_�� �L�W�O�� �n�Z�d�l�h�j�u���� �\��
�q�Z�k�l�g�h�k�l�b�� �f�_�o�Z�g�b�d�Z�� �h�[�j�Z�a�h�\�Z�g�b�y�� �f�Z�]�g�b�l�g�u�o�� �k�d�b�j�f�b�h�g�h�\�� �b�� �\�h�a�f�h�`�g�h�k�l�v��
�k�h�i�h�k�l�Z�\�e�_�g�b�y�� �b�o�� �d�h�g�p�_�g�l�j�Z�p�b�b���� �h�i�j�_�^�_�e�y�_�f�h�c�� �k�� �i�h�f�h�s�v�x�� �\�b�a�m�Z�e�v�g�h�]�h��
�^�_�l�_�d�l�b�j�h�\�Z�g�b�y���� �k�� �l�Z�d�h�\�h�c�� �\�e�b�y�x�s�_�c�� �g�Z�� �Z�f�i�e�b�l�m�^�Z�� �o�h�e�e�h�\�k�d�h�]�h���k�b�]�g�Z�e�Z����
�>�Z�g�g�u�_�� �\�h�i�j�h�k�u�� �h�d�Z�a�u�\�Z�x�l�k�y�� �h�k�h�[�_�g�g�h�� �k�m�s�_�k�l�\�_�g�g�u�f�b�� �^�e�y�� �i�h�g�b�f�Z�g�b�y��
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�D���F�����D�j�Z�k�b�d�h�\1�����<���<�����=�e�m�r�d�h�\1�����K���<�����>�_�f�b�r�_�\1�����:���<�����;�h�]�Z�q1, 
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 �F�Z�]�g�_�l�b�d�b�� �k�� �n�j�m�k�l�j�b�j�h�\�Z�g�g�u�f�� �h�k�g�h�\�g�u�f�� �f�Z�]�g�b�l�g�u�f�� �k�h�k�l�h�y�g�b�_�f��
�i�j�b�\�e�_�d�Z�x�l�� �k�m�s�_�k�l�\�_�g�g�h�_�� �\�g�b�f�Z�g�b�_�� �\�� �k�b�e�m�� �g�Z�[�h�j�Z�� �Z�g�h�f�Z�e�v�g�u�o�� �k�\�h�c�k�l�\����
�i�h�l�_�g�p�b�Z�e�v�g�h�� �i�j�b�f�_�g�b�f�u�o�� �g�Z�� �i�j�Z�d�l�b�d�_���� �K�j�_�^�b�� �g�b�o��ErB12 �i�j�_�^�k�l�Z�\�e�y�_�l��
�h�k�h�[�u�c�� �b�g�l�_�j�_�k���� �l�Z�d�� �d�Z�d���� �h�[�e�Z�^�Z�y�� �k�j�Z�\�g�b�l�_�e�v�g�h �i�j�h�k�l�h�c�� �=�P�D�� �j�_�r�z�l�d�h�c����
�^�_�f�h�g�k�l�j�b�j�m�_�l�� �k�e�h�`�g�m�x�� �g�_�k�h�j�Z�a�f�_�j�g�m�x�� �f�Z�]�g�b�l�g�m�x�� �k�l�j�m�d�l�m�j�m�� �k��
�Z�g�l�b�n�_�j�j�h�f�Z�]�g�b�l�g�u�f�� �m�i�h�j�y�^�h�q�_�g�b�_�f�� �i�j�b��TN=6.7K [1]���� �G�_�^�Z�\�g�h�� �\��
�j�_�i�_�j�g�h�f���g�_�f�Z�]�g�b�l�g�h�f���k�h�_�^�b�g�_�g�b�b��LuB12 �[�u�e�b���h�[�g�Z�j�m�`�_�g�u���^�b�g�Z�f�b�q�_�k�d�b�_��
�a�Z�j�y�^�h�\�u�_���k�l�j�Z�c�i�u��[2]�����\�h�a�g�b�d�Z�x�s�b�_���\�^�h�e�v���g�Z�i�j�Z�\�e�_�g�b�y���>�������@���\���j�_�a�m�e�v�l�Z�l�_��
�^�b�g�Z�f�b�q�_�k�d�h�]�h�� �d�h�h�i�_�j�Z�l�b�\�g�h�]�h�� �w�n�n�_�d�l�Z�� �Y�g�Z-�L�_�e�e�_�j�Z�� �g�Z�� �d�e�Z�k�l�_�j�Z�o��B12. 
�I�h�^�h�[�g�Z�y�� �w�e�_�d�l�j�h�g�g�Z�y�� �g�_�m�k�l�h�c�q�b�\�h�k�l�v�� �[�h�j�g�h�c�� �i�h�^�j�_�r�_�l�d�b�� �^�h�e�`�g�Z��
�i�j�b�k�m�l�k�l�\�h�\�Z�l�v���b���\��ErB12�����<���k�\�y�a�b���k���w�l�b�f�����h�l�^�_�e�v�g�u�c���b�g�l�_�j�_�k���i�j�_�^�k�l�Z�\�e�y�_�l��
�b�a�m�q�_�g�b�_���f�Z�]�g�b�l�g�u�o���n�Z�a�h�\�u�o���^�b�Z�]�j�Z�f�f���l�Z�d�h�c���k�b�k�l�_�f�u�����l�Z�d���d�Z�d���f�Z�]�g�b�l�g�h�_��
�m�i�h�j�y�^�h�q�_�g�b�_�� �\��ErB12 �i�j�h�b�k�o�h�^�b�l�� �a�Z�� �k�q�_�l�� �g�_�i�j�y�f�h�]�h�� �J�D�D�B�� �h�[�f�_�g�Z�� �q�_�j�_�a��
�w�e�_�d�l�j�h�g�u�� �i�j�h�\�h�^�b�f�h�k�l�b���� �d�h�l�h�j�u�_���� �\�� �k�\�h�x�� �h�q�_�j�_�^�v���� �h�d�Z�a�u�\�Z�x�l�k�y��
�\�h�\�e�_�q�_�g�u���\���^�b�g�Z�f�b�q�_�k�d�b�_���a�Z�j�y�^�h�\�u�_���k�l�j�Z�c�i�u�� 

�<�� �j�Z�[�h�l�_�� �i�j�_�^�k�l�Z�\�e�_�g�u�� �j�_�a�m�e�v�l�Z�l�u�� �b�a�f�_�j�_�g�b�y�� �m�^�_�e�v�g�h�]�h��
�k�h�i�j�h�l�b�\�e�_�g�b�y���� �g�Z�f�Z�]�g�b�q�_�g�g�h�k�l�b�� �b�� �l�_�i�e�h�_�f�d�h�k�l�b��ErB12 �\�� �^�b�Z�i�Z�a�h�g�_��
�l�_�f�i�_�j�Z�l�m�j�� ������-10K���� �\�� �f�Z�]�g�b�l�g�h�f�� �i�h�e�_�� �^�h�� �����d�W���� �g�Z�i�j�Z�\�e�_�g�g�h�f�� �\�^�h�e�v��
�h�k�g�h�\�g�u�o�� �h�k�_�c�� �\�� �=�P�D�� �d�j�b�k�l�Z�e�e�_�� ��H||[001], H�_�_�>�������@�� �b��H�_�_�>�������@������ �Z�� �l�Z�d�`�_��
�m�]�e�h�\�u�o�� �a�Z�\�b�k�b�f�h�k�l�_�c�� �f�Z�]�g�_�l�h�k�h�i�j�h�l�b�\�e�_�g�b�y�� �\�� �w�d�k�i�_�j�b�f�_�g�l�Z�o�� �k��
�\�j�Z�s�_�g�b�_�f�� �d�j�b�k�l�Z�e�e�Z�� �\�h�d�j�m�]�� �g�Z�i�j�Z�\�e�_�g�b�c��J||[001], J�_�_�>�������@�� �b��J||[111]. 
�B�a�f�_�j�_�g�b�_�� �m�^�_�e�v�g�h�]�h�� �k�h�i�j�h�l�b�\�e�_�g�b�y���i�j�h�\�h�^�b�e�h�k�v�� �g�Z���Z�\�l�h�f�Z�l�b�a�b�j�h�\�Z�g�g�h�c��
�h�j�b�]�b�g�Z�e�v�g�h�c�� �m�k�l�Z�g�h�\�d�_�� �^�e�y�� �]�Z�e�v�\�Z�g�h�f�Z�]�g�b�l�g�u�o�� �b�k�k�e�_�^�h�\�Z�g�b�c�� �\�� �B�H�N��
�J�:�G���� �B�k�i�h�e�v�a�h�\�Z�e�k�y�� �k�l�Z�g�^�Z�j�l�g�u�c�� �q�_�l�u�j�z�o�d�h�g�l�Z�d�l�g�u�c�� �f�_�l�h�^�� �b�a�f�_�j�_�g�b�y��
�k�h�i�j�h�l�b�\�e�_�g�b�y���g�Z���i�h�k�l�h�y�g�g�h�f���l�h�d�_���k���d�h�f�f�m�l�Z�p�b�_�c���l�h�d�Z���q�_�j�_�a���h�[�j�Z�a�_�p���� 
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�I�h�� �o�Z�j�Z�d�l�_�j�g�u�f�� �h�k�h�[�_�g�g�h�k�l�y�f���g�Z�� �i�j�h�b�a�\�h�^�g�u�o d�U/dH �b�� �m�]�e�h�\�u�o��
�a�Z�\�b�k�b�f�h�k�l�y�o�� �!� f���3��H0) �[�u�e�b���\�h�k�k�l�Z�g�h�\�e�_�g�u���f�Z�]�g�b�l�g�u�_���n�Z�a�h�\�u�_��H-T, H-�3 
���j�b�k���������b��H-�3-�����^�b�Z�]�j�Z�f�f�u��ErB12. 

 

 
�J�b�k�m�g�h�d���������F�Z�]�g�b�l�g�Z�y���n�Z�a�h�\�Z�y��H-�3 �^�b�Z�]�j�Z�f�f�Z��ErB12 �^�e�y���g�Z�i�j�Z�\�e�_�g�b�c��
�f�Z�]�g�b�l�g�h�]�h���i�h�e�y��H �\���i�e�h�k�d�h�k�l�b���������������i�j�b���l�_�f�i�_�j�Z�l�m�j�_��T=2K.  

 
�H�[�g�Z�j�m�`�_�g�g�h�_�� �i�h�g�b�`�_�g�b�_�� �k�b�f�f�_�l�j�b�b�� �d�j�Z�c�g�_�� �g�_�l�b�i�b�q�g�h�� �^�e�y�� �=�P�D��

�d�j�b�k�l�Z�e�e�Z�� �b�� �f�h�`�_�l�� �[�u�l�v�� �k�\�y�a�Z�g�h�� �k�� �i�_�j�_�j�Z�k�i�j�_�^�_�e�_�g�b�_�f�� �w�e�_�d�l�j�h�g�h�\��
�i�j�h�\�h�^�b�f�h�k�l�b�����d�h�l�h�j�u�_���i�_�j�_�o�h�^�y�l���\���^�b�g�Z�f�b�q�_�k�d�b�_���a�Z�j�y�^�h�\�u�_���k�l�j�Z�c�i�u���b���g�_��
�m�q�Z�k�l�\�m�x�l�� �\�� �J�D�D�B�� �h�k�p�b�e�e�y�p�b�y�o�� �k�i�b�g�h�\�h�c�� �i�e�h�l�g�h�k�l�b���� �<�� �j�_�a�m�e�v�l�Z�l�_�� �\�^�h�e�v��
�g�Z�i�j�Z�\�e�_�g�b�c���� �i�Z�j�Z�e�e�_�e�v�g�u�o�� ��H�_�_�>�������@���� �b�� �i�_�j�i�_�g�^�b�d�m�e�y�j�g�u�o�� ��H||[001]) 
�a�Z�j�y�^�h�\�u�f�� �k�l�j�Z�c�i�Z�f�� �g�Z�[�e�x�^�Z�x�l�k�y�� �h�[�e�Z�k�l�b�� �k�� �i�h�^�Z�\�e�_�g�b�_�f�� �g�_�i�j�y�f�h�]�h��
�h�[�f�_�g�Z�� �f�_�`�^�m�� �f�Z�]�g�b�l�g�u�f�b�� �f�h�f�_�g�l�Z�f�b�� �b�h�g�h�\��Er3+���� �K�l�h�e�v�� �k�m�s�_�k�l�\�_�g�g�Z�y��
�i�_�j�_�g�h�j�f�b�j�h�\�d�Z�� �Z�g�l�b�n�_�j�j�h�f�Z�]�g�b�l�g�h�]�h�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �i�j�b�\�h�^�b�l�� �d��
�k�e�h�`�g�h�c�� �f�Z�]�g�b�l�g�h�c�� �n�Z�a�h�\�h�c�� �^�b�Z�]�j�Z�f�f�_�� �k�� �[�h�e�v�r�b�f�� �d�h�e�b�q�_�k�l�\�h�f��
�j�Z�a�e�b�q�g�u�o���f�Z�]�g�b�l�g�u�o���n�Z�a���b���n�Z�a�h�\�u�o���i�_�j�_�o�h�^�h�\�� 

�B�k�k�e�_�^�h�\�Z�g�b�_�� �\�u�i�h�e�g�_�g�h���i�j�b���i�h�^�^�_�j�`�d�_�� �]�j�Z�g�l�Z���J�N�N�B�����i�j�h�_�d�l�� �‹����-
02-01152). 
 
[1] K. Siemensmeyer, et al., J Solid State Chem., 179, 2748 (2006).  
[2] N.B. Bolotina, et al., J. Phys.: Condens. Matter, 30, 265402 (2018).  
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�G�Z�e�b�q�b�_�� �^�\�m�o�� �i�h�k�e�_�^�h�\�Z�l�_�e�v�g�u�o���± �w�e�_�d�l�j�h�g�g�h�]�h�� �i�j�b�� �LM �| 16 �D�� �b��
�f�Z�]�g�b�l�g�h�]�h�� �i�j�b�� �L�k �| 14 �D���± �n�Z�a�h�\�u�o�� �i�_�j�_�o�h�^�h�\�� �b�� �k�\�y�a�Z�g�g�u�o�� �k�� �g�b�f�b��
�Z�g�h�f�Z�e�b�c�� �l�j�Z�g�k�i�h�j�l�g�u�o�� �b�� �l�_�i�e�h�\�u�o�� �k�\�h�c�k�l�\�� �\�� �n�_�j�j�h�f�Z�]�g�b�l�g�h�f��
�i�h�e�m�f�_�l�Z�e�e�_��EuB6 ���\�d�e�x�q�Z�y�� �w�n�n�_�d�l�� �d�h�e�h�k�k�Z�e�v�g�h�]�h�� �f�Z�]�g�b�l�h�k�h�i�j�h�l�b�\�e�_�g�b�y��
���D�F�K�����± �m�f�_�g�v�r�_�g�b�_�� �m�^�_�e�v�g�h�]�h�� �k�h�i�j�h�l�b�\�e�_�g�b�y�� �g�Z�� ���� ���� �\�� �i�h�e�_�� �a 8 �L�e�� �\��
�h�d�j�_�k�l�g�h�k�l�b�� �LM���� �h�i�j�_�^�_�e�y�_�l�� �\�Z�`�g�h�k�l�v�� �b�^�_�g�l�b�n�b�d�Z�p�b�b�� �f�_�o�Z�g�b�a�f�h�\��
�h�[�f�_�g�g�h�]�h�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �f�_�`�^�m�� �e�h�d�Z�e�b�a�h�\�Z�g�g�u�f�b�� �f�Z�]�g�b�l�g�u�f�b��
�f�h�f�_�g�l�Z�f�b�� ��f-�h�[�h�e�h�q�d�b�� �b�h�g�h�\��Eu2+ �b�� ��d-�w�e�_�d�l�j�h�g�Z�f�b�� �a�h�g�u�� �i�j�h�\�h�^�b�f�h�k�l�b��
[1-6]. �W�n�n�_�d�l���D�F�K���\��EuB6 �i�j �b�g�y�l�h���k�\�y�a�u�\�Z�l�v���k���n�h�j�f�b�j�h�\�Z�g�b�_�f���f�Z�]�g�b�l�g�u�o��
�i�h�e�y�j�h�g�h�\�� �\�� �m�k�e�h�\�b�y�o�� �h�[�f�_�g�g�h�]�h�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �a�Z�� �k�q�z�l�� �e�h�d�Z�e�v�g�h�]�h��
�k�i�b�g�h�\�h�]�h�� �j�Z�k�s�_�i�e�_�g�b�y�� �a�h�g�u�� �i�j�h�\�h�^�b�f�h�k�l�b�� �b�� �i�h�e�y�j�b�a�Z�p�b�b�� �g�h�k�b�l�_�e�_�c��
�a�Z�j�y�^�Z�� �\�� �n�_�j�j�h�f�Z�]�g�b�l�g�h�c�� �n�Z�a�_�� �]�_�d�k�Z�[�h�j�b�^�Z�� �_�\�j�h�i�b�y���� �H�^�g�Z�d�h���� �g�_�k�f�h�l�j�y�� �g�Z��
�l�h���� �q�l�h�� �k�l�_�i�_�g�v �k�i�b�g�h�\�h�c�� �i�h�e�y�j�b�a�Z�p�b�b�� �a�h�g�u�� �i�j�h�\�h�^�b�f�h�k�l�b�� �\��EuB6 �i�h��
�j�_�a�m�e�v�l�Z�l�Z�f�� �b�a�f�_�j�_�g�b�c�� �l�m�g�g�_�e�v�g�u�o�� �k�i�_�d�l�j�h�\�� �g�_�� �i�j�_�\�u�r�Z�_�l�� �������� �>���@����
�^�Z�g�g�u�_�� �j�_�a�h�g�Z�g�k�g�h�c�� �g�_�m�i�j�m�]�h�c�� �j�_�g�l�]�_�g�h�\�k�d�h�c�� �k�i�_�d�l�j�h�k�d�h�i�b�b�� ��RIXS���� �b��
�j�Z�k�q�z�l�u���a�h�g�g�h�c���k�l�j�m�d�l�m�j�u���]�_�d�k�Z�[�h�j�b�^�Z���_�\�j�h�i�b�y���m�d�Z�a�u�\�Z�x�l���g�Z���\�h�a�f�h�`�g�m�x��
�j�_�Z�e�b�a�Z�p�b�x�� �k�h�k�l�h�y�g�b�y�� �k�� �i�h�e�g�h�k�l�v�x�� �i�h�e�y�j�b�a�h�\�Z�g�g�u�f�b�� �g�h�k�b�l�_�e�y�f�b�� �a�Z�j�y�^�Z��
(half-metallic state���� �>���@���� �<�� �l�Z�d�h�c�� �k�b�l�m�Z�p�b�b�� �^�h�i�h�e�g�b�l�_�e�v�g�m�x�� �b�g�n�h�j�f�Z�p�b�x�� �h��
�\�_�e�b�q�b�g�_�� �h�[�f�_�g�g�h�]�h�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �b�� �o�Z�j�Z�d�l�_�j�_�� �k�i�b�g�h�\�h�]�h�� �j�Z�k�s�_�i�e�_�g�b�y��
�a�h�g�� �\��EuB6 �f�h�`�g�h�� �i�h�e�m�q�b�l�v�� �b�a�� �b�k�k�e�_�^�h�\�Z�g�b�c�� �d�\�Z�g�l�h�\�u�o�� �h�k�p�b�e�e�y�p�b�c��
�R�m�[�g�b�d�h�\�Z �± �^�_ �=�Z�Z�a�Z�� 

�<�� �j�Z�[�h�l�_�� �\�u�i�h�e�g�_�g�u�� �b�k�k�e�_�^�h�\�Z�g�b�y�� �l�j�Z�g�k�i�h�j�l�g�u�o�� ���m�^�_�e�v�g�h�_��
�k�h�i�j�h�l�b�\�e�_�g�b�_�� �b�� �w�n�n�_�d�l�� �O�h�e�e�Z���� �b�� �f�Z�]�g�b�l�g�u�o�� �k�\�h�c�k�l�\��
�f�h�g�h�d�j�b�k�l�Z�e�e�b�q�_�k�d�b�o���h�[�j�Z�a�p�h�\��EuB6�����b�a�f�_�j�_�g�g�u�o���\���^�b�Z�i�Z�a�h�g�_���l�_�f�i�_�j�Z�l�m�j��
1,8 �± ���������D���\���f�Z�]�g�b�l�g�u�o���i�h�e�y�o���^�h�������L�e�����B�k�k�e�_�^�m�_�f�u�_���f�h�g�h�d�j�b�k�l�Z�e�e�u��EuB6 
�\�u�j�Z�s�_�g�u�� �\�� �B�I�F�� �G�:�G�M�� �f�_�l�h�^�h�f�� �a�h�g�g�h�c�� �i�e�Z�\�d�b�� �\�� �Z�l�f�h�k�n�_�j�_�� �b�g�_�j�l�g�h�]�h��
�]�Z�a�Z���k���j�Z�a�e�b�q�g�u�f���q�b�k�e�h�f���i�j�h�o�h�^�h�\���a�h�g�u�����>�e�y���h�[�j�Z�a�p�Z��EuB6�����\�u�j�Z�s�_�g�g�h�]�h���k��
�h�^�g�b�f���i�j�h�o�h�^�h�f���a�h�g�u�����g�Z���i�h�e�_�\�u�o���a�Z�\�b�k�b�f�h�k�l�y�o���m�^�_�e�v�g�h�]�h���k�h�i�j�h�l�b�\�e�_�g�b�y��
�\�� �f�Z�]�g�b�l�g�h�f�� �i�h�e�_�� �\�u�r�_�� ������ �L�e�� �a�Z�j�_�]�b�k�l�j�b�j�h�\�Z�g�u�� �d�\�Z�g�l�h�\�u�_�� �h�k�p�b�e�e�y�p�b�b��
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�R�m�[�g�b�d�h�\�Z �± �^�_ �=�Z�Z�a�Z���� �B�a�� �q�Z�k�l�h�l�u�� �h�k�p�b�e�e�y�p�b�c�� �������� �L�e�� �h�p�_�g�_�g�u�� �i�e�h�s�Z�^�b��
�k�_�q�_�g�b�y�� �i�h�\�_�j�o�g�h�k�l�b�� �N�_�j�f�b��S �| 2,78�1̃011 �k�f-2 �b�� �\�h�e�g�h�\�h�]�h�� �\�_�d�l�h�j�Z��
kf �| 2,97�1̃06 �k�f-1���� �h�l�\�_�q�Z�x�s�b�_�� �d�h�g�p�_�g�l�j�Z�p�b�b�� �g�h�k�b�l�_�e�_�c�� �a�Z�j�y�^�Z��
n0 �| 1,33�1̃018 �k�f-3 �\���i�j�b�[�e�b�`�_�g�b�b���b�a�h�l�j�h�i�g�h�c���i�h�\�_�j�o�g�h�k�l�b���N�_�j�f�b���k���m�q�z�l�h�f��
�l�j�_�o�d�j�Z�l�g�h�]�h���\�u�j�h�`�^�_�g�b�y���a�h�g�u���i�j�h�\�h�^�b�f�h�k�l�b���\���l�h�q�d�Z�o��X �a�h�g�u���;�j�b�e�e�x�w�g�Z����
�H�p�_�g�d�Z�� �w�n�n�_�d�l�b�\�g�h�c�� �f�Z�k�k�u��meff �| 0,19m0 (m0 �± �f�Z�k�k�Z�� �w�e�_�d�l�j�h�g�Z���� �o�h�j�h�r�h��
�k�h�]�e�Z�k�m�_�l�k�y�� �k�h�� �a�g�Z�q�_�g�b�y�f�b���� �j�Z�g�_�_�� �i�h�e�m�q�_�g�g�u�f�b�� �^�e�y�� �w�e�_�d�l�j�h�g�h�\��
�i�j�h�\�h�^�b�f�h�k�l�b�� �b�a�� �l�_�f�i�_�j�Z�l�m�j�g�h�c�� �a�Z�\�b�k�b�f�h�k�l�b�� �d�h�w�n�n�b�p�b�_�g�l�Z�� �l�_�j�f�h�w�^�k�� �>���@����
�I�j�b�� �w�l�h�f�� �a�g�Z�q�_�g�b�_�� �i�h�^�\�b�`�g�h�k�l�b���P �| 1720 �k�f2�<-1�k-1���� �j�Z�k�k�q�b�l�Z�g�g�h�_�� �b�a��
�\�j�_�f�_�g�b�� �j�_�e�Z�d�k�Z�p�b�b�� �g�h�k�b�l�_�e�_�c�� �a�Z�j�y�^�Z���W �| 0,186 �i�k���� �d�h�j�j�_�e�b�j�m�_�l�� �k��
�\�_�e�b�q�b�g�h�c�� �o�h�e�e�h�\�k�d�h�c�� �i�h�^�\�b�`�g�h�k�l�b�� �w�e�_�d�l�j�h�g�h�\�� �i�j�h�\�h�^�b�f�h�k�l�b�� �\��
�n�_�j�j�h�f�Z�]�g�b�l�g�h�c���n�Z�a�_ EuB6 [3,6]. 

�H�p�_�g�d�b�� �i�Z�j�Z�f�_�l�j�h�\�� �g�h�k�b�l�_�e�_�c�� �a�Z�j�y�^�Z�� �i�h�a�\�h�e�y�x�l�� �i�j�_�^�i�h�e�h�`�b�l�v���� �q�l�h��
�g�h�k�b�l�_�e�b�� �a�Z�j�y�^�Z���� �h�i�j�_�^�_�e�y�x�s�b�_�� �d�\�Z�g�l�h�\�u�_�� �h�k�p�b�e�e�y�p�b�b�� �m�^�_�e�v�g�h�]�h��
�k�h�i�j�h�l�b�\�e�_�g�b�y�� �\�� �n�_�j�j�h�f�Z�]�g�b�l�g�h�c�� �n�Z�a�_��EuB6���� �h�l�\�_�q�Z�x�l�� �k�h�k�l�h�y�g�b�y�f��
�i�h�^�a�h�g�u�� �w�e�_�d�l�j�h�g�h�\�� �k�h�� �k�i�b�g�Z�f�b���� �i�h�e�y�j�b�a�h�\�Z�g�g�u�f�b�� �i�j�h�l�b�\�h�i�h�e�h�`�g�h��
�g�Z�i�j�Z�\�e�_�g�b�x�� �f�Z�]�g�b�l�g�h�]�h�� �i�h�e�y�� ��n�p = n0������ �B�a�� �a�g�Z�q�_�g�b�y�� �o�h�e�e�h�\�k�d�h�c��
�d�h�g�p�_�g�l�j�Z�p�b�b��nH �| 3,57�1̃019 �k�f-3 �f�h�`�g�h���h�p�_�g�b�l�v���d�h�g�p�_�g�l�j�Z�p�b�x���w�e�_�d�l�j�h�g�h�\��
�k�h�� �k�i�b�g�h�f���� �i�h�e�y�j�b�a�h�\�Z�g�g�u�f�� �i�h�� �i�h�e�x����n�n = nH �± n�p �| 3,44�1̃019 �k�f-3. 
�J�Z�k�k�q�b�l�Z�g�g�Z�y�� �k�l�_�i�_�g�v�� �k�i�b�g�h�\�h�c�� �i�h�e�y�j�b�a�Z�p�b�b��P = (n�n �± n�p)/nH �|92 % 
�g�_�^�h�k�l�Z�l�h�q�g�Z�� �^�e�y�� �j�_�Z�e�b�a�Z�p�b�b�� �i�h�e�g�h�k�l�v�x�� �k�i�b�g-�i�h�e�y�j�b�a�h�\�Z�g�g�h�]�h�� ��half-
metallic���� �k�h�k�l�h�y�g�b�y�� �\�� �n�_�j�j�h�f�Z�]�g�b�l�g�h�c�� �n�Z�a�_��EuB6���� �<�� �k�\�h�x�� �h�q�_�j�_�^�v���� �h�p�_�g�d�Z��
�w�g�_�j�]�b�b�� �h�[�f�_�g�g�h�]�h�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �^�Z�z�l�� �a�g�Z�q�_�g�b�_��J �| 70 �f�w�<����
�k�h�]�e�Z�k�m�x�s�_�_�k�y���k���e�b�l�_�j�Z�l�m�j�g�u�f�b���^�Z�g�g�u�f�b���>�������@�� 
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�D�\�Z�a�b�^�\�m�f�_�j�g�u�_���`�_�e�_�a�h�k�h�^�_�j�`�Z�s�b�_���k�\�_�j�o�i�j�h�\�h�^�g�b�d�b�����K�I�����k�h���k�i�b�g-
�n�e�m�d�l�m�Z�p�b�h�g�g�u�f�� ���K�N���� �\�a�Z�b�f�h�^�_�c�k�l�\�b�_�f�� �w�e�_�d�l�j�h�g�g�u�o�� ���H���� �b�� �^�u�j�h�q�g�u�o�� ���K����
�a�h�g�� ���^�Z�e�_�_�� �^�e�y�� �d�j�Z�l�d�h�k�l�b�� �n�_�j�j�h�i�g�b�d�l�b�^�u�� ���N�I������ �o�Z�j�Z�d�l�_�j�b�a�m�x�l�k�y��
�m�g�b�\�_�j�k�Z�e�v�g�h�c�� �n�Z�a�h�\�h�c�� �^�b�Z�]�j�Z�f�f�h�c�� ���N�>������ �H�[�e�Z�k�l�v�� �h�i�l�b�f�Z�e�v�g�h�]�h�� ���k��
�f�Z�d�k�b�f�Z�e�v�g�h�c��Tc���� �^�h�i�b�j�h�\�Z�g�b�y��xopt �i�j�b�f�_�j�g�h�� �k�h�\�i�Z�^�Z�_�l�� �k�� �h�[�e�Z�k�l�v�x��
�Z�g�l�b�n�_�j�j�h�f�Z�]�g�b�l�g�h�]�h�� ���:�N�F���� �i�_�j�_�o�h�^�Z�� �b�� �g�Z�b�[�h�e�_�_�� �k�b�e�v�g�u�o���f�_�`�a�h�g�g�u�o��
�:�N�F�� �n�e�m�d�l�m�Z�p�b�c���� �\�a�Z�b�f�h�^�_�c�k�l�\�b�_�� �k�� �d�h�l�h�j�u�f�b�� �\�� �g�_�n�h�g�h�g�g�h�c�� �l�_�h�j�b�b�� �K�I��
�k�q�b�l�Z�_�l�k�y�� �^�h�f�b�g�b�j�m�x�s�b�f���� �I�e�h�l�g�h�k�l�v�� �k�h�k�l�h�y�g�b�c�� ��n(x���� �b�� �k�\�y�a�Z�g�g�h�_�� �k�� �g�_�c��
�\�g�m�l�j�b�a�h�g�g�h�_�����n�h�g�h�g�g�h�_�����k�i�Z�j�b�\�Z�g�b�_���l�Z�d�`�_���^�h�k�l�b�]�Z�_�l���f�Z�d�k�b�f�m�f�Z���i�j�b��xopt, 
�i�h�w�l�h�f�m�� �j�h�e�v�� �n�h�g�h�g�g�h�]�h�� �b�� �g�_�n�h�g�h�g�g�h�]�h�� �f�_�o�Z�g�b�a�f�h�\�� �\�� �m�\�_�e�b�q�_�g�b�b��Tc 
�h�k�l�Z�_�l�k�y�� �g�_�y�k�g�h�c���� �I�h�k�l�j�h�_�g�b�_�� �[�h�e�_�_�� �i�h�e�g�h�c�� �N�>�� �k�l�j�m�d�l�m�j�u�� �K�I�� �k�h�k�l�h�y�g�b�y��
�N�I�� �a�Z�l�j�m�^�g�y�_�l�k�y�� �[�h�e�v�r�b�f�� �j�Z�a�[�j�h�k�h�f�� �^�Z�g�g�u�o�� �\�k�e�_�^�k�l�\�b�_�� �l�h�]�h���� �q�l�h�� �\�� �N�I��
�s�_�e�b 4-���� �\�a�Z�b�f�h�^�_�c�k�l�\�m�x�s�b�o�� �K�I�� �d�h�g�^�_�g�k�Z�l�h�\�� �a�Z�i�h�e�g�y�x�l�� �k�j�Z�\�g�b�l�_�e�v�g�h��
�g�_�[�h�e�v�r�h�c���b�g�l�_�j�\�Z�e���w�g�_�j�]�b�c�����k�h�i�h�k�l�Z�\�b�f�u�c���k���i�h�]�j�_�r�g�h�k�l�v�x �[�h�e�v�r�b�g�k�l�\�Z��
�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o�� �f�_�l�h�^�b�d���� �I�h�� �g�Z�r�_�f�m�� �f�g�_�g�b�x�� �^�e�y�� �i�h�k�l�j�h�_�g�b�y�� �l�Z�d�h�c��
�N�>�� �i�j�b�]�h�^�g�u�� �l�h�e�v�d�h�� �^�\�_�� �^�h�k�l�h�\�_�j�g�h�� �m�k�l�Z�g�h�\�e�_�g�g�u�_�� �m�g�b�\�_�j�k�Z�e�v�g�u�_�� �^�e�y��
�N�I�� �o�Z�j�Z�d�l�_�j�b�k�l�b�d�b���� �l�j�Z�g�k�n�h�j�f�Z�p�b�y�� �w�e�_�d�l�j�h�g�g�h�c�� �l�_�i�e�h�_�f�d�h�k�l�b��cs(x, t) �± 
�m�\�_�e�b�q�_�g�b�_�� �i�j�b�� �i�j�h�f�_�`�m�l�h�q�g�u�o�� �l�_�f�i�_�j�Z�l�m�j�Z�o�� �b�� �k�h�h�l�\�_�l�k�l�\�m�x�s�_�_��
�k�h�o�j�Z�g�_�g�b�x�� �w�g�l�j�h�i�b�b�� �m�f�_�g�v�r�_�g�b�_��cs(x, t���� �\�[�e�b�a�b��Tc �i�h�� �f�_�j�_�� �m�^�Z�e�_�g�b�y�� �h�l��
�:�N�F���i�_�j�_�o�h�^�Z��[1] �b���k�b�e�v�g�h�_���h�l�d�e�h�g�_�g�b�_���a�Z�\�b�k�b�f�h�k�l�b���^�h�f�b�g�b�j�m�x�s�_�c���K�I��
�s�_�e�b���¨L(xopt,t���� �h�l���f�h�^�_�e�b�� �;�D�R���\���h�i�l�b�f�Z�e�v�g�h���^�h�i�b�j�h�\�Z�g�g�u�o���N�I�� �>���@. �G�Z�f�b��
�i�h�d�Z�a�Z�g�h�����q�l�h�� �h�l�f�_�q�_�g�g�u�_���m�g�b�\�_�j�k�Z�e�v�g�u�_�� �k�\�h�c�k�l�\�Z���b�f�_�x�l���f�_�k�l�h���\���f�h�^�_�e�b��
2-�o�� �K-�a�h�g���� �\�a�Z�b�f�h�^�_�c�k�l�\�m�x�s�b�o�� �k�� �H-�a�h�g�h�c���k�� �g�Z�b�f�_�g�v�r�_�c�� �i�e�h�l�g�h�k�l�v�x��
�k�h�k�l�h�y�g�b�c �Je �i�h�k�j�_�^�k�l�\�h�f�� �K�N�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y ��eh(x���� �>���@���� �<�� �w�l�h�f�� �k�e�m�q�Z�_��
�d�h�j�j�_�e�y�p�b�h�g�g�u�_�� �w�n�n�_�d�l�u�� ���h�[�j�Z�l�g�h�� �i�j�h�i�h�j�p�b�h�g�Z�e�v�g�u�_�� �h�l�g�h�r�_�g�b�x��
�i�e�h�l�g�h�k�l�_�c�� �k�h�k�l�h�y�g�b�c�� �\�a�Z�b�f�h�^�_�c�k�l�\�m�x�s�b�o�� �a�h�g������eh(x)/��he(x) ~ �Jh(x)/�Je(x)) 
�f�Z�d�k�b�f�Z�e�v�g�u���\��e-�a�h�g�_�����\�k�e�_�^�k�l�\�b�_���q�_�]�h���K�I���\���K-�a�h�g�Z�o���\���h�k�g�h�\�g�h�f���k�\�y�a�Z�g�Z���k��
�\�g�m�l�j�b�a�h�g�g�u�f���k�i�Z�j�b�\�Z�g�b�_�f���b �b�a�f�_�g�_�g�b�_�f����h(x)~ �Jh(x�������Z���©�g�Z�\�_�^�z�g�g�Z�y�ª���K�I���\��
e-�a�h�g�_���± �k�� ����eh(x). �I�h�\�_�^�_�g�b�_��cs(x, t) �\ [1] �h�[�t�y�k�g�y�_�l�k�y�� �\�� �w�l�h�c�� �f�h�^�_�e�b��
�k�[�e�b�`�_�g�b�_�f�� �H-�s�_�e�b�� �¨e(x,t���� �k�� �^�h�f�b�g�b�j�m�x�s�_�c�� ��L) h-�s�_�e�v�x�� �¨Lh(x,t���� �b�a-�a�Z��
�m�k�b�e�_�g�b�y����eLh(x�����\�[�e�b�a�b���:�N�F���i�_�j�_�o�h�^�Z�� 
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�J�b�k�m�g�h�d�� ������ �L�_�f�i�_�j�Z�l�m�j�g�Z�y�� �a�Z�\�b�k�b�f�h�k�l�v�� �[�h�e�v�r�h�c�� �b�� �f�Z�e�h�c�� �s�_�e�_�c�� �\��
LaO1-xFxFeAs. 

 
�I�h�d�Z�a�Z�g�g�u�_���g�Z���J�b�k����1 �a�Z�\�b�k�b�f�h�k�l�b �' L(xopt,t )>> �' S(xopt,t ) �k�h���k�e�Z�[�u�f���i�j�y�f�u�f��
�f�_�` �a�h�g�g�u�f �\�a�Z�b�f�h�^�_�c�k�l�\�b�_�f���OSL �b�� �k�b�e�v�g�u�f���OLS ���l���_���� �k �JS>>�JL���� �g�_�� �f�h�]�m�l��
�[�u�l�v�� �h�[�t�y�k�g�_�g�u�� �\�� ��-�o�� �a�h�g�g�h�c�� �f�h�^�_�e�b���� �l���d���� �k�h�h�l�g�h�r�_�g�b�y�� �s�_�e�_�c�� �b��
�i�e�h�l�g�h�k�l�_�c�� �k�h�k�l�h�y�g�b�c�� �\�� �a�h�g�Z�o��L �b��S �i�j�h�l�b�\�h�j�_�q�Z�l�� �^�j�m�]�� �^�j�m�]�m���� �<��
�j�Z�k�k�f�Z�l�j�b�\�Z�_�f�h�c�� �g�Z�f�b�� �f�h�^�_�e�b�� �©�¨L(xopt ,t���ª�� �i�j�_�^�k�l�Z�\�e�y�_�l�� �k�h�[�h�c�� �d�e�Z�k�l�_�j �b�a��
�©�k�e�b�i�r�b�o�k�y�ª �' Lh(xopt,t ) �b���' e(xopt,t ) �s�_�e�_�c >>�' Sh(xopt,t ). �I�j�b�� �w�l�h�f�� �i�j�y�f�h�_��
�\�a�Z�b�f�h�^�_�c�k�l�\�b�_�� �H- �b�� Sh-�a�h�g �k �JSh>>�Je �i�h�e�g�h�k�l�v�x �k�h�h�l�\�_�l�k�l�\�m�_�l��
�g�_�h�[�o�h�^�b�f�h�f�m�� �m�k�e�h�\�b�x �OeSh>>�OShe. �L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �g�Z�[�e�x�^�Z�_�f�Z�y�� �\�� �N�I��
�Z�g�h�f�Z�e�v�g�Z�y�� �a�Z�\�b�k�b�f�h�k�l�v�� �¨L(xopt ,t���� �b�� �¨ Sh(xopt,t���� �g�Z�� �J�b�k����1 �h�[�t�y�k�g�y�_�l�k�y�� �g�_��
�i�j �y�f�u�f���� �Z�� �©�d�h�k�\�_�g�g�u�f�ª�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�_�f�� ��-�o�� �^�u�j�h�q�g�u�o�� �a�h�g�� �i�h�k�j�_�^�k�l�\�h�f��
�K�N�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �k�� �w�e�_�d�l�j�h�g�g�h�c�� �a�h�g�h�c���� �I�j�b�\�_�^�z�g�g�u�_�� �j�_�a�m�e�v�l�Z�l�u��
�i�h�d�Z�a�u�\�Z�x�l���� �q�l�h�� �i�h�e�m�q�_�g�g�Z�y�� �g�Z�f�b�� �g�Z�� �h�k�g�h�\�Z�g�b�b�� �Z�g�Z�e�b�a�Z��
�w�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�u�o�� �^�Z�g�g�u�o�� �f�h�^�_�e�v�� �K�I�� �k�h�k�l�h�y�g�b�y�� �k�_�f�_�c�k�l�\�Z��
Ba(Fe1-xCox)2As2 �k���^�h�f�b�g�b�j�m�x�s�b�f���\�g�m�l�j�b�a�h�g�g�u�f���k�i�Z�j�b�\�Z�g�b�_�f���>���@���b���d�j�Z�l�d�h��
�h�i�b�k�Z�g�g�Z�y���\�u�r�_���\�h�a�f�h�`�g�h���i�j�b�f�_�g�b�f�Z���b���^�e�y���\�k�_�o���n�_�j�j�h�i�g�b�d�l�b�^�h�\�� �J�Z�[�h�l�Z��
�i�h�^�^�_�j�`�Z�g�Z���J�N�N�B�����]�j�Z�g�l�u �‹������ -02-01075-�Z�����‹������-02-00509-�Z���� 
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 �K�h�_�^�b�g�_�g�b�y�� �<�E��Co,Ni)C2���� �n�b�a�b�q�_�k�d�b�_�� �k�\�h�c�k�l�\�Z�� �d�h�l�h�j�u�o�� �^�h��
�i�h�k�e�_�^�g�_�]�h�� �\�j�_�f�_�g�b�� �[�u�e�b�� �f�Z�e�h�� �b�a�m�q�_�g�u�� ���h�k�h�[�_�g�g�h �\�� �k�e�m�q�Z�_��YbNiC2), 
�h�[�e�Z�^�Z�x�l�� �g�_�p�_�g�l�j�h�k�b�f�f�_�l�j�b�q�g�h�c�� �h�j�l�h�j�h�f�[�b�q�_�k�d�h�c�� �k�l�j�m�d�l�m�j�h�c�� �l�b�i�Z��
CeNiC2 ���i�j�h�k�l�j�Z�g�k�l�\�_�g�g�Z�y �]�j�m�i�i�Z. Amm2������ �K�h�\�k�_�f�� �g�_�^�Z�\�g�h�� �^�e�y�� �<�E�&�R�&2 
�[�u�e�b�� �\�u�i�h�e�g�_�g�u�� �b�a�f�_�j�_�g�b�y�� �g�Z�f�Z�]�g�b�q�_�g�g�h�k�l�b���� �l�_�i�e�h�_�f�d�h�k�l�b����
�w�e�_�d�l�j�h�k�h�i�j�h�l�b�\�e�_�g�b�y�� �b�� �^�b�n�j�Z�d�p�b�b�� �g�_�c�l�j�h�g�h�\ [1], �d�h�l�h�j�u�_�� �i�h�d�Z�a�Z�e�b���� �q�l�h��
�w�l�h�� �l�y�`�_�e�h�n�_�j�f�b�h�g�g�h�_�� �k�h�_�^�b�g�_�g�b�_�� �k�� �Z�g�l�b�n�_�j�j�h�f�Z�]�g�b�l�g�u�f�� ���:�N�F����
�m�i�h�j�y�^�h�q�_�g�b�_�f�� �k�i�b�g�h�\��Yb���� �L�_�f�i�_�j�Z�l�m�j�Z�� �G�_�_�e�y�� �j�Z�k�l�_�l�� �i�j�b�� �i�h�\�u�r�_�g�b�b��
�^�Z�\�e�_�g�b�y�� �b�� �^�h�k�l�b�]�Z�_�l�� �f�Z�d�k�b�f�m�f�Z��TN � �� ������ �D�� �i�j�b�� ������ �=�I�Z���� �q�l�h�� �y�\�e�y�_�l�k�y��
�j�_�d�h�j�^�h�f�� �^�e�y�� �b�l�l�_�j�[�b�_�\�u�o�� �k�b�k�l�_�f�� �>���@���� �G�Z�[�e�x�^�Z�_�f�Z�y�� �\ YbCoC2 
�Z�f�i�e�b�l�m�^�g�h-�f�h�^�m�e�b�j�h�\�Z�g�g�Z�y�� �:�N�F�� �k�l�j�m�d�l�m�j�Z�� �l�Z�d�`�_�� �\�_�k�v�f�Z�� �g�_�h�[�u�q�g�Z����
�i�h�k�d�h�e�v�d�m�� �b�a�h�k�l�j�m�d�l�m�j�g�u�_�� �k�h�_�^�b�g�_�g�b�y��RCoC2 (R = Gd�±�7�P������ �d�Z�d�� �b�a�\�_�k�l�g�h����
�y�\�e�y�x�l�k�y���n�_�j�j�h�f�Z�]�g�_�l�b�d�Z�f�b�����F�u���\�u�i�h�e�g�b�e�b���[�Z�a�h�\�u�_���j�Z�k�q�_�l�u��Yb(Co,Ni)C2 
�f�_�l�h�^�Z�f�b��DFT �b��DFT+U �k�� �i�h�f�h�s�v�x�� �i�Z�d�_�l�Z��Wien2k [2]���� �>�e�y�� �Z�^�_�d�\�Z�l�g�h�]�h��
�m�q�z�l�Z�� �k�b�e�v�g�u�o�� �w�e�_�d�l�j�h�g�g�u�o�� �d�h�j�j�_�e�y�p�b�c�� �b�k�i�h�e�v�a�h�\�Z�e�k�y�� �f�g�h�]�h�q�Z�k�l�b�q�g�u�c��
�i�h�^�o�h�^��DMFT ���i�Z�d�_�l��eDMFT [3]).  

�I�h�e�m�q�_�g�g�u�_�� �j�_�a�m�e�v�l�Z�l�u�� �i�j�Z�\�b�e�v�g�h�� �\�h�k�i�j�h�b�a�\�h�^�y�l�� �g�Z�i�j�Z�\�e�_�g�b�_��
�f�Z�]�g�b�l�g�u�o�� �f�h�f�_�g�l�h�\�� �<�E�� �\�� �<�E�&�R�&2 �b�� �b�o�� �Z�f�i�e�b�l�m�^�m���� �\�_�e�b�q�b�g�Z�� �d�h�l�h�j�h�c��
�d�h�e�b�q�_�k�l�\�_�g�g�h �k�h�]�e�Z�k�m�x�l�k�y�� �k�� �w�d�k�i�_�j�b�f�_�g�l�h�f�� �>���@���� �<�u�k�h�d�h�_�� �a�g�Z�q�_�g�b�_��TN 
�g�Z�o�h�^�b�l���h�[�t�y�k�g�_�g�b�_���\���g�Z�r�b�o���j�Z�k�q�z�l�Z�o�����d�h�l�h�j�u�_���i�h�d�Z�a�u�\�Z�x�l�����q�l�h���[�e�Z�]�h�^�Z�j�y��
�k�b�e�v�g�h�c���]�b�[�j�b�^�b�a�Z�p�b�b�����I-�k�h�k�l�h�y�g�b�c���<�E���k�����G-�k�h�k�l�h�y�g�b�y�f�b���&�R�������I-�w�e�_�d�l�j�h�g�u��
�\�� �<�E�&�R�&2 �b�f�_�x�l�� �^�\�h�c�k�l�\�_�g�g�m�x�� �i�j�b�j�h�^�m���� �l���_���� �i�j�h�y�\�e�y�x�l�� �d�Z�d��
�e�h�d�Z�e�b�a�h�\�Z�g�g�u�_���� �l�Z�d�� �b�� �d�h�e�e�_�d�l�b�\�b�a�b�j�h�\�Z�g�g�u�_�� �k�\�h�c�k�l�\�Z���� �K�b�e�v�g�Z�y�� �I-d 
�]�b�[�j�b�^�b�a�Z�p�b�y�� �\�[�e�b�a�b�� �w�g�_�j�]�b�b�� �N�_�j�f�b��EF �h�a�g�Z�q�Z�_�l�� �k�h�q�_�l�Z�g�b�_��
�e�h�d�Z�e�b�a�h�\�Z�g�g�u�o�� �f�h�f�_�g�l�h�\�� �b�l�l�_�j�[�b�y�� �b�� �a�h�g�g�h�]�h�� �f�Z�]�g�_�l�b�a�f�Z�� ��d-�w�e�_�d�l�j�h�g�h�\��
�d�h�[�Z�e�v�l�Z�����d�h�l�h�j�h�_�����i�h-�\�b�^�b�f�h�f�m�����b���i�j�b�\�h�^�b�l���d���\�u�k�h�d�h�c��TN �\���<�E�&�R�&2.  
 �K�j�Z�\�g�_�g�b�_�� �j�_�a�m�e�v�l�Z�l�h�\�� �^�e�y��Yb(Co,Ni)C2 �^�_�f�h�g�k�l�j�b�j�m�_�l��
�k�m�s�_�k�l�\�_�g�g�h�_�� �h�l�e�b�q�b�_�� �w�e�_�d�l�j�h�g�g�u�o�� �k�i�_�d�l�j�h�\�� �w�l�b�o�� �k�h�_�^�b�g�_�g�b�c�� ���j�b�k�� 1, 
�k�e�_�\�Z������ �H�k�g�h�\�g�h�c�� �\�d�e�Z�^�� �\�� �i�h�e�g�m�x�� �i�e�h�l�g�h�k�l�v�� �k�h�k�l�h�y�g�b�c�� ���'�2�6���� �\�g�h�k�y�l�� ���I-
�k�h�k�l�h�y�g�b�y���<�E�����j�h�a�h�\�Z�y���e�b�g�b�y�����b�����G-�k�h�k�l�h�y�g�b�y���i�_�j�_�o�h�^�g�h�]�h���f�_�l�Z�e�e�Z�����<�b�^�g�h����
�q�l�h���\ YbCoC2 �\�[�e�b�a�b��EF �b�f�_�_�l�k�y���a�Z�f�_�l�g�Z�y��d-�'�2�6�����q�l�h���h�a�g�Z�q�Z�_�l���k�b�e�v�g�m�x�� 
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�J�b�k�m�g�h�d�� ������ �J�Z�k�q�_�l�� �f�_�l�h�^�h�f��DMFT���� �K�e�_�\�Z���� �i�h�e�g�Z�y�� �'�2�6�� �b�� �'�2�6�� ��f-
�k�h�k�l�h�y�g�b�c��Yb �^�e�y��YbNiC2 ���\�\�_�j�o�m�����b��YbCoC2 ���\�g�b�a�m�������K�i�j�Z�\�Z�����w�e�_�d�l�j�h�g�g�Z�y��
�a�h�g�g�Z�y���k�l�j�m�d�l�m�j�Z��YbNiC2. 
 
f�±d-�]�b�[�j�b�^�b�a�Z�p�b�x�� �\�� �w�l�h�c���h�[�e�Z�k�l�b���� �G�Z�i�j�h�l�b�\����d-�'�2�6�� �\�� �<�E�1�L�&2���� �\�g�h�k�b�f�Z�y��
�[�h�e�_�_���g�b�a�d�h�e�_�`�Z�s�b�f�b���k�h�k�l�h�y�g�b�y�f�b���1�L-���G�����\���h�k�g�h�\�g�h�f���k�h�k�j�_�^�h�l�h�q�_�g�Z���g�b�`�_��
�±���� �w�<���� �l���_���� �I�±d-�]�b�[�j�b�^�b�a�Z�p�b�y�� �\�� �w�l�h�f�� �k�e�m�q�Z�_�� �[�h�e�_�_�� �k�e�Z�[�Z�y�� �^�e�y�� �k�h�k�l�h�y�g�b�c��
�\�[�e�b�a�b��EF�����d�h�l�h�j�u�_���b���h�i�j�_�^�_�e�y�x�l���w�e�_�d�l�j�h�g�g�u�_���k�\�h�c�k�l�\�Z���f�_�l�Z�e�e�h�\���� 
 �I�j�b���g�h�j�f�Z�e�v�g�u�o���m�k�e�h�\�b�y�o����p ~ 0, T �a�����������D�����\�u�q�b�k�e�_�g�g�h�_���d�h�e�b�q�_�k�l�\�h��
4f-�w�e�_�d�l�j�h�g�h�\��nf � �� ������������ �^�e�y�� �<�E�&�R�&2 �b�� ������������ �^�e�y�� �<�E�1�L�&2���� �l���� �_���� �b�h�g�u�� �<�E�� �\��
�h�[�h�b�o�� �k�h�_�^�b�g�_�g�b�y�o�� �g�Z�o�h�^�y�l�k�y�� �\�� �i�j�h�f�_�`�m�l�h�q�g�h-�\�Z�e�_�g�l�g�h�f�� �k�h�k�l�h�y�g�b�b�� �k��
�\�Z�e�_�g�l�g�h�k�l�v�x�� �<�E���� �j�Z�\�g�h�c�� ���������� �b�� ���������� �k�h�h�l�\�_�l�k�l�\�_�g�g�h���� �I�j�b�� �w�l�h�f��Yb �\��
YbCoC2 �[�e�b�`�_�� �d�� �^�_�e�h�d�Z�e�b�a�h�\�Z�g�g�h�f�m�� �k�h�k�l�h�y�g�b�x�� �k�� �\�Z�e�_�g�l�g�h�k�l�v�x�� �������� �q�l�h��
�k�i�h�k�h�[�k�l�\�m�_�l���f�Z�]�g�b�l�g�h�f�m���m�i�h�j�y�^�h�q�_�g�b�x���>���@���� 

�J�Z�k�q�z�l�u��YbNiC2 �i�j�b�� �k�`�Z�l�b�b�� �i�h�d�Z�a�u�\�Z�x�l���� �q�l�h�� �\�Z�e�_�g�l�g�h�k�l�v��Yb �\��
YbNiC2 �\�h�a�j�Z�k�l�Z�_�l�� �^�h������������ �i�j�b ������ �=�I�Z�� �\�k�e�_�^�k�l�\�b�_���m�\�_�e�b�q�_�g�b�y�� �b�g�l�_�]�j�Z�e�h�\��
�i�_�j�_�d�j�u�l�b�y�� �i�h �f�_�j�_ �k�[�e�b�`�_�g�b�y�� �Z�l�h�f�h�\���� �L�Z�d�b�f�� �h�[�j�Z�a�h�f���� �i�j�b�� �k�`�Z�l�b�b��
�\�Z�e�_�g�l�g�h�_���k�h�k�l�h�y�g�b�_��Yb �\��YbNiC2 �k�l�j�_�f�b�l�k�y���d���k�h�k�l�h�y�g�b�x���\��YbCoC2 �k���[�h�e�_�_��
�\�u�k�h�d�h�c��f�±d-�]�b�[�j�b�^�b�a�Z�p�b�_�c���� �A�h�g�g�Z�y�� �k�l�j�m�d�l�m�j�Z��YbNiC2 �i�h�d�Z�a�Z�g�Z�� �j�b�k���� ����
�k�i�j�Z�\�Z�����<���h�l�e�b�q�b�_���h�l���<�E�&�R�&2�����]�^�_���k�h�k�l�h�y�g�b�y���\�[�e�b�a�b��EF ���i�j�_�b�f�m�s�_�k�l�\�_�g�g�h��
Co-���G���� �h�[�j�Z�a�m�x�l�� �k�e�h�`�g�m�x�� �k�l�j�m�d�l�m�j�m�� �a�h�g���>���@���� �\�� �k�e�m�q�Z�_��YbNiC2 �k�� �_�]�h�� �[�h�e�_�_��
�a�Z�i�h�e�g�_�g�g�h�c�� �b�� �i�h�l�h�f�m�� �g�b�`�_�� �e�_�`�Z�s�_�c�� ��d-�h�[�h�e�h�q�d�h�c���� �l�h�e�v�d�h�� �^�\�_�� �o�h�j�h�r�h��
�h�i�j�_�^�_�e�_�g�g�u�_�� �d�\�Z�a�b�q�Z�k�l�b�q�g�u�_�� �a�h�g�u�� �i�_�j�_�k�_�d�Z�x�l�� �m�j�h�\�_�g�v�� �N�_�j�f�b����
�K�h�h�l�\�_�l�k�l�\�_�g�g�h���� �l�h�i�h�e�h�]�b�y�� �n�_�j�f�b-�i�h�\�_�j�o�g�h�k�l�b��YbNiC2 �h�l�g�h�k�b�l�_�e�v�g�h 
�i�j�h�k�l�Z���i�h���k�j�Z�\�g�_�g�b�x���k���<�E�&�R�&2 [1]. �J�Z�[�h�l�Z���i�h�^�^�_�j�`�Z�g�Z���]�j�Z�g�l�h�f���J�G�N���‹��18-
12-00438.  
 
[1] D.A. Salamatin, et al. Phys. Rev. B, 101, 100406R (2020). 
[2] P. Blaha, et al. WIEN2k, An Augmented Plane Wave + Local Orbitals 
Program for Calculating Crystal Properties, Vienna, K. Schwarz (2018). 
[3] K. Haule, http://hauleweb.rutgers.edu. 



 45 

�F�:�=�G�B�L�G�U�?���B���F�:�=�G�B�L�H�W�E�?�D�L�J�B�Q�?�K�D�B�?��
�K�<�H�C�K�L�<�:��Fe-�E�:�G�=�:�K�B�L�H�< 

 
�:���X�� �L�b�o�Z�g�h�\�k�d�b�c, �:���:�� �F�m�o�b�g�����<���X. �B�\�Z�g�h�\�����:���F�� �D�m�a�v�f�_�g�d�h�� 

 
�B�g�k�l�b�l�m�l���h�[�s�_�c���n�b�a�b�d�b���b�f. �:���F�����I�j�h�o�h�j�h�\�Z���J�h�k�k�b�c�k�d�h�c���Z�d�Z�^�_�f�b�b���g�Z�m�d, 

���������������F�h�k�d�\�Z�����m�e�� �<�Z�\�b�e�h�\�Z�������� 
 

tikhanovskii@phystech.edu 
 
 

�G�_�^�Z�\�g�h�� �[�u�e�� �h�[�g�Z�j�m�`�_�g�� �b�g�l�_�j�_�k�g�u�c�� �d�e�Z�k�k�� �k�h�_�^�b�g�_�g�b�c���� �i�j�h�y�\�e�y�x�s�b�o��
�f�Z�]�g�b�l�h�w�e�_�d�l�j�b�q�_�k�d�b�_�� �k�\�h�c�k�l�\�Z���± �`�_�e�_�a�h�k�h�^�_�j�`�Z�s�b�_�� �k�h�_�^�b�g�_�g�b�y�� �k�h��
�k�l�j�m�d�l�m�j�h�c�� �e�Z�g�]�Z�k�b�l�Z���� �l�Z�d�b�_�� �d�Z�d��Ba3NbFe3Si2O14, Ba3TaFe3Si2O14 �b��
Sr3TaFe3Si2O14���� �D�j�b�k�l�Z�e�e�b�q�_�k�d�Z�y�� �k�l�j�m�d�l�m�j�Z��Fe �e�Z�g�]�Z�k�b�l�h�\�� �h�l�g�h�k�b�l�k�y�� �d��
�i�j�h�k�l�j�Z�g�k�l�\�_�g�g�h�c�� �]�j�m�i�i�_�� �J�������� �b�� �y�\�e�y�_�l�k�y�� �g�_�p�_�g�l�j�h�k�b�f�f�_�l�j�b�q�g�h�c���� �I�j�b��
�l�_�f�i�_�j�Z�l�m�j�Z�o�� �g�b�`�_�� �l�h�q�d�b�� �G�_�_�e�y�� ��TN~27K���� �h�g�b�� �m�i�h�j�y�^�h�q�b�\�Z�x�l�k�y��
�Z�g�l�b�n�_�j�j�h�f�Z�]�g�b�l�g�h�� �\�� �k�l�j�m�d�l�m�j�m�� �k�� �^�\�h�c�g�h�c�� �d�b�j�Z�e�v�g�h�k�l�v�x��
���\�g�m�l�j�b�i�e�h�k�d�h�k�l�g�h�_���l�j�_�m�]�h�e�v�g�h�_���m�i�h�j�y�^�h�q�_�g�b�_���k�i�b�g�h�\��Fe3+�����\�j�Z�s�Z�x�s�b�o�k�y��
�\�^�h�e�v�� �h�k�b�� �k���� �>���@���� �K�b�f�f�_�l�j�b�y�� �d�j�b�k�l�Z�e�e�h�\�� �^�h�i�m�k�d�Z�_�l�� �k�m�s�_�k�l�\�h�\�Z�g�b�_��
�f�Z�]�g�b�l�h�w�e�_�d�l�j�b�q�_�k�d�h�]�h�� �w�n�n�_�d�l�Z���� �h�^�g�Z�d�h�� �i�j�h�\�_�^�_�g�g�u�_�� �j�Z�g�_�_�� �b�k�k�e�_�^�h�\�Z�g�b�y��
�w�e�_�d�l�j�b�q�_�k�d�h�c���i�h�e�y�j�b�a�Z�p�b�b �h�d�Z�a�Z�e�b�k�v���i�j�h�l�b�\�h�j�_�q�b�\�u�f�b���>��-���@�����d�j�h�f�_���l�h�]�h����
�h�k�l�Z�x�l�k�y�� �g�_�y�k�g�u�� �f�_�o�Z�g�b�a�f�u�� �\�h�a�g�b�d�g�h�\�_�g�b�y�� �f�Z�]�g�b�l�h�w�e�_�d�l�j�b�q�_�k�d�h�]�h��
�w�n�n�_�d�l�Z�� �\�� �k�h�_�^�b�g�_�g�b�y�o���� �<�� �j�Z�[�h�l�_�� �\�u�i�h�e�g�_�g�� �n�_�g�h�f�_�g�h�e�h�]�b�q�_�k�d�b�c�� �Z�g�Z�e�b�a��
�f�Z�]�g�b�l�g�u�o�� �b�� �f�Z�]�g�b�l�h�w�e�_�d�l�j�b�q�_�k�d�b�o�� �k�\�h�c�k�l�\��Fe-�e�Z�g�]�Z�k�b�l�h�\�� �b�� �i�j�_�^�e�h�`�_�g�h��
�m�i�j�h�s�z�g�g�h�_���h�i�b�k�Z�g�b�_���i�h�\�_�^�_�g�b�y���k�e�h�`�g�h�c���k�i�b�g�h�\�h�c���k�l�j�m�d�l�m�j�u �\���f�Z�]�g�b�l�h�f��
�i�h�e�_�����h�l�j�Z�`�Z�x�s�_�_���_�z �h�k�g�h�\�g�u�_���q�_�j�l�u�� 

�K�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �k�_�j�\�b�k�Z��Bilbao Crystallographic Server �i�h�k�l�j�h�_�g�u��
�[�Z�a�b�k�g�u�_�� �n�m�g�d�p�b�b�� �f�Z�]�g�b�l�g�h�]�h�� �i�j�_�^�k�l�Z�\�e�_�g�b�y�� �i�j�h�k�l�j�Z�g�k�l�\�_�g�g�h�c�� �]�j�m�i�i�u��
�J�������� �b�� �i�j�h�b�a�\�_�^�_�g�Z�� �i�Z�j�Z�f�_�l�j�b�a�Z�p�b�y�� �f�Z�]�g�b�l�g�h�c�� �k�i�b�j�Z�e�v�g�h�c�� �k�l�j�m�d�l�m�j�u�� �\��
�i�j�_�^�i�h�e�h�`�_�g�b�b���i�j�_�h�[�e�Z�^�Z�x�s�_�]�h���h�[�f�_�g�g�h�]�h���\�a�Z�b�f�h�^�_�c�k�l�\�b�y���i�h���k�j�Z�\�g�_�g�b�x��
�k�� �Z�g�b�a�h�l�j�h�i�g�u�f�b�� �b�� �a�_�_�f�Z�g�h�\�k�d�b�f�b�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y�f�b���� �<�� �j�_�a�m�e�v�l�Z�l�_��
�i�j�_�^�e�h�`�_�g�h���©�k�h�d�j�Z�s�z�g�g�h�_�ª���h�i�b�k�Z�g�b�_���k�i�b�j�Z�e�v�g�h�c���f�Z�]�g�b�l�g�h�c���k�l�j�m�d�l�m�j�u�����\��
�j�Z�f�d�Z�o�� �d�h�l�h�j�h�]�h�� �i�j�b�� �g�b�a�d�b�o�� �l�_�f�i�_�j�Z�l�m�j�Z�o���� �d�h�]�^�Z�� �f�Z�]�g�b�l�g�u�_�� �f�h�f�_�g�l�u��
�b�h�g�h�\��Fe3+ �g�Z�k�u�s�_�g�u���� �h�g�Z�� �o�Z�j�Z�d�l�_�j�b�a�m�_�l�k�y�� �g�Z�i�j�Z�\�e�_�g�b�_�f�� �g�h�j�f�Z�e�b�� �d��
�i�e�h�k�d�h�k�l�b���\�j�Z�s�_�g�b�y���k�i�b�g�h�\��n(�&,�3�������]�^�_���& �± �m�]�h�e���f�_�`�^�m���g�h�j�f�Z�e�v�x���b���h�k�v�x��
�k�����3 �± �m�]�h�e���f�_�`�^�m���i�j�h�_�d�p�b�_�c���g�h�j�f�Z�e�b���g�Z���[�Z�a�b�k�g�m�x���i�e�h�k�d�h�k�l�v���b���h�k�v�x���Z. 

�<�� �h�[�s�_�f�� �k�e�m�q�Z�_�� �i�j�b�� �g�Z�e�b�q�b�b�� �f�Z�]�g�b�l�g�h�]�h�� �i�h�e�y��H �k�b�k�l�_�f�Z��
�o�Z�j�Z�d�l�_�j�b�a�m�_�l�k�y���^�\�m�f�y���i�Z�j�Z�f�_�l�j�Z�f�b���i�h�j�y�^�d�Z�����h�^�b�g���b�a���d�h�l�h�j�u�o���h�l�g�h�k�b�l�k�y���d��
�k�i�b�j�Z�e�v�g�h�c���f�Z�]�g�b�l�g�h�c���k�l�j�m�d�l�m�j�_���k���]�j�m�i�i�h�c���\�h�e�g�h�\�h�]�h���\�_�d�l�h�j�Z��k0=(0,0,1/7), 
�Z�� �\�l�h�j�h�c�� �d�� �b�g�^�m�p�b�j�h�\�Z�g�g�h�c�� �h�^�g�h�j�h�^�g�h�c�� �f�Z�]�g�b�l�g�h�c�� �k�l�j�m�d�l�m�j�_�� �k��k=0. 
�L�_�j�f�h�^�b�g�Z�f�b�q�_�k�d�b�c�� �i�h�l�_�g�p�b�Z�e�� �h�i�j�_�^�_�e�y�_�l�k�y�� �k�m�i�_�j�i�h�a�b�p�b�_�c�� �\�d�e�Z�^�h�\��
�h�[�h�b�o���l�b�i�h�\���i�Z�j�Z�f�_�l�j�h�\���i�h�j�y�^�d�Z���b���i�j�b��T<< TN �i�j�_�^�k�l�Z�\�e�y�_�l�k�y���\���\�b�^�_�� 
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     (1) 

 
A �± �d�h�g�k�l�Z�g�l�Z�� �b�a�h�l�j�h�i�g�h�]�h�� �h�[�f�_�g�g�h�]�h�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�y����K �± �w�n�n�_�d�l�b�\�g�Z�y��
�d�h�g�k�l�Z�g�l�Z�� �Z�g�b�a�h�l�j�h�i�b�b���� �k�l�Z�[�b�e�b�a�b�j�m�x�s�Z�y�� �k�i�b�j�Z�e�v�� �\�� �[�Z�a�b�k�g�h�c�� �i�e�h�k�d�h�k�l�b����
D �± �n�_�g�h�f�_�g�h�e�h�]�b�q�_�k�d�Z�y �d�h�g�k�l�Z�g�l�Z���� �m�q�b�l�u�\�Z�x�s�Z�y�� �[�b�d�\�Z�^�j�Z�l�b�q�g�m�x�� �k�\�y�a�v��
�i�Z�j�Z�f�_�l�j�h�\���i�h�j�y�^�d�Z�����F�b�g�b�f�b�a�Z�p�b�y���l�_�j�f�h�^�b�g�Z�f�b�q�_�k�d�h�]�h���i�h�l�_�g�p�b�Z�e�Z���i�h��M 
�b��n(�&,�3���� �i�h�a�\�h�e�b�e�Z�� �h�i�b�k�Z�l�v�� �w�\�h�e�x�p�b�x�� �f�Z�]�g�b�l�g�h�c�� �k�l�j�m�d�l�m�j�u�� �\�� �i�h�e�_����
�\�u�y�\�b�l�v���� �\�� �q�Z�k�l�g�h�k�l�b���� �Z�g�b�a�h�l�j�h�i�b�x�� �f�Z�]�g�b�l�g�h�c�� �\�h�k�i�j�b�b�f�q�b�\�h�k�l�b�� �\��
�[�Z�a�b�k�g�h�c�� �i�e�h�k�d�h�k�l�b �b�� �i�_�j�i�_�g�^�b�d�m�e�y�j�g�h�� �_�c���� �Z�� �l�Z�d�`�_�� �m�k�l�Z�g�h�\�b�l�v�� �o�Z�j�Z�d�l�_�j��
�i�_�j�_�h�j�b�_�g�l�Z�p�b�b�� �k�i�b�g�h�\�h�c�� �k�i�b�j�Z�e�b�� �\�� �a�Z�\�b�k�b�f�h�k�l�b�� �h�l�� �h�j�b�_�g�l�Z�p�b�b��
�f�Z�]�g�b�l�g�h�]�h���i�h�e�y�� 

�:�g�Z�e�b�a�� �f�Z�]�g�b�l�h�w�e�_�d�l�j�b�q�_�k�d�h�]�h�� �l�_�j�f�h�^�b�g�Z�f�b�q�_�k�d�h�]�h�� �i�h�l�_�g�p�b�Z�e�Z��
�l�j�_�m�]�h�e�v�g�h�c�� �k�i�b�j�Z�e�v�g�h�c�� �f�Z�]�g�b�l�g�h�c�� �k�l�j�m�d�l�m�j�u�� �i�h�a�\�h�e�b�e�� �m�k�l�Z�g�h�\�b�l�v�� �k�\�y�a�v��
�w�e�_�d�l�j�b�q�_�k�d�h�c���i�h�e�y�j�b�a�Z�p�b�b���k���h�j�b�_�g�l�Z�p�b�_�c���k�i�b�j�Z�e�b��n���&���3�����b���d�h�f�i�h�g�_�g�l�Z�f�b��
�\�_�d�l�h�j�Z���g�Z�f�Z�]�g�b�q�_�g�g�h�k�l�b��M=(M||cos�3H; M||sin�3H; Mz): 
 

  (2) 

 
�]�^�_����H �± �m�]�h�e���h�l�d�e�h�g�_�g�b�y���f�Z�]�g�b�l�g�h�]�h���i�h�e�y���h�l���[�Z�a�b�k�g�h�c���i�e�h�k�d�h�k�l�b�����3H- �m�]�h�e��
�f�_�`�^�m�� �i�j�h�_�d�p�b�_�c�� �f�Z�]�g�b�l�g�h�]�h�� �i�h�e�y�� �g�Z�� �[�Z�a�b�k�g�m�x�� �i�e�h�k�d�h�k�l�v�� �b�� �h�k�v�x���Z. 
�F�Z�]�g�b�l�h�w�e�_�d�l�j�b�q�_�k�d�b�c�� �w�n�n�_�d�l�� �y�\�e�y�_�l�k�y�� �j�_�a�m�e�v�l�Z�l�h�f�� �k�m�i�_�j�i�h�a�b�p�b�b��
�\�d�e�Z�^�h�\�� �\�� �f�Z�]�g�b�l�h�w�e�_�d�l�j�b�q�_�k�d�h�_�� �\�a�Z�b�f�h�^�_�c�k�l�\�b�_�� �h�l�� �h�[�j�Z�l�g�h�]�h��
�\�a�Z�b�f�h�^�_�c�k�l�\�b�y�� �>�a�y�e�h�r�b�g�k�d�h�]�h �± �F�h�j�b�Z���� �b�� �h�^�g�h�b�h�g�g�h�]�h�� �\�d�e�Z�^�Z����
�h�[�m�k�e�h�\�e�_�g�g�h�]�h�� �k�d�h�k�h�f�� �f�Z�]�g�b�l�g�u�o�� �f�h�f�_�g�l�h�\�� �i�h�^�� �^�_�c�k�l�\�b�_�f�� �\�g�_�r�g�_�]�h��
�i�h�e�y���� 

�J�Z�[�h�l�Z���\�u�i�h�e�g�_�g�Z���i�j�b���i�h�^�^�_�j�`�d�_���J�G�N�����i�j�h�_�d�l���‹������-12-10531). 
 
[1] K.J. Marty, et al., Phys. Rev. Lett., 101, 247201, (2008). 
[2] H.D. Zhou, et al.,  Chem. Mater, 21, 156-159, (2009). 
[3 N. Lee, et al., Appl. Phys. Lett, 104, 072904, (2014). 
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�K�I�?�D�L�J�H�K�D�H�I�B�Y���D�H�F�;�B�G�:�P�B�H�G�G�H�=�H���J�:�K�K�?�Y�G�B�Y��
�K�<�?�L�:���>�E�Y���B�K�K�E�?�>�H�<�:�G�B�Y��

�K�L�J�M�D�L�M�J�U �D�H�F�I�H�A�B�L�G�U�O���I�E�, �G�H�D���6iC-�:�E�F�:�A����
�K�B�G�L�?�A�B�J�M�?�F�U�O���<���K�<�Q���I�E�:�A�F�? 

 
�:���D�� �F�Z�j�l�v�y�g�h�\1�����:���:�� �O�h�f�b�q1,2�����<���K�� �K�_�^�h�\1�����D�m�^�j�y�\�p�_�\���H���K��1, 

�<���=�� �J�Z�e�v�q�_�g�d�h1 
 

1�B�g�k�l�b�l�m�l���h�[�s�_�c���n�b�a�b�d�b���b�f�����:���F�����I�j�h�o�h�j�h�\�Z���J�h�k�k�b�c�k�d�h�c���Z�d�Z�^�_�f�b�b���g�Z�m�d, 
���������������F�h�k�d�\�Z�����m�e�����<�Z�\�b�e�h�\�Z�������� 

2 �B�g�k�l�b�l�m�l���j�Z�^�b�h�l�_�o�g�b�d�b���b���w�e�_�d�l�j�h�g�b�d�b���b�f�����<���:�����D�h�l�_�e�v�g�b�d�h�\�Z���J�:�G����
���������������N�j�y�a�b�g�h�����i�e�����<�\�_�^�_�g�k�d�h�]�h������ 
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 �J�Z�[�h�l�Z�� �i�j�b�[�h�j�h�\ �\�u�k�h�d�h�f�h�s�g�h�c�� �K�<�Q�� �w�e�_�d�l�j�h�g�b�d�b�� �\�h�a�f�h�`�g�Z�� �i�j�b��
�m�k�e�h�\�b�b�� �w�n�n�_�d�l�b�\�g�h�]�h�� �h�l�\�h�^�Z�� �l�_�i�e�Z��[1�±4]���� �F�Z�l�_�j�b�Z�e�h�f�� �k�� �j�_�d�h�j�^�g�h�c��
�l�_�i�e�h�i�j�h�\�h�^�g�h�k�l�v�x�� �y�\�e�y�_�l�k�y�� �Z�e�f�Z�a��[5]���� �h�^�g�Z�d�h���� �\�\�b�^�m�� �h�q�_�g�v�� �g�b�a�d�h�]�h��
�d�h�w�n�n�b�p�b�_�g�l�Z�� �l�_�f�i�_�j�Z�l�m�j�g�h�]�h�� �j�Z�k�r�b�j�_�g�b�y�� ���d���l���j������ �Z�e�f�Z�a�Z���� �_�]�h�� �b�g�l�_�]�j�Z�p�b�y��
�k�� �d�j�b�k�l�Z�e�e�Z�f�b�� �i�h�e�m�i�j�h�\�h�^�g�b�d�h�\�� ���6�L���� �*�D�1���� �6�L�&�«�� �k�� �k�m�s�_�k�l�\�_�g�g�h�� �[�h�e�_�_��
�\�u�k�h�d�b�f�b �d���l���j�������a�Z�l�j�m�^�g�_�g�Z���b�a-�a�Z���\�h�a�g�b�d�Z�x�s�b�o���f�_�o�Z�g�b�q�_�k�d�b�o���g�Z�i�j�y�`�_�g�b�c��
[6]�����<���j�Z�[�h�l�_ �i�h�d�Z�a�Z�g�Z���\�h�a�f�h�`�g�h�k�l�v���h�k�Z�`�^�_�g�b�y���d�h�f�i�h�a�b�l�Z���Z�e�f�Z�a-�6�L�&���\���\�b�^�_��
�l�h�g�d�b�o�� �k�e�h�_�\�� �[�h�e�v�r�h�c�� �i�e�h�s�Z�^�b���� �m�� �d�h�l�h�j�u�o�� �i�j�b�� �k�h�o�j�Z�g�_�g�b�b�� �^�h�k�l�Z�l�h�q�g�h��
�\�u�k�h�d�h�c���l�_�i�e�h�i�j�h�\�h�^�g�h�k�l�b���f�h�`�g�h���i�h�^�k�l�j�Z�b�\�Z�l�v���\�_�e�b�q�b�g�m���d���l���j�� 

�D�h�f�i�h�a�b�l�g�u�_�� �i�e�z�g�d�b�� �6�L�&-�Z�e�f�Z�a�� �h�k�Z�`�^�Z�e�b�k�v�� �g�Z�� �K�<�Q-
�i�e�Z�a�f�h�o�b�f�b�q�_�k�d�h�f���j�_�Z�d�l�h�j�_���M�I�K�:-�����������H�H�H���H�i�l�h�k�b�k�l�_�f�u�������q�Z�k�l�h�l�Z������������
�=�=�p���� �\�� �k�f�_�k�y�o�� �+2-CH4-SiH4���� �g�Z�� �i�h�^�e�h�`�d�_��Si �������������� �i�j�_�^�\�Z�j�b�l�_�e�v�g�h��
�a�Z�k�_�y�g�g�h�c�� �k�e�h�_�f�� �q�Z�k�l�b�p�� �^�_�l�h�g�Z�p�b�h�g�g�h�]�h�� �g�Z�g�h�Z�e�f�Z�a�Z�� ���j�b�k���� �������� �>�Z�\�e�_�g�b�_�� �\��
�j�_�Z�d�l�h�j�_�� ������ �L�h�j�j���� �l�_�f�i�_�j�Z�l�m�j�Z�� �i�h�^�e�h�`�d�b�� ��������o�&���� �f�h�s�g�h�k�l�v�� �K�<�Q�� ���� �d�<�l����
�d�h�g�p�_�g�l�j�Z�p�b�y �f�_�l�Z�g�Z���&�+4/H2 � �����������d�h�g�p�_�g�l�j�Z�p�b�y���6�L�+4 = 0,8%. 
 

 
�J�b�k�m�g�h�d ������ �W�d�k�i�_�j�b�f�_�g�l�Z�e�v�g�Z�y�� �k�o�_�f�Z�� �K�<�Q�� �j�_�Z�d�l�h�j�Z�� ���D���� �k�o�_�f�u�� �L�Q�� �V�L�W�X��
�b�a�f�_�j�_�g�b�y�� �l�h�e�s�b�g�u�� �i�e�_�g�d�b�� ���E���k������ �b�� �^�b�g�Z�f�b�d�Z�� �h�k�p�b�e�e�y�p�b�c�� �h�l�j�Z�`�_�g�b�y��
�e�Z�a�_�j�g�h�]�h���b�a�e�m�q�_�g�b�y���\ �i�j�h�p�_�k�k�_���h�k�Z�`�^�_�g�b�y�����G���� 
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�K�i�_�d�l�j�u�� �d�h�f�[�b�g�Z�p�b�h�g�g�h�]�h�� �j�Z�k�k�_�y�g�b�y�� �k�\�_�l�Z�� ���D�J������ �k�g�y�l�u�_�� �i�j�b��
�n�h�d�m�k�b�j�h�\�d�_���e�Z�a�_�j�g�h�]�h���e�m�q�Z���\���i�y�l�g�h���^�b�Z�f�_�l�j�h�f���h�d�h�e�h�������f�d�f���g�Z���a�_�j�g�Z���^�\�m�o��
�l�b�i�h�\�� ���j�b�k���� ���Z���� �b�^�_�g�l�b�n�b�p�b�j�m�x�l�� �Z�e�f�Z�a�� ������������ �k�f-1���� �b�� �d�m�[�b�q�_�k�d�b�c�� �i�h�e�b�l�b�i��
�d�Z�j�[�b�^�Z�� �d�j�_�f�g�b�y�� ���&-�6�L�&�� ���������� �k�f-1)���� �J�Z�k�i�j�_�^�_�e�_�g�b�_�� �d�j�b�k�l�Z�e�e�b�l�h�\�� �Z�e�f�Z�a�Z�� �b��
�6�L�&�� �g�Z�� �i�h�\�_�j�o�g�h�k�l�b�� �d�h�f�i�h�a�b�l�Z�� �6�L�&-�Z�e�f�Z�a�� ���j�b�k���� ���[���� �i�h�e�m�q�_�g�h��
�d�Z�j�l�b�j�h�\�Z�g�b�_�f���g�Z���i�e�h�s�Z�^�b�������î�������f�d�f2.  
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 �<�� �g�Z�k�l�h�y�s�_�_�� �\�j�_�f�y�� �g�Z�g�h�d�j�b�k�l�Z�e�e�b�q�_�k�d�b�_�� �h�d�k�b�^�u�� �f�_�l�Z�e�e�h�\�� �Z�d�l�b�\�g�h��
�b�k�i�h�e�v�a�m�x�l�k�y�� �^�e�y�� �k�h�a�^�Z�g�b�y�� �j�Z�a�e�b�q�g�u�o�� �m�k�l�j�h�c�k�l�\���� �g�Z�i�j�b�f�_�j����
�n�h�l�h�d�Z�l�Z�e�b�l�b�q�_�k�d�b�o�� �n�b�e�v�l�j�h�\�� �^�e�y�� �h�q�b�k�l�d�b�� �\�h�a�^�m�o�Z�� �h�l�� �l�h�d�k�b�q�g�u�o��
�i�j�b�f�_�k�_�c���� �k�_�g�k�h�j�h�\�� �^�e�y�� �f�h�g�b�l�h�j�b�g�]�Z�� �k�h�k�l�h�y�g�b�y���h�d�j�m�`�Z�x�s�_�c�� �k�j�_�^�u���b�� �l���i����
�>���@���� �H�^�g�b�f�� �b�a�� �i�_�j�k�i�_�d�l�b�\�g�u�o�� �g�Z�i�j�Z�\�e�_�g�b�c�� �y�\�e�y�_�l�k�y�� �j�Z�a�j�Z�[�h�l�d�Z��
�n�h�l�h�d�Z�l�Z�e�b�a�Z�l�h�j�h�\�����n�m�g�d�p�b�h�g�b�j�m�x�s�b�o���\���\�b��̂b�f�h�f���^�b�Z�i�Z�a�h�g�_���k�i�_�d�l�j�Z���>����3]. 
�>�e�y�� �w�l�h�c�� �p�_�e�b�� �f�_�l�Z�e�e�h�h�d�k�b�^�u�� �e�_�]�b�j�m�x�l�� �j�Z�a�e�b�q�g�u�f�b�� �w�e�_�f�_�g�l�Z�f�b���± 
�f�_�l�Z�e�e�Z�f�b�� �b�� �g�_�f�_�l�Z�e�e�Z�f�b��[2,3]���� �J�Z�^�b�d�Z�e�u�� ���i�Z�j�Z�f�Z�]�g�b�l�g�u�_�� �^�_�n�_�d�l�u����
�h�[�_�k�i�_�q�b�\�Z�x�l�� �i�j�b�f�_�k�g�h�_�� �i�h�]�e�h�s�_�g�b�_���� �m�q�Z�k�l�\�m�x�l�� �\�� �n�h�l�h�d�Z�l�Z�e�b�l�b�q�_�k�d�b�o��
�j�_�Z�d�p�b�y�o�� �j�Z�a�e�h�`�_�g�b�y�� �l�h�d�k�b�q�g�u�o�� �i�j�b�f�_�k�_�c�� �g�Z�� �i�h�\�_�j�o�g�h�k�l�b�� �h�d�k�b�^�h�\��
�f�_�l�Z�e�e�h�\���� �I�h�w�l�h�f�m�� �p�_�e�v�x�� �^�Z�g�g�h�c�� �j�Z�[�h�l�u�� �y�\�e�y�e�h�k�v�� �b�a�m�q�_�g�b�_�� �i�j�b�j�h�^�u����
�h�k�g�h�\�g�u�o�� �k�\�h�c�k�l�\�� �^�_�n�_�d�l�h�\���� �h�i�j�_�^�_�e�_�g�b�_�� �i�h�e�h�`�_�g�b�y�� �b�o�� �w�g�_�j�]�_�l�b�q�_�k�d�b�o��
�m�j�h�\�g�_�c���\���a�Z�i�j�_�s�z�g�g�h�c���a�h�g�_���j�_�^�h�d�k-�Z�d�l�b�\�g�u�o���f�Z�l�_�j�b�Z�e�h�\�����h�d�k�b�^�h�\���l�b�l�Z�g�Z����
�f�h�e�b�[�^�_�g�Z���� �\�Z�g�Z�^�b�y���� �\�h�e�v�n�j�Z�f�Z���� �k�� �b�k�i�h�e�v�a�h�\�Z�g�b�_�f�� �W�I�J �k�i�_�d�l�j�h�k�d�h�i�b�b���� �K��
�i�h�f�h�s�v�x�� �^�\�m�o�� �f�_�l�h�^�h�\�� �k�b�g�l�_�a�Z�� ���a�h�e�v-�]�_�e�v�� �>���@�� �b�� �i�b�j�h�e�b�a�Z�� �Z�w�j�h�a�h�e�_�c�� �>���@����
�[�u�e�b���k�b�g�l�_�a�b�j�h�\�Z�g�u���e�_�]�b�j�h�\�Z�g�g�u�_���Z�a�h�l�h�f���g�Z�g�h�h�d�k�b�^�u���l�b�l�Z�g�Z�����f�h�e�b�[�^�_�g�Z����
�\�Z�g�Z�^�b�y���b���\�h�e�v�n�j�Z�f�Z����TiO2, MoO3, V2O5, WO3. �B�k�k�e�_�^�h�\�Z�g�b�y���f�_�l�h�^�h�f���W�I�J��
�[�u�e�b�� �\�u�i�h�e�g�_�g�u�� �g�Z�� �W�I�J-�k�i�_�d�l�j�h�f�_�l�j�_�� �n�b�j�f�u�� �%�U�X�N�H�U�� �(�/�(�;�6�<�6-�������� �k��
�j�Z�[�h�q�_�c���q�Z�k�l�h�l�h�c�����������=�=�p���b���q�m�\�k�l�\�b�l�_�e�v�g�h�k�l�v�x�����Ü����10 �k�i�b�g���=�k�����H�k�\�_�s�_�g�b�_��
�h�[�j�Z�a�p�h�\�� �h�k�m�s�_�k�l�\�e�y�e�h�k�v�� �g�_�i�h�k�j�_�^�k�l�\�_�g�g�h�� �\�� �j�_�a�h�g�Z�l�h�j�_�� �k�i�_�d�l�j�h�f�_�l�j�Z��
�W�I�J�� �k�\�_�l�h�f�� �j�l�m�l�g�h�c�� �e�Z�f�i�u�� �\�u�k�h�d�h�]�h�� �^�Z�\�e�_�g�b�y�� �%�5�8�.�(�5�� �(�/�(�;�6�<�6�� �(R 
�������� �8�9�� ���������� �<�l������ �K�_�e�_�d�l�b�j�h�\�Z�g�b�_�� �i�h�� �^�e�b�g�Z�f�� �\�h�e�g�� �h�k�m�s�_�k�l�\�e�y�e�h�k�v�� �k��
�i�h�f�h�s�v�x�� �f�h�g�h�o�j�h�f�Z�l�h�j�Z�� �F�>�J-204. �L�_�f�i�_�j�Z�l�m�j�Z�� �b�a�f�_�j�_�g�b�c�� �k�h�k�l�Z�\�e�y�e�Z��
�������� �b�� ������ �D�� �K�h�]�e�Z�k�g�h�� �^�Z�g�g�u�f�� �j�_�g�l�]�_�g�h�\�k�d�h�c�� �^�b�n�j�Z�d�p�b�b�� �k�j�_�^�g�b�c�� �j�Z�a�f�_�j��
�i�h�e�m�q�_�g�g�u�o�� �f�_�l�Z�e�h�h�d�k�b�^�g�u�o�� �g�Z�g�h�q�Z�k�l�b�p�� �e�_�`�Z�e�� �\�� �^�b�Z�i�Z�a�h�g�_�� ����-1���� �g�f�����K��
�i�h�f�h�s�v�x�� �f�_�l�h�^�Z�� �W�I�J�� �\�h�� �\�k�_�o�� �h�[�j�Z�a�p�Z�o�� �[�u�e�b�� �h�[�g�Z�j�m�`�_�g�u�� �k�e�_�^�m�x�s�b�_��
�j�Z�^�b�d�Z�e�u�����1�‡���b���7�L3+ �p�_�g�l�j�u���\��TiO2, Mo5+ �^�_�n�_�d�l�u���\��MoO3 �b��V4+ �p�_�g�l�j�u���\��
V2O5���� �D�h�g�p�_�g�l�j�Z�p�b�b�� �^�_�n�_�d�l�h�\�� �k�h�k�l�Z�\�b�e�b�� �������Â����17 �]�±1���� �������Â����16 �]�±1, 
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���Â����17 �]�±1 (TiO2, MoO3, V2O5�����k�h�h�l�\�_�l�k�l�\�_�g�g�h�� �>�e�y���h�i�j�_�^�_�e�_�g�b�y���i�h�e�h�`�_�g�b�y��
�m�j�h�\�g�_�c���w�g�_�j�]�b�b���j�Z�^�b�d�Z�e�h�\���\���a�Z�i�j�_�s�z�g�g�h�c���a�h�g�_���b�k�k�e�_�^�m�_�f�u�o���g�Z�g�h�h�d�k�b�^�h�\��
�g�Z�f�b�� �[�u�e�Z�� �\�u�i�h�e�g�_�g�Z�� �j�_�]�b�k�l�j�Z�p�b�y�� �k�i�_�d�l�j�h�\�� �W�I�J�� �i�j�b�� �h�k�\�_�s�_�g�b�b�� �k��
�j�Z�a�e�b�q�g�u�f�b�� �w�g�_�j�]�b�y�f�b�� �d�\�Z�g�l�h�\�� �h�[�j�Z�a�p�h�\�� �g�_�i�h�k�j�_�^�k�l�\�_�g�g�h�� �\��
�j�_�a�h�g�Z�l�h�j�_���k�i�_�d�l�j�h�f�_�l�j�Z�����B�a�f�_�g�_�g�b�_ �\�_�e�b�q�b�g�u �k�b�]�g�Z�e�Z �W�I�J �j�Z�^�b�d�Z�e�h�\ 
�i�j�h�b�k�o�h�^�b�l �i�j�b �^�h�k�l�b�`�_�g�b�b �h�i�j�_�^�_�e�_�g�g�h�c �w�g�_�j�]�b�b �d�\�Z�g�l�Z �i�Z�^�Z�x�s�_�]�h 
�k�\�_�l�Z ���k�\�h�_�c �^�e�y �d�Z�`�^�h�]�h�� �l�b�i�Z�� �j�Z�^�b�d�Z�e�h�\������ �W�l�h�� �h�q�_�g�v�� �\�Z�`�g�u�c�� �\�u�\�h�^����
�h�a�g�Z�q�Z�x�s�b�c���� �q�l�h�� �i�j�b�� �h�k�\�_�s�_�g�b�b���i�j�h�b�k�o�h�^�b�l���i�j�b�f�_�k�g�h�_ �i�h�]�e�h�s�_�g�b�_ 
�k�\�_�l�Z � �̂_�n�_�d�l�Z�f�b �b �b�o �i�_�j�_�a�Z�j�y�^�d�Z�� �H�[�k�m�^�b�f�� �k�g�Z�q�Z�e�Z�� �j�_�a�m�e�v�l�Z�l�u��
�w�d�k�i�_�j�b�f�_�g�l�h�\�� �\��TiO2. �L�Z�d�� �j�h�k�l �\�_�e�b�q�b�g�u �k�b�]�g�Z�e�Z �W�I�J �^�e�y���Z�a�h�l�g�u�o 
�j�Z�^�b�d�Z�e�h�\ �i�j�h�b�k�o�h�^�b�l �i�j�b �w�g�_�j�]�b�b�� �d�\�Z�g�l�h�\��h�Q �t1,5 �w�<�� �l���_���� �g�Z�q�b�g�Z�y�� �k��
�^�Z�g�g�h�c�� �w�g�_�j�]�b�b���� �\���j�_�a�m�e�v�l�Z�l�_���i�j�b�f�_�k�g�h�]�h�� �i�h�]�e�h�s�_�g�b�y�� �w�e�_�d�l�j�h�g��
�i�_�j�_�o�h�^�b�l���k�� �m�j�h�\�g�y�� �j�Z�^�b�d�Z�e�Z�� �\ �a�h�g�m �i�j�h�\�h�^�b�f�h�k�l�b TiO2. �W�l�h �i�h�a�\�h�e�y�_�l 
�g�Z�f �h�p�_�g�b�l�v �i�h�e�h�`�_�g�b�_ �m�j�h�\�g�y �^�Z�g�g�h�]�h �^�_�n�_�d�l�Z �\ �a�Z�i�j�_�s�_�g�g�h�c �a�h�g�_ 
TiO2, �d�Z�d �h�l�k�l�h�y�s�b�f �h�l �^�g�Z �a�h�g�u �i�j�h�\�h�^�b�f�h�k�l�b �g�Z �\�_�e�b�q�b�g�m 1.5 �w�<�� 
�>�Z�e�_�_�� �i�j�b���h�k�\�_�s�_�g�b�b �k h�Q �t3,0 �w�< �g�Z�[�e�x�^�Z�_�l�k�y �j�h�k�l�� �k�b�]�g�Z�e�Z�� �W�I�J �^�e�y 
Ti3+-�p�_�g�l�j�h�\�� �q�l�h �f �h�` �g�h �h�[�t�y�k�g�b�l�v���i�_�j�_�o�h�^�h�f���w�e�_�d�l�j�h�g�Z�� �b�a�� �\�Z�e�_�g�l�g�h�c��
�a�h�g�u�� �g�Z�� �i�_�j�\�h�g�Z�q�Z�e�v�g�h�� �g�_�i�Z�j�Z�f�Z�]�g�b�l�g�u�_�� �7�L4+/�d�b�k�e�h�j�h�^�g�Z�y �\�Z�d�Z�g�k�b�y 
�p�_�g�l�j�u�� �d�h�l�h�j�u�_ �h�[�j�Z�a�m�x�l �k�h�k�l�h�y�g�b�y �\�[�e�b�a�b �^�g�Z �a�h�g�u �i�j�h�\�h�^�b�f�h�k�l�b��
TiO2, �b�a�\�_�k�l�g�u�_ �b�a �e�b�l�_�j�Z�l�m�j�u �d�Z�d �o�\�h�k�l�u �i�e�h�l�g�h�k�l�b �k�h�k�l�h�y�g�b�c 
���©�8�U�E�D�F�K �W�D�L�O�V�ª [5]). �:�g�Z�e�h�]�b�q�g�h�� �j�h�k�l �b�g�l�_�g�k�b�\�g�h�k�l�b �k�b�]�g�Z�e�Z �W�I�J �^�e�y 
�p�_�g�l�j�h�\ Mo5+ � \ � �MoO3 �i�j�b �h�k�\�_�s�_�g�b�b �k h�Q �t2,6 �w�< �f�h�`�g�h�� �h�[�t�y�k�g�b�l�v��
�i�_�j�_�o�h�^�h�f���w�e�_�d�l�j�h�g�Z�� �b�a�� �\�Z�e�_�g�l�g�h�c�� �a�h�g�u�� �h�d�k�b�^�Z�� �f�h�e�b�[�^�_�g�Z�� �g�Z��
�i�_�j�\�h�g�Z�q�Z�e�v�g�h�� �g�_�i�Z�j�Z�f�Z�]�g�b�l�g�u�_�� �0�R6+ �p�_�g�l�j�u���� �d�h�l�h�j�u�_���l�Z�d�`�_ 
�h�[�j�Z�a�m�x�l���k�h�k�l�h�y�g�b�y���\�[�e�b�a�b���^�g�Z���a�h�g�u���i�j�h�\�h�^�b�f�h�k�l�b���0�R�23�����M�\�_�e�b�q�_�g�b�_��
�k�b�]�g�Z�e�Z���W�I�J���^�e�y���94+ �p�_�g�l�j�h�\���\��V2O5 �i�j�b���h�k�\�_�s�_�g�b�b���k�\�_�l�h�f���k���w�g�_�j�]�b�_�c 
h�Q �t2,1 �w�<�����\���k�\�h�x���h�q�_�j�_�^�v�����f�h�`�g�h���h�[�t�y�k�g�b�l�v �i�_�j�_�o�h�^�h�f �w�e�_�d�l�j�h�g�h�\ �b�a 
�\�Z�e�_�g�l�g�h�c �a�h�g�u V2O5 �g�Z �i�_�j�\�h�g�Z�q�Z�e�v�g�h���g�_�i�Z�j�Z�f�Z�]�g�b�l�g�u�_ �k�h�k�l�h�y�g�b�y 
V5+, �e�h�d�Z�e�b�a�h�\�Z�g�g�u�_�� �\�[�e�b�a�b�� �^�g�Z�� �a�h�g�u�� �i�j�h�\�h�^�b�f�h�k�l�b��V2O5���� �<�� �h�d�k�b�^�_��
�\�h�e�v�n�j�Z�f�Z���i�Z�j�Z�f�Z�]�g�b�l�g�u�o���p�_�g�l�j�h�\���f�u���g�_���a�Z�j�_�]�b�k�l�j�b�j�h�\�Z�e�b�� 

�L�Z�d�b�f���h�[�j�Z�a�h�f���� �f�u�� �h�i�j�_�^�_�e�b�e�b�� �i�j�b�j�h�^�m���� �h�k�g�h�\�g�u�_��
�o�Z�j�Z�d�l�_�j�b�k�l�b�d�b�� �b�� �i�h�e�h�`�_�g�b�_�� �w�g�_�j�]�_�l�b�q�_�k�d�b�o�� �m�j�h�\�g�_�c�� �j�Z�^�b�d�Z�e�h�\�� �\��
�a�Z�i�j�_�s�z�g�g�h�c�� �a�h�g�_�� �h�d�k�b�^�h�\�� �7�L�22, MoO3 �b V2O5 �\�� �b�k�k�e�_�^�m�_�f�u�o��
�h�[�j�Z�a�p�Z�o�� �b���i�h�k�l�j�h�b�e�b�� �^�e�y�� �g�b�o�� �f�h�^�_�e�b�� �a�h�g�g�u�o�� �^�b�Z�]�j�Z�f�f. �B�k�k�e�_�^�h�\�Z�g�b�_��
�\�u�i�h�e�g�_�g�h���i�j�b���n�b�g�Z�g�k�h�\�h�c���i�h�^�^�_�j�`�d�_���J�N�N�B���\���j�Z�f�d�Z�o���i�j�h�_�d�l�Z���‹������-29-
23051. 
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