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;� ����� 2����������� .� ��� 4�5
���
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/�������� ���&� �������� ��� ��� ������� <
� �>1 . ��� �>1 ../ �������������� ��������
�� 3@�� 4���������� / ��� 2 ��� ��� 2���������� #�� ��� #�� ��� ��� %�
� 	#���
S#� ��� S#
� .� �>1 . B���  ��� #�����
��� ��� 9�
���� �� ��� �������� ������� /
����� ���
  ��� �� B��� �>1 ../  ���  �� � �� ����� ����������� ���������� ��� #������
��� ����� ���
  ���� �������� � � �� �� ��������� 9���� ���������

0��� ��� ������<�� "��
;� ����� %�
� ���� ��� ��� #�����
����Æ������ ��� $
��������5
 ����� ����� ������� ��� <��� <�� �������� �>1�� <
� ������������� E.<	�%=F� B��� "�/ �/�/ 
 ��� ������� ��� �>1�� . ��� ../ ������  ���� .� ����� �>1 . ������������  ��� #�����
���
��� 9�
���� �� ��� �������� 4��������� ������ ����� ���
  ��� �>1 ../ ��� 1����� �����
�> ��� ��� ����� ���������� 2��������� �� (�� ����� 4���  ��� #�����
��� ��� 9�
����
N�@��� �������� <
��������� �� ��� ������ 4�������������������� �
���� ����� B��� ��
;�
	���
���������� *� :+ C/, ������ "�/ �/�/ ������������� <
� �>1 .� ���� ������ �������5
������ ������ ��� #�����
����������� �� "�/ 
������� �� 9������ ����������� <
�
/�/ � �� ��� B
���  ��� ��� #�����
��� �� /�/ �
���� ����� @������� ��� 9�
���� �� "�/ 
<��������� *�>1 ../, E��=-F� /�������� ���& 3���� ��� � �������
�  ������� ���

��� $
� ������� ���� #�� ����  � ��� #�����
�����@����� ��������� ���� ��� ��
������������ ����������� 4��������� ����  ����� ��� ���� �> ����� @
 ��� 2�������  
 ���� � ��
��;  �� ���� ��� #�����
��� ���������������� @���� .� ��� �� B���  1����� ���  ���� <
�
������������� ��  �� <
� �������� (��
��� )��� ����������� .�������� ���� (��
���
)���� � � ��� #�����
�����@����� 1������� 3�� (���)����� �� 3@�� ����� �
��� �
�����5
������� ��� �� ��� ��������  �������� 3�� 
��� ��� �������� �������� �� #�� ����  � 
�� ����� ��� ������
�� ��� �������� 3���� ���� ����� <
� ��%%*�
���
� ����� #�� ������ @��
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� �� ����� 	
��������
1� 3� <�� ����� � �� ���
�� ��� �� /����� ������������ "�/ �/�/ 5 ������������� ��� ������� ��������� ��������
� ����� ����� ��� ������
�� ��� �������� ��� ����������� 4��������� �������� 3� �������5
���� $������� @��� ��� 2��� ������� <
� ��� 	
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��� 5
��� �������� ��� 1����� ��� �
�� ����� 2�������� ��� <
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�� �� ���5"����� � /�� ��� ������� ������ ���� ���������� 2��� ������� �� 
*"�/ ,�*/�/ ,� ������������ �� E++�F ��������� ���������� ��� ����� "�/ $
���������5
 �������� /���������� ����
���� �� ��� �������3�� E?�9�%�� "
?�!%F�

 1�3������ B��� �� *"�/ ,�*/�/ ,� ������������ ��� *++�, (���)����� �������� ��� 9�����
<
� R� ��� �
�� $������ �� �� 1����������� R� 
��� � /�������� ���' 3���� ��� 3�5
����
����� 2����
���3
��� ��� ����� /�  ������ ����� <
� "
1���� �� ��� E"
?�!%F ���5
���� R� ����������� $
��������� �������� ��� 2��� ������� @���� ���� ��� /��������
�� 3�� �
�� >������ ���� 	���� � �� ������� ��� ��� ����� 2��� ������� ���� "�/ 
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������������ �� �� ��� 0�������� ����� ������������ ��� $����3������� �� $
��������5
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���3
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���3
�� ���� 2���������� ��� *��
�����,� ��� #�� ������ ��� �� ��
�����
���� �� ��� ���������� �� ��� 6������ ��� ����������� 	���
��3����� �� ������������ <��5
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��������� ������� �� ��� �1������ ��� 8$5	�
�
���  �
� ���
����� �
��� (���)��������1A���������� ��������� ������

�'



������� �

!��������� ���
��	
	����
�	�������
�	��	���

6�� ��� $������������� <
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�1��� ��� ����� (���)������ ���@�������
#���� �8�������� ����� ��� ���
���� ���� ��� �71������������ /������� ��� ��� �� "�����
����� ��� /������ <
� 2� B���������� ��� ��B� 
���� EB�
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@�� B�D� 4��1 �� E4�!&F
��� ��� 2������ <
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�������� E��4
+&F� #��� ������  ��� ���
���� ��� 2� ��������� �� 	�
�
���  �
� 1�
5
3�  � ������� ���������� �� #�� ������
����� ��� � 6
���� ���  ���� /�@������ ���
...�$5 4���������  
���� �� ��� �� ��1���� <
��� ����� @������ .�1���������� � � � ��
�
��@���1���� ��/	� ��; �� ��� /����� ���11� <
� 	�
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� �������� ���@������ @����
��� ���� ��� � /����� ��3�1�  �� @�� E��/	+�F�

"�������� ��� 	�
�
������
��� 1����
 �
1�� � � ��� ���;��� 1�
�
������� ��� #G����
���G� ���� ������
������� ��� 
���� ��� ����� B� ���
�1���  
 ����� ��� � ��� ��� #���5
��
��� �� B� ���
�1�� �� 
��� ��@������� . � ��� #������ ��� ����� �������� 	�
�
���
����������� ��
;�  
 ��
���� ��� #�����
��� ��� B� ���
�1�� <����  �� ��� ��;������ <
�
��� �� ���������� @������

��� �� $
����� @���� ������ �� #��� �� �%� D���������� <
� 4���3 ��� 4���@��� 
��
������� E4��!=� 4�!!F ��� ���� <
� 9����� ����� �< �71���������� ����� ���� E9�+�F�
��� ���
���� ��� ������� �������� �� D���� �%+- #�� ���� E#�+-F� ������ ���� �� 	�
�
�
��� ��� #������ �� ��� � �� ����� ��� �� ���� 	�
3�; �� ��� #�����
� �� B� ���
�1��
�������� . � ��� 	�
�
���������� ���
;�� �� ��� ����� �� 2������ ������� �� ���
/� ����� ������ U �� #�����
� �  
 ���� �� ��������� #�����
� ��� ��� ���� <����  ���
����� ������ ��� #������ ���� �������� �����

���� M �� � U� ��

.� /�8	� #71������� @��� ��� ���� �� 8�����
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���
5
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���
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�����5
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 �� /������ �� 	�
�
 ��
� ���� "�/ *++�,5�*'�', ��� #�� 5
 �
� @������ <
�� *�, � M +�� *�, � M &+�� *�, � M '-�� ��� ��
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�1�������

�� ��� �� 1�� �
� 3����� ������� ��� R� ��	�	 �������� ��� 	���
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�� ��� $�������� ������� ��� R� ��	�	 ����5
����� ��� � 2�� 1��� �� E/'F 3����� @�� �
�1��7 �� 
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� �� ��� ������� 2��������� @��  �� ���� �� ��� 6�  ����� <
�
?�� �� ��� E?�9�%�F 3� A���� � �� .� E��9�%&F �� ������ ����� �� ��� 3���� �� 6� 5
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2�A����  ��� ��� �� ���� �7� ������������ �
�� �� ��� ������� ����� �� ��
����� ���
:�+ �$ 2������ ��������  
  ������ ��� �� �� ���� ���� �� &7& �> ��� �� ��� 6���� ���5
 � "�1 ��� 3����  ��� �
�� ���� �� ��� ����������� �1������� ��� �1������ ����� ��
�
������ #��  �
� @�� �� ���� $���3��� @������� ���������� ��� ��� �������� �� 1�� �
�
���� $��������� ��� ��� �7� �������������  
��� ���� ��� �������� 9������������ ��� �8�����5
������ <
� �� 1�� �
� �
 �� #��  �
��� �� ��� 3���������� (���)�������� 
���3�� ���
�� �(G��� ��� 3� ���3������ "�1 ���� ��� @������ �� ����� ������� ��� ����� $��)�5
���� ��� 2��� �������� #��� 2� ������� ��� 2��� ������� ������� ��� �71������������
6������ � � ����� ��� �� $
���  ��3�����  ��@������ ��� � ���� ���� ���� �� 3@���� ?��5
������� ����� ��� �������������� �� �(G��� ��� ��
������ . � ����� 0���@�� ���� ��� �7�
���������� �
��  ����� ��
������  
 �� ��@��� �� B����� ��� 1���������  ������� �� 1��5
 �<�� ���������� ����� 0���@�� ���� ��� &7& ������������� ��� � ���� �� �� 
����� ����
�� 3� ���3����� ��
���� ��� 5&�' �$� ��  ��� �� ��� ����������� �1������ ���1� ��������
�� ��� 2������ ��������� .���� ����� ��������� ������ #��� ���������� .�����A����
� ��
#71������� �� ������ ��� �� �� �����@����� ��� ��� ���
��� ��
������
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� ��� ������ ���� #������ ��� #�����
��� ���������� 4���A� @��� ����� ��� ���
/���> � �71������������ ����� ��� ��� ���������� �
�
�
��� /� ����� ���������<� �� 
/�������� &�� ������������� D��
�� ����� ��� <
����������� /������� E/�F5E/-F ��3�����
��; ��� ���������
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� �� ��� 	�
�
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� ����� ���� �
�
�
� <
� ��� ������ ����
#������ ��������� ����� .� �� 
����� �� ��� ������������� 3����  ���� ��; �� ����� �������
	�
�
����������������� <
� �- �� &+ �$ 2�������� �� ��� $
��������� �������� <�����5
����� /�/ 9���� ��� ��� "�/ (���)����������� �� ��@��� ������ 
�� � 3�� #��  �
�
�� ����� �������� ���������� .� �� ����������� ��� 6���� 6
���� ���� <
� .� �����
���� /���@����� 	�> �� ��� 8��<�� ����� 4������ ��� ������ /������ <
� .� ����� ����
#71����������� ��� /���@����� 	�> �� ��� 8��<�� ����� ���� � � ����� ��� $���
G�����5
����� E/:F

H
?
��������
� 
� � ��1� ��1�� �
 1�
�
������
� ����� ��> 
� � @��� ��A���

�������  ����I ��� ������� �� ��� ��� /������������ ��� /� ����� ����� <
� ��� ������ ����
#������ ���� ��� 8$ 	�
�
���  �
� ����� ���� @����

/� ���� 1���� �� #71������� � � ���� �5�
������ .�/ *��+, (���)������ ��� ��� ��5
���� 	�
3��� #� �� ��1
����� @������ ��� 2���<��������� ��@���� ��� /� ������� ���� 
3@������� �
����� #�����
����� � ���� ��� 9������ ��������� ��� ����� ���������� �5
�������� 1��������
������ 2��� ������� E6
D
++F� 2� ��3�  ��� ����<
� ��� ��� �� ������
 ��� ���� �� 	���� R ��� &5� 2����
���3
��� /��� �� �� �������� ��� /� ������� ���
+��O ��� (���)�����������
���3
��� 8���� ��� /������� ��;  ��� ��� 
�����������
� �� 
3@������� �
����� #�����
����� �  �������� 3�� (���)����� ����� ���� �������� #�<�5
�
1�������
� <
� B���54
@��� �>1 E/���!�F �� �������� ���;�� ���� ��� ��������� /� 5
����� ���� ��� .���� ����� �� 	�
�
 ��
�� �� /������������ <
� ��� 	�
�
���������� *?.�5
6
�� , ���� ��� �� �71���������� @
����A������� �� ���� ���������� @������ .� ��� ��
/� ����� ����� ��� ������ �� #��3� ����� � ��� 6����7��������� �� ��� ��� /� ����� 5
����� ���� ���������� �� #�� ������
���� ����
������� � � ��� � ����� ����������� 2��5
������ 3�� 	�
�
 ��
� 3� �������� 4���3� @����� ?.� �1������ �� �
������ #��  �
�
<
� 9������ ����������� ����� ������7������ .�/ *��+, (���)����� ��������� ��� ����
�����������  � @�� 6����7��������� �� ���� �������� �
�1��7� 2��� ������� ��� #��5
3� ���� @�����������
� 3�� /���> � ��� �71������������ ����� �������3
���� 8� ���
6�; ���� ��� /� ����� ����� 3� ��������� @���� �� 2����� K������ ��� #��3� ���� @��5
���������
� ����� ���� #������ 3���� 1������� 3�� (���)����� ��������� ��� ���� ��� #����5
��  � ��� �� 6�������� ���� <�� �������� ������ ����� ���� ���������� #71
�������������
�
����1�;�� ��� ����@��� �� #71
������ ����� ���� �� 6�; ���� ��� /� ����� ������

/�������� '�- 3���� ��� �71������������ ��� ���
���� ���� ?.� �1������� .� #71���5
���� A����  ��� ���� ���������� ��� 	�
�
����������� <
� �+ �$� �=�- �$ ��� �' �$�
����  ���
� ����� ��� ���
���� ���� #������  � ��� �71������������ 	��� ��� ���� ��5
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/�������� '�-� /�� ��� ������ ����� ��� �71����������� 	�
�
 ��
� ���� �� 3@������� �
5
���� #�����
����� � �
������ ��� ��� 	�
�
���)�; ��� ��� 
�������)�
 ��� �� �����5
�
� � ���� <�� �������� 	�  ��������� /�� ��� ������� ����� �� ���������� ?.�5�1������
���� ��� ������ 9������ ��������� �� .�/ *��+,�

����<�� .���� ������� ��� �+ ��� �' �$ @������ ���  ��@���� #��  �
� ��� �=�- �$ @���
<
� ��� ���
��� �� �������� ��1�
��3����� .� /�������� '�: � � ��� �� ��� ���
����5
 ���� ���������� ���������� /� ����� ���������<� 3�  ����� /�G������ � � �� 6�7����
�� ��� /� ����� ����� 3@� ���� = ��� �� �$� ���3� ��� ��� � �� ��� ���� �� 3@�������5
 �
���� #�����
����� ����������� "�������� ���� ��� 	�
�
 ��
� ��� ��� ���;� ��� ��������
2�������� �
� �����  
 ���;�  ��� ��� .���� ����� �� �71������������ 	��� ��� ��������� 	�
5
�
����������� ������ ��� ��1�
��3������ D��
�� ����� ��� �� ���������� 	��� ��� ! �$
��������� �� �71������������ 	��� ��� �+ �$� 8� ����  ��� ��� /� �� �56����7���������
��� �������� ��� 
�������� �� ����� ��3��� �� 9������ ����������� @� ������� 3��
	�
�
 ��
� ��������� ��
����� ��� � 6����7������� 3���� ���� ���� 	�
�
����������� <
�
�� �$ ���  ����� 6�7����� "����� �� ��� ��� 2��������� �� ��� 6�7���� ��� /� 5
����� ����� �������� ��� � ��� ��
�������� �71����������� �������� ��� �+ �$�

$�
���� ����� <�������  ��� ��� �71����������� �������� ��� �' �$� 4��� 3���� ��� �
�5
1��7� 2��� �������� ��; ���� ��� � 	�
�
���������� ������� �8��������� �� 9������ ����5
������� �� ���  ���� �� ��� #��3� ���� �
11����� 2��� 3� ��@�����  ���� .� ��� ��
B����  ��� � �� 
 ����� ��� /� ����� ����� 
��� ��� 6����7��������� ��� ��� 	�
�
 ��
�
1�������  
����� #G���� �� ���

.� �� ��� �� ������� ��� $�������� ��� ��� #71������� ��� #7� ���3 �� �� ��1�������
6�7���� �� ��� ���
���� ���� /� ����� ���������<�� ��� � � � ��� ��� ��������� /�5
����� �����  ������� /� ����� ���������<� ��� ����� ���3����� 6������ ��� ��� -+ �$
����� <��������� #�� $�������� ��� ��� 2��� ������� 3����� ��; �� 2������ ���  ������
���������� �� ��� /� ����� ���������<� ��� #��3� ���� ������� 3��������� #7����� �� ���
2��� ������� ���@�� ��� ����� ��� ��������� ������ ���� #������� ����� 2��� ���������5
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�
�����������

����� ����� ����������� #��)�; ��� ��� /� ����� ������� ��� � �� ������� ������� #������  �
�� ���� /����� ���11� E�
2�%%F� D��
�� @����� �� ��� ��������� 8���� ������ �71���5
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������� 3�� 2��������� <
� �1������ ��� �������5 ��� @��5
����������
 ��� 	�
�
���  �
� �� ...�$ 4���������
���)������ ����� ��3� ��� @��������5
@������� # 3����  ���� ��; ��� ������ ���� ���������� ����� ����� �������� ������ ���
����� ��� ��� K��������<�� $�������� 3@� ���� ���
���� ���� ��� �71������������ �1��5
���� ��������  
����� � ����
������� ��� �71������������ ����� �� ����� ����
 �
1� ����
#���� ������� 3� ����> ������

.� ���� /������� @����� �1������ ���� <�� �������� "�0 (���)������ ��������� ���
��� ����� 4���� �71����������� ����� �� ������ ����� ����� ����� ��� �� $�������� �
��5
�� ��3���� @������ ��; ��� �71������������ �1������ �������� ��  �� ��� ���
���� ����
2��� ��������� �������� ������� �� �� ��� ������ $�������� ��� �71������������ 2���5
 ��������� 3� ��@����� � �� /� 2�� 1��� ��� "�0*+++�, (���)����� ���;  ��� ���
� ����5
���� @�� ����� �����  > ������ ���� $�������� ����������� �1������ ��� <�� ���������
3���������������� 2��� ������������������ ��� ��� #71������� ��� $����3����@��5
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� ��� "���� ���
<��@������� 2��� ����������������� ���� �� �> ��� "�0� #��  > ������ ���� ����� ��
��� 2������ ������� 3@� ���� ��������� �������� 3���
������� ���������� �� ��� �71�5
����������� ��� ���
���� ���� �1������ ���;�  ��� ����� ��� 8������������ �� ��� �71�5
����������� 2� ������� �� $����3������7���� ����� /�1�  �� ����� �������� ��
��� B����� ��� �������� ��� ��������� 2������ ������� ���������� �� ���3���� ��������� ���
�71������������ �1������ ���� ����� <
� ����������� �����  ��� ��� 4���� ��� ���
���
��������� #��  �
��� �� ��� �� ��� ��
����� 9��� �� ��� (���)����� 3�
����� ��  ���
��� �� 2����� �� ������� ��� �� "� �������������������� ��@
����� (���)�������
5
����� @
���� ��� "�0 *++�, ��� *+++�, (���)������  ������ "�������������������� ���
������� ���� 2�������� ���@�� �� ���  ��� �� ��� �� 	���� �������� <
� 4���������� @��
��� "�/ ����� ��������

6�� "�/ *++�,5�*' � ', (���)������ ��� *"�/ ,�*/�/ ,� ������������� @����� ���
���������� ��� �> ���� ��� ��
;�� #������ 3����� 1������� 3�� (���)����� �3@� �����
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��3�����  �������� ����3� �� �������� /� �� ��� �> ��� �
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@������ ��; ���� �� #71������� �������� 	���
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�����5 ��� (���)�������������� �� 	�
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�8���������� ������������ #��  �
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��� �� 4��@�� @���� �� ����� @������� /����� 3�� .�/ ��������G��� #71����������
������� � � �� ��� �� �> ��� �� ��� ������� 9������ ��������� �����  ��� ����� ��5
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Valence-band photoemission from GaN„001… and GaAs: GaN surfaces

T. Strasser, F. Starrost, C. Solterbeck, and W. Schattke
Institut für Theoretische Physik, Christian-Albrechts-Universität, Leibnizstraße 15, D-24098 Kiel, Germany

�Received 6 May 1997�

We present photoemission spectra calculated within the one-step model in normal emission from GaN and
GaAs �001� surfaces. Structures in the spectra are discussed in terms of direct transitions from bulk valence
states and as emissions from surface states, depending on polarization of the light. Thereby all of the pro-
nounced structures in the energy distribution curves are uniquely associated with the participating bands and
their orbital and layer resolved composition. The theoretical intensities are compared with experimental angle
resolved ultraviolet photoemission spectra for clean GaAs and GaN surfaces yielding a good agreement. The
comparison underlines the necessity of a full calculation for the interpretation of experimental data. In addition,
we investigate the change in the calculated distribution curves introduced by covering a GaAs�001� substrate
with several overlayers of GaN. �S0163-1829�97�04743-7�

I. INTRODUCTION

The most powerful experimental tool for examining the
electronic structure of a semiconductor is the angle resolved
ultraviolet photoemission spectroscopy �ARUPS�. The spec-
tra give insight into the valence band structure of the bulk as
well as that of the surface, but simple analysis techniques
allow only for a rough mapping of the bands. Beside the
initial bound state, photoemission involves the excitation to
outgoing scattering states with the transition probabilities
given by matrix elements. Therefore, a full account of the
experimental data can only be attained by a comparison with
photocurrents calculated within the one-step model, which is
the proper theoretical description.

Since the wide band gap semiconductor GaN offers excit-
ing applications in optoelectronics, the electronic structure of
GaN has gained strong experimental and theoretical interest.
Although GaN usually crystallizes in the wurtzite structure,
Yang et al.1 have demonstrated that it is possible to grow
cubic GaN on GaAs�001� surfaces, which promise enhanced
electronic properties compared to the wurtzite phase. Fur-
thermore GaN has been used for passivating the GaAs sur-
face, e.g., by direct nitridation.2 Actually, a variety of meth-
ods of growing cubic GaN on suitable substrates, as on SiC,
is under investigation and techniques are rapidly evolving.
Single growth mechanism are still open to question, e.g., the
role of As as a surfactant.3

At this stage the insight into the electronic binding from
electronic spectroscopy is valuable for the choice of an ef-
fective preparation technique in addition to the basic under-
standing. As the already existing photoemission data show
astonishingly good agreement with calculated bulk band
structure of GaN, the theoretical decomposition of a spec-
trum into its contributions can explain microscopic electronic
details which are responsible for establishing the geometrical
surface configuration. Such a decomposition uses the flex-
ibility in calculating the spectra by arbitrarily switching off
perturbations which are not important for the main effects of
interest. One is thus able to isolate the prominent binding
mechanisms. For example, it will be shown in the following

that the full calculation within the one-step model safely al-
lows us to identify a structure as resulting from a surface
state and not from a band edge as proposed in the original
interpretation of the experiment. Therefore, the agreement of
the experiment to ab initio calculations is closer than ex-
pected and presents itself as a guide to future investigations.

Apart from the bulk, the GaN layer growth on GaAs of-
fers interesting problems. Because of the lattice mismatch
deviations from planar interface configurations are observed
for thicker films as well as smooth adjustments to the sub-
strate in the case of thin films. To settle these questions it
will be helpful to see what may be spectroscopically ex-
pected. To this end we calculated photoemission spectra also
for the ideal GaAs�001�-(1�1) surface and its coverings
with up to three layers of GaN in an ideal (1�1) geometry.
Thereby the transition from dispersive bulk induced spectra
to extremely nondispersive curves is observed with increas-
ing coverage.

The paper is organized as follow. First we give a short
overview about the theory used in the calculations. Then we
discuss the results for a GaN�001� surface, compare the pho-
tocurrent with experimental ARUPS data, and show how the
various structures have to be interpreted. In a subsequent
section the results for a clean GaAs�001� surface are pre-
sented in order to discuss the change in the photocurrent
introduced by expitaxial GaN coverages. The GaAs results
are tested on published experimental data. In the last part we
examine the influence of GaN overlayers on clean
GaAs�001� with respect to the electronic structure and the
photocurrent.

II. THEORY

In this section, we briefly discuss the theoretical tech-
niques used in the calculation of the photocurrent from semi-
conductor surfaces. For details see the references.4,5

We calculate the photocurrent within the one-step model,
based on the ‘‘golden rule’’ formulation of the photoemis-
sion process.6 The photocurrent I is given by
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I��
i , j

��LEED* �Efin ,k ���A0•p�	 i
Gi , j�Efin�h� ,k ��

��	 j�p•A0��LEED* �Efin ,k ��
.

The vector potential A0 is kept constant. Gi , j represents
the half-space Green’s function of the valence states, given
in a layer resolved linear combination of atomic orbitals ba-
sis 	 i .

7 Our basis set consists of the 4s and 4p atomic
orbitals of gallium and arsenic and the 2s and 2p atomic
orbitals of nitrogen,8 taking into account the coupling up to
fourth nearest neighbor atoms. The Hamilton matrix is cal-
culated according to extended-Hückel-theory �EHT�. Its pa-
rameters are adjusted to published ab initio bulk band struc-
tures using a genetic algorithm.9 While the parameters are
already known for GaAs,9 we determine them for GaN by
adjusting to a GW calculation of the bulk band structure.10

The result is shown in Table I and the bulk band structure of
GaN is displayed in Fig. 1. The electronic structure of the
surface is determined by the calculation of the k�-resolved
density of states �DOS� from the Green’s matrix, taking into
account relaxation, reconstruction and adsorption at the sur-
face. The resolution of the DOS with respect to atomic layers
and orbital composition allows for a detailed characterization
of the bands and their corresponding photocurrents.

The final state of photoemission is obtained as a scattering
state with asymptotic boundary conditions. For a clean sur-
face the wave function of the final state is determined by
matching the solution of the complex bulk band structure11,12

to the vacuum solution, representing the surface by a step
potential. This treatment is best suited for discussing the
photoemission peaks in terms of direct transitions with con-
servation of the surface perpendicular wave vector k� since
the final state is described as a sum of solutions of the com-

plex band structure for different k� . The solution within the
bulk is calculated by the empirical pseudopotential method,
developed by Cohen and Bergstresser.13 For GaAs we use
the pseudopotential form factors of Ref. 13, while for GaN
form factors of Fan et al.14 are used. The damping of the
wavefunction inside the crystal is described by the imaginary
part of an optical potential. For treating overlayers like N or
GaN on a GaAs surface, we introduce for the final states a
simple potential well between the clean crystal and the
vacuum region �see Fig. 2�. The solutions of the three parts
�crystal, well, and vacuum� are matched together at the two
interfaces. The depth of the well is given by the work func-
tions of GaAs �5.25 eV� and GaN �4.99 eV�.15

In Eq. �1�, the transition matrix elements
��LEED* (Efin ,k �)�A0•p�	 i
 between the final state and the
layer Bloch sums are calculated in real space, using good
lattice points. These matrix elements are needed for a full
analysis of the spectra. Their decomposition into the contri-
butions from atomic layers and orbitals permits the discus-
sion of the influence of the final states in relation to the
characteristics of the initial states.

It should be mentioned that we use two different descrip-
tions of the Hamiltonian for the initial and the final states.
Such a description thoroughly adjusting the final state to
photoemission4,5 and targetcurrent16 spectra, seems to ac-
count for the particle-hole many body problem on photo-
emission much better than simply taking initial and final
states both from the same one-particle Hamiltonian. For the
many body transition amplitudes there is no orthogonality
requirement.

III. RESULTS AND DISCUSSION

A. GaN„001…-„1�1…Ga theory

In this section we discuss our results for an ideal Ga ter-
minated GaN�001� surface. The geometry of the (1�1) sur-

TABLE I. EHT-parameter for GaN �0 means nitrogen and 1 gallium, for the notation see Starrost et al. �Ref. 9��.

Kss Ksp Kpp Is0 Ip0 Ĩ s0 Ĩ p0 Is1 Ip1 Ĩ s1 Ĩ p1

1.0 0.844 0.844 54.66 39.94 20.49 7.76 24.28 21.19 13.82 4.71

FIG. 1. Valence-band structure of GaN calculated with EHT-
parametrization according to Table I.

FIG. 2. Influence of the matching plane on the photocurrent of
the GaN�001�-�1�1�Ga surface calculated for a photon energy of
44.0 eV. Inset: Model of a N �GaN� covered GaAs surface as used
in the calculation of the final states.
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face is given in Fig. 3 together with the surface band struc-
ture. We find several resonances and surface states. Within
the fundamental gap there are two states which can be iden-
tified as a bridge �a� and a dangling bond �b� state. The
bridge bond is built up by Ga px orbitals, while the last one
changes its orbital composition. In �̄ �b� is made up of Ga pz
and s orbitals with strong contributions from the underlying
nitrogen pz orbitals while at K̄ the nitrogen py orbitals con-
tribute. It has to be noted that the dangling bond state is in
resonance with the bulk along �̄� J̄ as well as along �̄
�J�. For higher binding energies we find back bond states,
e.g., the resonance �c� at �1.8 eV, which can be seen as a
broad structure in the layer resolved density of states in �̄
�Fig. 4�. We find in Fig. 4 contributions from the uppermost
nitrogen px and py orbitals as well as weak contributions
from the Ga py orbitals, indicating the bond between the
gallium and nitrogen atoms. Near the heteropolar gap �Fig.
3� we see Ga s states labeled by ( f ) with contributions from

the N pz orbitals at �̄ and N px as well as py orbitals at K̄ .
Below the heteropolar gap, we find a nitrogen s state local-
ized around �16 eV. This interpretation of the density of
states is in good agreement with an ab initio pseudopotential
calculation of Jhi and Ihm.17

The complex final state bands are shown in Fig. 5. They
are calculated along the symmetry line 
 which corresponds
to normal emission. All bands are damped because of the
imaginary part of the optical potential. The lengths of the
bars denote the weight which single complex bands carry in
the final state. Not all bands are important for the photoemis-
sion. We find three bands, which contribute strongly to the
final state �labeled by (a), (b), and (d)�. Especially the
complex band (d) shows large expansion coefficients. To-
gether with band (b) it presents large imaginary parts for
final state energies below 28 eV yielding a strong decrease of
the states from the surface into the crystal.

Figure 6 presents normal emission spectra for the
GaN�001�-�1�1�Ga surface, which are calculated for photon
energies from 10 up to 80 eV. The radiation is chosen to be
incident in the yz plane, at an angle of 45° to the surface
normal. First, we consider parallel polarized light, while the
spectra for unpolarized light will be discussed subsequently.
The matching plane is put at 0.7a/4 above the topmost Ga
atom �Fig. 2 shows the small influence of the position of the
matching plane on the photocurrent�. We find in the spectra
several structures which disperse with photon energy. Espe-
cially for photon energies above 30 eV, the structures can be
interpreted by assuming direct transitions, i.e., with exact
conservation of the perpendicular wave vector. For a given
excitation energy we determine the binding energy at which
transitions into the complex conduction band structure are
possible and indicate these positions in the spectra by bars,
see Fig. 6. The correspondence between peaks of subsequent
spectra is achieved by structure plots, in which one combines

FIG. 3. Surface band structure of the GaN�001�-�1�1�Ga sur-
face and the projected GaN bulk band structure �shaded�. The inset
shows the assumed ideal geometry �lattice constant a�4.5 Å�.

FIG. 4. Density of states at �̄ for GaN�001�-�1�1�Ga. On the
left hand side the layer resolved DOS is shown, while on the right
the DOS of the first layer is further resolved into its atomic and
orbital contributions. A layer comprises a Ga and N double plane.

FIG. 5. Complex band structure of GaN for the symmetry line

. Bars indicate the magnitude of the expansion coefficients of the
final state with respect to the complex bulk bands.
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a valence band with a conduction band and maps the ener-
getic difference, i.e., the photon frequency, continuously
onto the binding energy.

The structures (a) and (b) in Fig. 6 are explained by
direct transitions from the valence bands denoted in Fig. 1 as
�1,2� and �3�, respectively, into the final state labeled by (d)
in Fig. 5. The lack of dispersion of (a) between 15 eV and
29 eV photon energy can be explained by the small disper-
sion of the valence band �1,2� in combination with the almost
vertical slope of the final band (d). At these energies, direct
transitions into (d) arise only from k� in the vicinity of �.
Additionally, the large imaginary part of the final band (d)
for final state energies smaller than 28 eV causes a strong
concentration of the wave function at the surface. This
damps the influence of possible dispersive bulk bands.
Above 28 eV final state energy the photoemission spectra are
dominated by the same but now dispersive structures (a) and
(b), which is consistent with the small imaginary part and
the large expansion coefficient of the final band (d).

Below 30 eV photon energy there are two weak structures
(c) and (d) with dispersion, which belong to transitions
from the valence band �1,2� and �3�, respectively, into the
final band (a). The high dispersion in the final band (a) for
energies between 10 and 13 eV results in the nondispersive
structure at 1.4 eV binding energy for photon energies below
13 eV. Above 30 eV photon energy it is difficult to follow
these structures, because a crossover occurs to the more in-
tense emissions from the final band (d) discussed above. The
remaining dispersive structures (e) and ( f ) can be seen for
photon energies down to 26 and 28 eV, respectively. Struc-
ture ( f ) can only be followed up to photon energies of 35
eV, while structure (e) can be seen up to 80 eV. These latter

peaks can be explained by direct transitions into the final
band (b), which leaves the region of strong final state damp-
ing above 28 eV.

Besides the dispersive structures, we find two sequences
of peaks without dispersion in Fig. 6. The first one is local-
ized near the valence-band maximum �VBM� and is labeled
by (a�). Partly it coincides with (a). According to the DOS
at �̄ �see Fig. 4� we expect emissions from the gallium and
nitrogen pz orbitals. Examining the matrix elements shown
in Fig. 7, emissions from gallium pz orbitals for photon en-
ergies below 20 eV and less pronounced between 20 and 35
eV are favored, while the matrix elements of nitrogen pz
orbitals are significant between 10 and 20 eV and above 40
eV. Because the emissions from these orbitals are mixed
with direct transitions from the VBM, as discussed above,
the dangling bond state can only be seen as a small shoulder
for photon energies below 14 eV and between 31 and 35 eV.
Above 40 eV the emissions have to be attributed to nitrogen
pz orbitals.

The second nondispersive series of peaks (g) at an energy
of �7.1 eV are emissions from the Ga s orbitals, which can
be seen by a huge peak in the density of states of the three
uppermost layers in Fig. 4. With increasing photon energy
the emissions show a strong modulation in intensity, which
stem from the matrix elements, as can be seen in Fig. 7.
Especially the decreasing intensity around 44 eV photon en-
ergy can be traced to the minimum in the Ga s orbital matrix
element at 34 eV final state energy. For higher photon ener-
gies one has also to consider possible emissions from the
nitrogen pz orbitals, which show enhanced matrix elements
above 40 eV final state energy. The emissions from the dis-
persive structure (c) for photon energies between 20 and 25
eV are substantially enhanced in rotating the incidence direc-
tion of the light from the yz plane into the xz plane. In
accordance with the orbital matrix elements of the first layer
the emissions result from about 2.7 eV binding energy.

In the next step we use unpolarized radiation incident
along the yz plane. This enhances the emissions from the px
orbitals. The photoemission spectra for photon energies
above 30 eV shown in Fig. 8 display all those features of
Fig. 6 and can be similarly discussed. For example, the struc-
ture �a� can be identified and supports the interpretation of
that peak given in the context of Fig. 6.

Summarizing the above discussion, we have shown that
also dispersive structures, via direct transitions clearly attrib-

FIG. 6. Theoretical normal emission spectra for
GaN�001�-�1�1�Ga. We have normalized the spectra to equal
maximum photocurrent. The bars indicate binding energies at
which direct transitions would be positioned. Their dispersion,
which is discussed in the text, is traced via structure plots and
drawn by dotted lines. Solid lines denote surface states. The zero
energy is the VBM, the light is chosen incident along the yz plane
with p polarization. The excitation energies are indicated on the
right of each picture and the letters are used for reference in the
text.

FIG. 7. Modulus of the matrix elements of the two uppermost
atomic layers of the GaN�001�-�1�1�Ga surface resolved into or-
bitals. The matrix elements are calculated for p-polarized light in-
cident in the yz plane. Only the orbitals plotted here contribute to
the current because of selection rules.
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uted to bulk valence bands, are strongly affected by the sur-
face through the complex band structure. Moreover, we
could identify contributions from single layers and orbitals.
Furthermore, remarkable energetic shifts of the peak posi-
tions relative to the band energies occur, which would make
a band mapping fail severely.

B. GaN„001…-„1�1… comparison with experiment

Recently Ding et al.18 have grown GaN�100� samples by
plasma-assisted molecular beam epitaxy on GaAs�100� sub-
strates. Their sample show a (1�1) low energy electron
diffraction �LEED� pattern with a strong diffuse background.
They analyzed the samples with angle resolved photoemis-
sion in normal emission for photon energies between 31 and
80 eV. Excellent agreement between their experimental data
and our theoretical results is found, as shown in Fig. 8. For
example, theory and experiment observe the Ga s-related
peak at �7.0 and �6.8 eV, respectively. Both results agree
in the decreasing intensity of this structure for photon ener-
gies around 44 eV. This clear coincidence is not a feature
often seen in the comparison of theoretical and experimental
semiconductor spectra. It confirms also the adequacy of the
final state bands, which are the most difficult ingredient in a
photocurrent calculation. Different from the experimental
suggestion we attribute this peak to strong surface emissions
rather than to indirect transitions from X3 , because the X3
band edge appears at slightly higher energies according to
Fig. 4 and is not seen in theory. Furthermore, theory shows
with peak (b) a strong dispersive structure from �2.5 to
�6.7 eV for photon energies between 38 and 64 eV, which
can be clearly identified with a corresponding peak in experi-
ment. At lower binding energy the experimental spectra
show a second dispersive structure, which can be related to

the structure (a) in the theoretical spectra. The rather flat
behavior for excitation energies 58 and 64 eV between 0 and
�5 eV of the experimental spectra is also reproduced by
theory, especially for 64 eV.

The comparison between the theoretical and experimental
spectra shows how band mapping methods may fail. The
theoretical peak �a� shows highest binding energy at h�
�58 eV with Eb�2.8 eV. Its dispersion is connected with
the bulk band 
 (1,2) and its band edge X5 is thus found
around 58 eV photon energy. Considering the experimental
curve for this frequency the broad maximum in the low bind-
ing energy range would allow for any energy between the
marks at that curve. Moreover, the 72 eV spectrum shows a
maximum �not marked� near 3 eV in agreement with theory.
All this indicates that contrary to experimental peak decon-
volution techniques the band edge X5 may in fact coincide
with the binding energy predicted by actual band structure
calculations on which the present theoretical analysis relies.

A further remark refers to the experimental structure
marked in the range of �3 – �4 eV within the spectra be-
tween h��49 eV and 80 eV. According to the theoretical
results direct transitions are expected at h��49 eV, Eb�
�3.8 eV, at h��55 eV, Eb��4.2 eV, at h��72 eV,
Eb��4.7 eV, and at h��80 eV, Eb��4.1 eV, of which
only the last shows the intensity found in the experiment.
Except for the last structure these emissions originate from
valence band �3� and transitions to final states with signifi-
cantly smaller coupling to the escaping electrons �final states
(b), (c), and (a), see Fig. 5�. The experiment shows a
rather large background in this energy region. One might
attribute the experimental marks to these direct transitions, if
one neglects that the theoretical results partly underestimate
the intensity. The inverse behavior occurs for the nitrogen pz
surface state seen at (a�) in the theoretical spectra which
appears to be suppressed in the experiment. In both cases the
difference in intensity may be due to a surface contamination
or to a surface geometry deviating from the assumed ideal
bulk configuration.

The direct assignment of theoretical band energies vs k�

along �-X from the experimental spectra depends critically
on the choice of final states. A misleading association of k�

may occur. However, in this case the foregoing theoretical
analysis shows that the dispersive structures are occasionally
determined by one final state band, denoted by (d) in Fig. 5.
Only then the simplified experimental analysis with one final
state parabola is justified if one concedes a respective error
bar at the derived bands.

C. GaAs„001…-„1�1…Ga

In order to discuss GaN overlayers on GaAs�001� we con-
sider first a calculation for the pure GaAs�001� surface and
compare it with GaN�001�. For this aim the surface is as-
sumed to be ideal and gallium terminated and the geometry
is chosen as for the GaN surface �see Fig. 3�. In Fig. 9 we
show the surface band structure for the GaAs�001� surface.
The electronic structure is similar to that of GaN. In the
fundamental gap there is a bridge bond state (a), localized at
the first layer Ga px orbitals, and a dangling bond state (b),
with an orbital composition similar to its counterpart of the
GaN�001� surface. Because of the lower orbital energy of the

FIG. 8. Theoretical photoemission spectra in normal emission
for GaN�001�-�1�1�Ga with unpolarized light incident in the yz
plane, for further details see Fig. 6. On the right hand side, experi-
mental spectra by Ding et al. are shown �Ref. 18�. Markers in the
experimental spectra indicate peak positions used in the experimen-
tal band determination.
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nitrogen atom and the resulting reduced extension of the
wave function compared to the arsenic atom, the bands
within the fundamental gap of GaN show less dispersion
than in the GaAs case. The resonances (d) and (c) consist of
contributions of gallium and arsenic p orbitals representing
back bond states. Near the lower valence-band edge we find
Ga s states, similar in energy to their counterpart at the GaN
surface, but in contrast to GaN the Ga s states of the
GaAs�001� surface remain resonance’s residing close to the
border of the stomach gap. Below the heteropolar gap an As
s-surface state appears, which is to be compared with the N
s states at lower binding energy according to the lower ni-
trogen orbital energy. The surface band structure is in good
agreement with theoretical results from Ivanov et al.19

Similar to GaN we find in the complex band structure of
the GaAs�001� surface �not shown here� a band that shows
strong contributions to the final state. The complex bands for
GaAs have large imaginary parts for energies lower than 15
eV, whereas with GaN large imaginary parts already arise for
energies lower than 28 eV.

Figure 10 shows the spectra in normal emission for the
GaAs�001�-�1�1�Ga surface calculated for photon energies
from 10 up to 30 eV. The plane of incidence of the light is
the yz plane and the light is polarized parallel to this plane
with a polar angle of 45°. We find six dispersive structures in
the spectra which are explained by direct transitions. The
two dispersive structures (d) and (b) are explained by direct
transitions from the GaAs valence bands �3� and �1,2� �nota-
tion as in Fig. 1� to the same final state band. Because the
latter shows the largest coefficients in the expansion of the
LEED state pronounced emissions from these transitions ap-
pear for higher photon energies. We compare these results to
those for the GaN surface. There, pronounced dispersive
structures can only be seen for final state energies above 30
eV. This difference stems from the large imaginary parts of
the wave vector for GaN at final state energies below 30 eV.
The final states quickly decrease inside the crystal and yield
small matrix elements. For GaAs the large imaginary parts of

the relevant final states are reduced for final state energies
above 14 eV and the strong dispersive structure (b) clearly
appears in the spectra.

The remaining dispersive structures �(c), (e), ( f ), and
(g)� can be explained by direct transitions in different final
bands, which contribute less to the final state. As in the case
of GaN their visibility can be discussed by the characteristics
of the final bands. The high DOS at the valence-band edge at
X , i.e., �2.8 eV, extends from the bulk up to the second
layer and can be seen in the theoretical spectra around 23 eV
photon energy mixed with the direct transitions (c). This
peak is related to px and py orbitals, forming the gallium-
arsenic bond.

Furthermore, emissions from the dangling bond state near
the valence-band edge are less pronounced than in the GaN
case, which is consistent with the differences in the DOS for
both systems. The GaAs dangling bond contributes less to
the DOS than its GaN counterpart. The absence of strong
emissions from the Ga s states at the lower valence-band
edge is explained by the matrix elements of the Ga s orbitals
for the GaAs surface which are smaller than those for the
GaN surface by a factor of 3.

Olde et al.20 have investigated the photocurrent from a
GaAs(001)-c(4�4) surface and have found strong disper-
sive features, which have been attributed to direct transitions.
Despite the different surface geometry we find a good agree-
ment with the strong features of the experimental results.
Especially the structures (b), (c), and (d) in the theoretical
spectra have their experimental counterpart in (B), (C), and
(D). At first glance differences appear with regard to the
experimental peak (E). However, up to 17 eV photon energy
we interpret this peak being associated with the theoretical
peak (g), especially because a dispersion in the lower fre-
quency range seems to be present. Above 17 eV a disper-

FIG. 9. Surface band structure of the GaAs�001�-�1�1�Ga sur-
face and the projected bulk band structure of GaAs �shaded�.

FIG. 10. Left hand side: Theoretical photoemission spectra in
normal emission for GaAs�001�-�1�1�Ga, for details see Fig. 6.
Right hand side: Experimental spectra in normal emission for
GaAs(001)-c(4�4), taken from Olde et al. �Ref. 20�.
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sionless transition from the surface Ga s orbital is found in
theory, but as already discussed the matrix element is too
small to appear in the spectrum, perhaps due to the different
surface reconstruction. The differences in the energetical po-
sition of the states (b) and (B�) for photon energies above
26 eV confirm the experimental interpretation that this peak
stems from a surface state rather than bulk related. Of course,
this surface state cannot be expected in our calculation be-
cause of the different reconstruction. Usually surface emis-
sions dominate the bulk emissions through their matrix ele-
ments, so the direct transition (b) in theory is hidden in the
experimental surface peak around �1.5 eV. We note that
this analysis is the first one-step calculation for this surface.
It shows a satisfactory agreement of the bulk features.

D. GaAs„001…/GaN„xL…/Ga„1�1…
In this part we investigate GaAs�001� surfaces, which are

covered by one to three GaN overlayers. We assume that
GaN layers are continuations of the ideal GaAs crystal with-
out relaxation or reconstruction. The uppermost plane is cho-
sen to be gallium terminated with the geometry chosen as
sketched in Fig. 3. Figure 11 shows the calculated surface
band structures for two such systems. Additional layers of
GaN yield an increasing number of surface states and
resonances. This is seen at the lower valence band edge
with Ga s states, or at �14 eV with N s states. Within the
fundamental gap we find for the system
GaAs�001�/GaN(1L)/Ga(1�1) at K̄ a gallium px (a), a
nitrogen px (b), and a hybridized gallium pz-nitrogen py
state (c). The surface bands (a) and (c) change their orbital
composition in �̄ and become gallium and nitrogen pz domi-
nated. The states between the upper valence band edge and
the stomach gap are made up of contributions from the ni-
trogen as well as from the gallium px and py orbitals. In K̄
we find also contributions from the nitrogen pz orbitals. The
layer resolved DOS is displayed in Fig. 12 for the first layer.
The contributions from the Ga s orbitals near the heteropolar
gap are distributed over all GaN layers, split in energy, and
varying in density with the orbital’s distance from the sur-
face.

Figure 13 shows the calculated photoemission spectra for
both systems. For one overlayer of GaN we find two disper-
sive structures �(A) and (B)�, which can be related to direct
transitions from the GaAs bulk bands �1,2� �notation as in
Fig. 1�. The strong emissions related to transitions from the
valence band �3�, which appear as a feature labeled by (d) in
the spectra of the clean GaAs surface �see Fig. 10�, are miss-
ing here. That is despite the fact that the weight the corre-
sponding complex band contributes to the final state is nearly
unchanged �not shown here�. Instead, the Ga pz-matrix ele-
ment of the first atomic layers increase by a factor of three
compared to the clean surface and rapidly decrease towards
the interior. This may enhance the influence of the surface to
the photocurrent hiding the dispersion found in Fig. 10. At
�6.0 eV we find the emissions from the Ga s orbitals,
modulated in their intensity by the Ga s-related matrix ele-
ments as shown in Fig. 14. The minimum in the intensity of
these emissions at a photon energy of 18 eV can be ex-
plained by the minimum in the Ga s-matrix elements at 12
eV final state energy. Simultaneously the matrix elements of
the nitrogen pz and of the Ga s orbitals �not shown� of the
second layer reach their maximum, such that one observes a
weak emission from the small nitrogen pz DOS as well as

FIG. 11. Surface band structures for the systems GaAs�001�/GaN(1L)/Ga(1�1) and GaAs�001�/GaN(3L)/Ga(1�1) shown together
with the projected GaAs bulk band structure.

FIG. 12. Density of states for the first layer at �̄ for
GaAs�001�/GaN(xL)/Ga(1�1) resolved into its atomic and orbital
components �on the left hand side x�1 and on the right hand side
x�3�.
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from Ga s at �6.5 eV for that excitation energy. This change
in intensity of contributions from single orbitals is respon-
sible for the fake dispersion of the surface peaks near
�6 eV for photon energies between 15 and 19 eV. The emis-
sions near the VBM are associated with nitrogen and gallium
pz orbitals. The small DOS of the latter is compensated by
large matrix elements.

Covering the surface with a second and a third layer of
GaN, the dispersive structures disappear entirely and the
spectra are dominated by the strong emissions from the up-
per gallium and nitrogen pz orbitals at the VBM. Addition-
ally we observe an increasing number of emissions from the
Ga s orbitals at highest binding energies. For the system
GaAs�001�/GaN(2L)/Ga(1�1) �not shown here� emissions
at �5.1 eV are related to Ga s orbitals, which are localized
in the second layer, while emissions from �6.4 eV are from
Ga s orbitals of the first layer. For the system
GaAs�001�/GaN(3L)/Ga(1�1) the Ga s emissions at high-
est binding energy again represent emissions from the first
layer Ga, while the peaks at �4.8 eV belong to emissions
from the second layer, and the structure between can be ex-
plained by emissions from the third layer. Furthermore we
see for the GaAs�001�/GaN(2L)/Ga(1�1) surface weak
emissions near �3.0 eV and for the GaAs�001�/GaN(3L)/
Ga(1�1) surface weak emissions near �2.4 eV. Both
structures are emissions from the Ga and As px and py or-
bitals indicating the binding between the Ga and As atoms
just below the lowest N layer. As a consequence, the peak is
rather faint. Decreasing intensity with emission depth usually
is accepted as a rule. However, the splitted peak around
�5 eV shows for h��15 eV that even the third layer can
yield important contributions.

IV. CONCLUSION

Photoemission spectra in normal emission for the
GaN�001� surface have been calculated within the one-step
model. The spectra show several dispersive structures, which
can be attributed to direct transitions from the valence into
the final bands though peaks are generally shifted. Particu-
larly for photon energies above 30 eV the spectra exhibit
strong dispersive structures. This is an effect of the disper-
sion and damping of the final bands. Furthermore, we have
identified emissions from surface states and resonances like
the dangling bond. The calculated spectra not only reproduce
properties of the experimental spectra, like dispersion and
intensities, moreover they allowed us to clarify failures of
the band mapping used in the experimental interpretation of
the spectra.

In addition theoretical photoemission spectra for
GaAs�001� have been determined showing also strong dis-
persive structures. In contrast to the GaN spectra, pro-
nounced dispersion is also observed for photon energies be-
low 30 eV excitation energy. We attribute these differences
mainly to the complex band structures. The result agrees
well with an experiment performed on a different surface
reconstruction as far as the bulk emissions are concerned.

Covering the GaAs�001� surface with GaN several non-
dispersive structures are found, which can be related to the
density of states, e.g., to the dangling bond and the Ga s
orbitals of the single overlayers. The number of nondisper-
sive peaks increases with the number of overlayers as it
should. However, even with three overlayers of GaN one can
still identify emissions from the hidden Ga-As bond.

Summarizing the details of the discussion we conclude
that with the help of a full theoretical analysis within the
one-step model a lot of important information can be ex-
tracted from the experimental data. These results go far be-
yond the bare statement of good agreement between an ex-
perimental and a theoretical set of curves.
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FIG. 13. Photoemission spectra in normal emission from
GaAs�001� surface covered by one and three layers of GaN. The
light is chosen being incident in the yz plane with p polarization.
For details see Fig. 6.

FIG. 14. Modulus of the matrix elements of the two uppermost
atomic planes of the GaAs�001�/GaN(1L)/Ga(1�1) surface.
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Valence-band photoemission from the GaN„0001… surface

T. Strasser, C. Solterbeck, F. Starrost, and W. Schattke
Institut für Theoretische Physik und Astrophysik, Christian-Albrechts-Universität, Leibnizstrasse 15, D-24098 Kiel, Germany

�Received 17 May 1999�

A detailed investigation by one-step photoemission calculations of the GaN(0001)-(1�1) surface in com-
parison with recent experiments is presented in order to clarify its structural properties and electronic structure.
The discussion of normal and off-normal spectra, reveals through the identified surface states, clear fingerprints
for the applicability of a surface model proposed by Smith et al. �Phys. Rev. Lett. 79, 3934 �1997��. Especially
the predicted metallic bonds are confirmed. In the context of direct transitions, the calculated spectra allow us
to determine the valence-band width and to argue in favor of one of two theoretical bulk band structures.
Furthermore, a commonly used experimental method to fix the valence-band maximum is critically tested.
�S0163-1829�99�05939-1�

I. INTRODUCTION

The wide-band-gap semiconductor GaN has experienced
exciting applications in blue light emitting diodes and laser
diodes. For a further improvement of the quality of the ma-
terial a better understanding of the structural and electronic
properties is necessary. The energetic positions of critical
points differ by 0.8 eV for the existing band-structure calcu-
lations of wurtzite GaN.1–3 Furthermore, the geometrical
structure of the GaN�0001� surface is still being debated.4–6

The most powerful tool for examining the electronic
structure of semiconductors is the angle-resolved ultraviolet
photoemission spectroscopy �ARUPS�. The spectra give in-
sight into the valence-band structure of the bulk as well as
the surface. Besides the part of direct interest, i.e., the initial
bound state, the photoemission process also involves the ex-
citation to outgoing scattering states with the transition prob-
ability given by matrix elements. Therefore, as already dem-
onstrated for the cubic GaN�001� surface,7 a full account of
the experimental data can only be attained by a comparison
with photocurrents calculated within the one-step model.

As a starting point we use a GaN(0001)-(1�1):Ga sur-
face, as is predicted by total-energy calculations performed
within the local-density formalism.5 The calculated photo-
emission spectra in normal emission are examined with re-
spect to contributions from the bulk band structure as well as
from surface states. For example, we identify a structure near
the lower valence-band edge as resulting from a surface
state. Only by taking this state into account, can the correct
energetic position of the band edge be extracted. Based on
the detailed understanding of the photocurrent the flexibility
of the calculation allows us to adjust the underlying bulk
band structure to the experimental results. This means that
we are able to correct the position of the valence-band maxi-
mum, which is an important value for determining band off-
sets and band bending. Though abandoning parameter-free
modeling thereby, one gains experience how peaks are
shifted and intensities are deformed by the matrix elements.
The true position of the bands can be much better determined
in such an interpretation of experiment than using standard
band-mapping methods.

Off-normal photoemission spectra provide an enhanced

surface sensitivity. Near the upper valence-band edge, ex-
periment has pointed out an spz orbital related surface state.8

Identifying this state, which depends sensitively on the sur-
face geometry, in the theoretical spectra, we can connect the
geometric and electronic structure with the measured photo-
currents.

This paper is organized as follows. First a short overview
about the theory is given, followed by a detailed analysis of
the initial surface band structure and the used final bands.
Then the results for normal-emission spectroscopy from the
GaN(0001)-(1�1):Ga surface are presented, together with
a detailed interpretation in comparison with experiment. It is
shown how the theoretical band-structure calculation can be
related to experiment and how uncertainties in the experi-
mental interpretation can be removed. Finally, we present the
results for off-normal emission, comparing with experimen-
tal data, too.

II. THEORY

In this section we briefly discuss the theoretical tech-
niques used in our calculation of the photocurrent. For de-
tails see Refs. 9 and 10.

We calculate the photocurrent within the one-step model.
The photocurrent I at the photon energy h� is given by

I��
i , j

�	LEED* �E f in ,k ���A0•p�
 i�Gi , j�E f in�h� ,k ��

��
 j�p•A0�	LEED* �E f in ,k ���. �1�

For simplicity the vector potential A0 is kept constant, p
denotes the momentum operator. The final state of photo-
emission, which is a time-reversed low-energy electron dif-
fraction �LEED� state with final-state energy E f in and paral-
lel momentum k � , is denoted by 	LEED* . Gi , j represents the
half-space Green’s function of the valence states, given in a
layer-resolved linear combination of atomic orbitals �LCAO�
basis 
 i . Our basis set consists of the 4s and 4p atomic
orbitals of gallium and the 2s and 2p atomic orbitals of
nitrogen, taking into account the coupling up to fourth-
nearest-neighbor atoms. The Hamilton matrix is calculated
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according to the extended-Hückel-theory �EHT�. Its param-
eters, employed for bulk and half-space calculations, are ad-
justed to published ab initio bulk band structures using a
genetic algorithm.11 We use two different sets for the param-
eters. One set is adjusted to the GW quasiparticle band struc-
ture of Rubio et al.1 The other set is adjusted to a self-
interaction and relaxation corrected pseudopotential band-
structure calculation by Vogel et al.2 The two sets of
parameters belonging to these band structures are presented
in Table I. Figure 1 shows the resulting bulk band structure
according to Vogel et al. �solid lines�. Along �A , the band
structure adjusted to Rubio et al. is also shown �dashed
lines�. The main difference is the energetic position of the
lower valence-band edge at � near �8.0 eV, where the cal-
culations differ by nearly 0.8 eV.

The electronic structure of the surface is determined by
the calculation of the k �- resolved density of states �DOS�
from the half-space Green’s matrix Gi , j , the same as used
for the photocurrent. It takes into account relaxation and re-
construction at the surface. The resolution of the DOS with
respect to atomic layers and orbital composition allows for a
detailed characterization of the bands and their correspond-
ing photocurrents.

The final state of photoemission is a scattering state with
asymptotic boundary conditions, taken at the final-state en-
ergy E f in . For a clean surface its wave function is deter-
mined by matching the solution of the complex bulk band
structure to the vacuum solution, representing the surface by
a step potential.12,13 This treatment is best suited for discuss-
ing the photoemission peaks in terms of direct transitions
with conservation of the surface perpendicular wave vector
k� since the final state is described inside the crystal as a
sum over bulk solution of different k� . These solutions of

the complex bulk bands are calculated with an empirical
pseudopotential. For GaN we use the pseudopotential form
factors of Bloom et al.14 The damping of the wave function
inside the crystal is described by the imaginary part of an
optical potential.

In Eq. �1�, the transition-matrix elements
�	LEED* (E f in ,k �)�A0•p�
 i� between the final state and layer
Bloch sums are numerically integrated in real space. Their
dependence on atomic layers and orbitals permits a detailed
analysis of the spectra.

III. RESULTS AND DISCUSSION

A. Electronic structure

In this section we discuss our results for the electronic
structure of the GaN�0001� surface. We use a surface geom-
etry of Smith et al.5 �shown in Fig. 2�, derived from total-
energy calculations and scanning tunneling microscopy
�STM� examinations. Directly atop the nitrogen atoms sits a
full monolayer of gallium adatoms, forming a (1�1) sur-
face. In Fig. 3 the surface band structure is presented, calcu-
lated with the parameters of set A in Table I. The bands are
determined from the peaks in the k �-resolved DOS of the
four topmost atomic layers.

Within the fundamental gap there are two surface states,
labeled a and b. They can be identified as px- and py-derived
bridge bonds between the Ga adlayer atoms. Smith et al.
found these strongly dispersive metallic bonds to be respon-
sible for the stability of this surface.5 The state c is built up
by the Ga s and pz orbitals, in K and M with strong contri-
butions from the underlying N pz orbitals. Along �M and
mostly along �K the state c is in resonance with the bulk,
mixing with the nitrogen px and py orbitals. Especially in � ,
these orbitals exhibit a strong contribution to the density of
states, as can be seen in Fig. 4.

Along �M the surface resonances e and f are made up by
the nitrogen px orbitals with small contributions from the
underlying Ga s and px orbitals. For band d we find strong

TABLE I. EHT parameter for GaN. The first line �set A� is adjusted to the band structure of Vogel et al.
�Ref. 2�, while the second line �set B� is adjusted to Rubio et al. �Ref. 1�. �0 means nitrogen and 1 gallium,
for the notation see Starrost et al. �Ref. 11��.

Kss Ksp Kpp Is0 Ip0 Ĩ s0 Ĩ p0
Is1 Ip1 Ĩ s1 Ĩ p1

A 1.0 0.90 0.87 49.78 42.00 22.84 12.05 29.53 22.31 16.71 9.61
B 1.0 0.844 0.844 54.66 39.94 20.49 7.76 24.28 21.19 13.82 4.71

FIG. 1. Valence-band structure of hexagonal GaN calculated
with EHT parametrization according to Table I �solid line: set A,
dashed line: set B�.

FIG. 2. The geometry of the GaN(0001)-(1�1):Ga surface ac-
cording to Ref. 5.
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contributions from the nitrogen py orbitals and from the py
orbitals of Ga lying below the nitrogen layer. Along �K we
find similar resonances h ,i ,k , which can be resolved into
contributions from the N py orbitals with a smaller amount
from the N px and the subsurface Ga px and py orbitals. The
band g, seen at �4.0 eV near � is a nearly invisible structure
in the density of states �Fig. 4�, built up by broad contribu-
tions from nitrogen and gallium pz orbitals. In the heteropo-
lar gap we find a strong Ga s surface state �l� �see also Fig. 4�
located at �8.0 eV clearly below the lower bulk band edge.
As can be seen in the DOS, this state contains also contribu-
tions from the N pz orbitals. Along �M and �K this band
shows a strong dispersion towards lower binding energy, be-
coming a surface resonance between M and K . Near the
lower valence-band edge we find a second resonance �m�
formed by the N px orbitals and Ga s orbitals from deeper
atomic layers. In K we also find contributions from the N py
orbitals. Altogether, taking into account the states inside the
fundamental gap and the surface state in the heteropolar gap,
the surface band structure of the GaN(0001)-(1�1):Ga sur-
face shows a similar behavior as the cubic GaN(001)-
(1�1):Ga surface.15,7

The complex final bands are shown in Fig. 5. They are
calculated along the symmetry line 
 , which corresponds to
normal emission. Since we introduced an imaginary optical
potential all bands are damped. The horizontal bars denote
the weight which single complex bands carry in the final
state. With respect to this criterion, only the four most im-
portant bands for the photoemission are shown. They have
strong contributions to the final state �labeled a , b , c , and
d). Below 15 eV final-state energy state d is the most impor-
tant one. In this energy range states a and c reveal large
imaginary parts, being responsible for a strong damping of
these states inside the crystal. Between 15 and 65 eV state a
contributes dominantly. Above 65 eV band b yields the es-
sential contribution to the final state.

B. Normal emission

Figure 6 presents normal-emission spectra for the
GaN(0001)-(1�1):Ga surface, which are calculated for
photon energies from 14 up to 78 eV. The radiation is chosen
to be incident within the xz plane at an angle of 45° to the
surface normal. The radiation is polarized parallel to the
plane of incidence. The spectra are dominated by two struc-
tures, near �1.0 (A) and �8.0 eV (E) . The last one coin-
cides with the strong Ga s surface state near �8.0 eV, which
can be seen in the DOS at � in Fig. 4. The emission from
this peak is localized in the topmost gallium layer, which can
be proven by analyzing the orbital and layer-resolved matrix
elements, as presented in Fig. 7. For final-state energies be-
tween 8 and 21 eV the s orbitals of the gallium adlayer atoms
show large matrix elements. This agrees with the strong
emissions at �8 eV for photon energies between 16 and 29
eV. For higher final-state energies the Ga s matrix elements

FIG. 3. Surface band structure of the GaN(0001)-(1�1):Ga
surface and the projected GaN bulk band structure �shaded�. For the
calculation parameter set A according to Vogel et al. �Ref. 2� was
used.

FIG. 4. Density of states at �̄ for GaN(0001)-(1�1):Ga. On
the left-hand side the layer-resolved DOS is shown, while on the
right-hand side the DOS of the first layer is further resolved into its
atomic and orbital contributions. Calculated with the parameters
from set A �see Table I�.

FIG. 5. Complex band structure of GaN for the symmetry line

 . Bars indicate the magnitude of the expansion coefficients of the
final state with respect to the complex bulk bands. They identify the
bands which contribute to photoemission and stress their signifi-
cance. Note that the intersection of these bands with those of Fig. 1
shifted by the photon energy reveal the direct transitions to be ex-
pected; see text.
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as well as the peak heights are much smaller. At 25 eV and
above 40 eV final-state energy the matrix elements of the
first nitrogen pz orbitals become appreciable. So the emis-
sions near 33, 49, and 78 eV photon energy are enhanced by
emissions from nitrogen pz orbitals, although they show
much weaker DOS at � near �8.0 eV than the gallium s
orbitals.

The leading peak near �1.0 eV valence energy �A� is
connected to the high and broad density of states �Fig. 4�,
resulting from the nitrogen px and py orbitals. While emis-
sions from the py orbitals are forbidden by selection rules,
the nitrogen px matrix elements exhibit minima near 25, 50,
and 73 eV final-state energy. This is consistent with the de-
creasing intensity of the leading peak near 27, 51, and 74 eV

photon energy whereby the behavior at 27 eV is especially
convincing. For 51 eV the smaller intensity of the leading
peak is one reason for the more pronounced intensity of
those at higher binding energies, because in Fig. 6 each spec-
trum is normalized separately to an equal amount in the
highest peak. Furthermore, for analyzing structure A we have
to take into account direct transitions assuming exact conser-
vation of the perpendicular wave vector. For a given excita-
tion energy we determine the binding energies at which tran-
sitions from the initial bulk band structure into the complex
final band structure are possible. These binding energies are
plotted in the photoemission spectra with bars whose length
indicates the contributions of the complex band to the final
state. For structure A we have to consider the initial bands 1,
2, and 3 �see Fig. 1�. Hints for the contribution of direct
transitions to structure A are the dispersion for photon ener-
gies between 14 and 20 eV at the lower binding-energy side
�from initial state 2 into final band d) and between 20 and 47
eV photon energy where the leading peak disperses from
�0.1 eV to �1.1 eV �initial bands 1 and 2 into final band
a). For photon energies of 17 eV �final band d), 39 eV �final
band a), and 74 eV �final band b), shoulders from direct
transitions from the valence-band maximum �VBM� can be
seen.

Besides the two prominent structures there exist weaker
intensities with strong dispersion. C and D can be identified
as emissions from the initial bands 3 and 4 into the final
bands d and c, respectively. Between 28 and 63 eV photon
energy we find the dispersive structure B. It can be explained
by direct transitions from the valence band 4 into the final
band a. At 47 eV photon energy the structure reaches the

FIG. 6. Theoretical normal emission spectra for GaN(0001)-(1�1):Ga. We have normalized each spectrum separately to an equal
amount in the maximum of the photocurrent. The bars indicate binding energies at which direct transitions would be positioned. Their
dispersion is drawn by dotted lines as a guide the eye. The energy zero is the VBM; the light is chosen incident along the xz plane with p
polarization. The spectra are calculated from set A in Table I except for the dashed spectra, which are calculated from set B. On the
right-hand side experimental photoemission spectra of Dhesi et al. �Ref. 8� in normal emission are shown.

FIG. 7. Moduli of the matrix elements of the two uppermost
atomic layers of the GaN(0001)-(1�1):Ga surface resolved into
orbitals. The matrix elements are calculated for p-polarized light
incident in the xz plane.
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highest binding energy with �7.2 eV. Near the lower
valence-band edge above E and interfering with B there are
further weak structures in the photon range from 39 to 59 eV
that result from nitrogen pz orbitals. Near �5.5 eV emis-
sions from the nitrogen pz orbitals from the second nitrogen
layer arise for photon energies between 49 and 59 eV. Emis-
sions from the third nitrogen layer pz , located at �6.7 and
�3.2 eV are visible in the photon range �51,55� eV and
�39,49� eV, respectively.

Compared with the GaN�001� surface,7 direct transitions
are less significant for wurtzite GaN in the range up to 78 eV
photon energy. Further calculation shows that above 98 eV
photon energy a strong dispersive structure belonging to the
initial-state band 4 and the final state b appears, reaching its
highest binding energy near 118 eV photon energy.

C. Normal emission: comparison with experiment

In this section we compare our calculated spectra with
experimental results in normal emission performed by Dhesi
et al.8 for photon energies between 31 and 78 eV. The mea-
surements were done at a wurtzite GaN film, grown by elec-
tron cyclotron resonance assisted molecular-beam epitaxy on
sapphire substrates with subsequent annealing. The spectra
were detected with synchrotron radiation, incident at 45° to
the surface normal.

Figure 6 shows on the right-hand side the experimental
results. Energy zero is the VBM, which was determined from
the spectra by extrapolating the leading edge. In comparing
the spectra we will show that this technique places the ex-
perimental VBM 1.0 eV above the VBM as taken from the
band structure.

On the left-hand side of Fig. 6 our theoretical results, as
discussed in the Sec. III B, are plotted �solid lines�. The
experimental data show a dominant structure near �2.0 eV
which can be associated with the theoretical peak at
�1.0 eV. Like the theoretical results, this structure exhibits
some dispersion to lower binding energies between 63 and
66 eV photon energy �theory between 59 and 63 eV�. These
emissions can be explained by transitions from the N px
orbitals and by direct transitions from the bulk bands 1 and
2. Furthermore, the experimental results reveal a dispersing
structure between �4.2 and �8.2 eV, which is also visible
in the theoretical results �between �3.2 and �7.2 eV). In
both series, the emissions from that structure become weak
for photon energies around 39 eV. Near 55 eV photon energy
both experiment and theory show enhanced emissions, dis-
persing back to lower binding energies. Around 66 eV pho-
ton energy the emissions near �4.0 eV are much weaker in
theory than in experiment. The theoretical spectra show a
significant doubling of the leading peak at h��78 eV, with
emissions near �0.8 eV and �1.8 eV. A similar effect is
not seen in the experimental results of Dhesi et al. However,
recent measurements by Ding et al. display the double
maximum.16 The latter experiment was performed on a
GaN(0001)-(1�1) surface, also grown on sapphire but by
means of metal-organic chemical-vapor deposition
�MOCVD�. For photon energies of 75 and 80 eV the experi-
mental spectra by Ding et al. show peaks near the upper

valence-band edge and near �2.0 eV, which can be con-
nected to the peaks in the theoretical spectra for 74 and 78
eV photon energy.

All over all, we can identify two significant structures
from the experimental data by Dhesi et al. in our calculated
spectra. Comparing their energetical position we recognize
that the theoretical structures are at 1.0 eV lower binding
energy. We explain this difference by an inaccuracy of the
experimentally determined VBM of 1.0 eV. It should be
pointed out that this error also explains the energetical shift
of 1.0 eV which is necessary to match the experimental band
structure of Dhesi et al. with the theoretical band structure in
Ref. 8.

Apart from the two discussed series, Fig. 6 includes some
dashed lined theoretical spectra. These spectra are calculated
with the EHT parameters of set B, see Table I . The param-
eters are related to the band structure of Rubio et al. with a
valence-band width of 8.0 eV. The spectra are similar to the
calculated results already discussed. The leading peak is al-
most unchanged, while the emissions near the lower valence-
band edge are shifted by 0.8 eV. This statement is true for
the whole theoretical series calculated with the parameters of
set B. Comparing with experiment, we can point out two
results. The leading peak between �1.0 and �0.3 eV in
both theoretical series can be identified with the experimen-
tal structure between �2.0 and �1.2 eV. This underlines
that the experimental VBM has to be shifted by nearly 1.0
eV to higher binding energies as already stated. Similarly the
emissions near �8.2 eV in the experimental spectra can be
assumed to lie at �7.2 eV, which would be consistent with
the theoretical spectra calculated by the band structure of
Vogel et al.2 �parameters of set A�. This means that we are
able to determine the valence-band width to 7.2 eV, by com-
paring the experimental spectra with calculated photocur-
rents based on different band structures.

Furthermore, in the experimental paper of Dhesi et al. it is
pointed out that at lower photon energies a nondispersive
feature with a binding energy of approximately �8.0 eV is
visible.8 In Ref. 8 the peak is explained with final-state or
density-of-state effects, rather than with a surface state. Our
examination, however, for photon energies lower than 30 eV
clearly reveals significant emissions from a gallium s surface
state at that energy, and not from the band edge �see Sec. III
B�. The theoretical band edge is found at 0.8 eV lower bind-
ing energy, and additionally, the variation of the intensity
with photon energy is associated with the matrix elements
and uniquely attributes this emission to a surface state. In
both the theoretical and experimental spectra weak emissions
for photon energies between 31 and 39 eV around the lower
valence-band edge are observed which can be additionally
attributed to the surface band emission �see Fig. 6�. Near
�8.0 eV the experiment shows enhanced emissions for pho-
ton energies between 47 and 55 eV, which are also seen in
the theory around �7.2 eV. The experimental peaks at the
highest binding energy are broad enough for also including
the emissions from the surface state near �8.0 eV in theory
�gallium s and nitrogen pz related�. The association of a non-
dispersive structure with a theoretically estimated band edge
merely because of its energetical vicinity can easily lead to
erroneous band mapping,7 especially as surface states often
develop near band edges.
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Summarizing the above discussion, we have demonstrated
that there is a clear agreement between the theoretical and
experimental results for a wide energy range. This agreement
allows us to show that the determination of the VBM by
extrapolating the leading edge could involve significant er-
rors. The determination of the VBM is an important step in
the investigation of band bending and valence-band discon-
tinuity in heterojunctions.17,18 Especially, Wu et al.18 inves-
tigated the band bending and the work function of wurtzite
GaN(0001)-(1�1) surfaces by ultraviolet photoemission.
By extrapolating the leading peak, the VBM was determined
at 2.4 eV above the strong structures, which are located in
our theory around �1.0 eV. The difference in the positions
of the VBM is 1.4 eV being much more than the accuracy of
0.05 eV which is assumed for this technique.17 The error in
the experimental VBM determination by extrapolation ap-
pears to be critical. Beside the VBM the detailed comparison
of calculated and measured photocurrents allows us to deter-
mine the bulk band width to 7.2 eV. Furthermore, we iden-
tify emissions from a surface state, which is related to the
gallium adlayer. These emissions are a first hint for the reli-
ability of the used surface geometry and will be further ana-
lyzed with the more surface-sensitive off-normal photoemis-
sion in Sec. III D.

D. Off-normal emission: theory

Priority of Secs. III B and III C was given to analyze the
electronic bulk features from of normal emission spectros-
copy. In this section we present theoretical results for off-
normal emission along the �M and the �K direction. In
addition to the electronic structure we are now interested in
the geometric structure of the surface. In this context it
seems necessary to examine the real space origin of the pho-
tocurrent, which is done for two examples before we con-
sider the whole series.

Figure 8 shows two-layer resolved spectra in the �M di-
rection. They are calculated for emission angles of 0° �nor-
mal emission� and 18°. Four atomic planes have been used
in the sum of Eq. �1�, starting with the topmost layer. The
spectra for 18° are shown together with the bulk valence
bands, and the complex final bands. The bulk bands are cal-
culated for different k � , referring to the plotted angles and
binding energies, such that they can directly be compared
with the photocurrents. The complex final bands are shifted
by the excitation energy onto the valence-band structure. For
the photoemission spectra the light impinges in the yz plane
with a polar angle of 45°.

For normal emission six peaks can be seen in the photo-
current �Fig. 8�. The double peak C can be explained by

FIG. 8. Results for the �M direction. On the left-hand side the theoretical photocurrents according to parameter set A together with the
complex final bands �gray� and the initial bulk bands �thick dots� in the top panel for ��18°. The final bands are shifted by the excitation
energy and the positions of direct transitions are indicated �vertical dashed lines�. For normal emission and for ��18° the layer-resolved
photocurrent is presented by thin solid lines. The layer-resolved photocurrent is calculated for the first four atomic planes �see text�. The
right-hand side gives experimental data from Dhesi et al. �Ref. 8�. The arrow indicates a weak shoulder to be compared with Table I �see
text�.
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direct transitions from the two topmost valence bands.
Where as the peak at the lower binding-energy side becomes
only visible above the third layer �12th atomic planes�, i.e.,
not contained in the layer-resolved photocurrent, the peak at
the higher binding-energy side shows contributions from the
surface layer. These contributions are related to emissions
from the nitrogen pz and py orbitals which yield the largest
matrix elements. Peak H is only a weak structure. It is ex-
plained by direct transitions into final bands which contribute
less to the outgoing state. G and G� are direct transitions
from the lower valence bands into the two major final bands.
Especially for G, emissions from the nitrogen pz orbitals
from the third and fourth nitrogen layer also have to be taken
into account. Peak I is clearly related to the emissions from
the gallium s and nitrogen pz surface states located in the
first atomic layers, as already explained in Sec. III B.

Changing the emission angle to 18° two emissions (A and
B) appear, which are due to the surface states a and c, re-
spectively �see Fig. 3�. Both structures have their origin in
the first atomic layers. The structures C and D are explained
by direct transitions. In contrast to the structure C, which is
only visible above the third layer �not shown�, structure �D�
shows an enhanced contribution from the surface layer �ni-
trogen py and pz) as depicted in the layer-resolved photocur-
rent. These contributions are larger than those for the double
peak �C� in normal emission at �1.0 eV. The remaining
peaks can be explained by direct transitions with weak con-
tributions from the nitrogen pz and px orbitals of the surface
layers.

Summarizing, we found an enhanced surface sensitivity
for higher angles. This regards the states within the gap, as
well as resonant structures �e.g., D in Fig. 8�. The enhanced
surface sensitivity at off-normal angles is well known and
has been recently investigated by one-step model
calculations.19

In Fig. 8 a series along the �M direction is also presented.
The structure A can be related to the surface state a in the
surface band structure �see Fig. 3� and is built up by emis-

sions from the topmost nitrogen pz and gallium pz and px
orbitals. The emissions from structure B are related to the
same orbitals and belong to the surface state c. The structure
C can be found at all angles. Apart from direct transitions
also emissions from the nitrogen pz and py orbitals contrib-
ute. Especially, the structure D displays besides direct tran-
sitions the DOS of the first eight atomic layers. The emis-
sions E and F can be explained by the surface resonances e
and f �see Fig. 3� which frame a gap in the projected bulk
band structure. The emissions are related to nitrogen px or-
bitals of the first three layers with varying contributions from
direct transitions. The dispersion of structure G follows the
lower valence-band edge, and in addition to direct transi-
tions, emissions from nitrogen px and pz orbitals are respon-
sible for this structure. Structure I belongs to the surface state
l, see Fig. 3. The structure G� is connected to direct transi-
tions.

In Fig. 9 the theoretical photocurrents along the �K di-
rection are shown. The spectra are calculated for angles be-
tween 0° and 30°, with photon energies between 50 and 66
eV. The light is p polarized and incident along the xz plane
with an angle of 45° with respect to the surface normal.
Because of the high emission angles the KM direction is also
reached.

The theoretical spectra show a weak emission A for
angles around 18°. This emission represents the surface band
a between � and K , which can be seen in Fig. 3. Structure B
results from the surface band c, which leaves at 14° the
projected bulk band structure. The structures C and C� can
be explained by direct transitions from the topmost valence
bulk band. Additionally emission from the huge density of
states from the N px orbitals have to be taken into account
�see the discussion of Fig. 8�. The emission D results from
nitrogen pz orbitals below the first layer. For angles below
14° the structure E stems from the surface resonance k �see
Fig. 3�. It consists of nitrogen py orbitals and shows large
dispersion to higher binding energies. Above 14° E inter-

FIG. 9. Results for the �K direction. The left-
hand side gives the theoretical photocurrents ac-
cording to parameter set A, and the right-hand
side gives experimental data from Dhesi et al.
�Ref. 8�.
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feres with emissions from the surface resonance l. The struc-
ture F belongs to the surface resonance l consisting of nitro-
gen pz and gallium s orbitals, with the main contributions
from the nitrogen surface atoms. The remaining structures
(H ,G ,G�, and I) are explained as their counterparts for the
�M direction.

In both theoretical spectra we are able to identify emis-
sions that are related to the orbital composition of the top-
most surface layers. Moreover, emissions from resonances
also show contributions from the surface, as has been
pointed out by the layer-resolved photocurrent. If we are able
to identify these emissions in experimental data, clear finger-
prints for the assumed gallium adlayer structure would be
indicated.

E. Off-normal emission: comparison with experiment

In this section we compare our results in off-normal emis-
sion with experimental data of Dhesi et al.8 For comparing
the spectra, it is also important here to take into account the
shift of 1.0 eV, which is necessary to adjust the VBM �see
Sec. III C�.

In Fig. 8 the spectra for �M are shown. At low binding
energies the experiment shows strong emissions, which are
identified with the structure C in the theoretical spectra. Near
�8.0 eV the experiment shows a structure, which disperses
to lower binding energy for higher angles with decreasing
intensity. This behavior is also seen in the theoretical struc-
ture G. The energetic difference between the two experimen-
tal structures coincides in � with the theoretical valence-
band width of 7.2 eV and underlines the results from Sec. III
C.

For angles above 14° the experimental data display a
shoulder between �1.0 and �2.0 eV. This emission can be
associated with structure B in theory. For 16° and 18° the
shoulder becomes very broad, which may be attributed to the
theoretical emissions B and A. The theoretical orbital com-
position of these states is consistent with the results of Dhesi
et al., who examined the dependence of this shoulder on po-
larization and contamination. The theoretical spectra show a
further emission from a surface state I. This emission might
be identified with the high binding-energy shoulder in the
experimental data near �9.0 eV. Around �4.0 eV, the ex-
periment shows two dispersing structures. These structures
can be connected with the theoretical emissions E and F
which appear to be weaker, however. Also the structure G�
is seen in experiment as a weak shoulder at low emission
angles. Between �4.0 and �5.0 eV the experiment shows a
structure (��0° –8°) not being marked which is related to
the theoretical structure H. Thus three surface states and sev-
eral surface resonances can be identified in experiment. Tak-
ing into account the influence of the topmost atomic layers to
the photocurrent �see Sec. III D� the coincidence of the the-
oretical and experimental spectra confirm the used surface
geometry. Moreover, considering the energetic shift of 1.0
eV, the energetic positions of the structures confirm the used
surface band structure.

Further information can be reached with the results along
the �K direction �Fig. 9�. For angles above 14° experimental
data show a structure near �1 eV. This structure can be
associated with the emission B in the theoretical curves

which results from the nitrogen and gallium surface state.
Compared to experiment, theory heavily overestimates the
intensity. Also, the theoretical band takes off from the pro-
jected band-structure background with rather strong disper-
sion already at 18° �see also c in Fig. 3� delayed by 4° with
respect to experiment, where this band clearly appears al-
ready at 14° with very low dispersion. This difference is a
hint that the theoretical surface band c becomes free of the
projected bulk band structure with smaller dispersion along
�K and significantly closer to the � point than obtained in
our surface band-structure calculation. In the same energy
range but for lower angles, a shoulder is marked in the spec-
tra which is comparable with the structure C� in theory.

Near �2.0 eV experiment marks a structure, dispersing a
little to higher binding energy for larger angles. This struc-
ture can be identified with the theoretical emission C, visible
for angles between 0° and 12°. The experimental structure
disperses from �2.0 to �3.0 eV, while the theoretical struc-
ture disperses from �0.9 to �2.4 eV at 12°. Above 14° the
experiment shows no peaks for this structure, but only shoul-
ders. The theoretical curves show the structures D and E,
which explains for higher angles these shoulders and the ad-
jacent experimental peaks on the higher binding-energy side.

Below 14° structure E reproduces the dispersive experi-
mental structure between �2.6 and �5.6 eV. Different from
experimental data, the emission E is less pronounced and
displays less dispersion �about 300 meV�. At still lower
angles a weak emission H is seen, which is visible as a weak
structure in the experimental data. Near the lower valence-
band edge, theory shows three structures (G , G�, and I)
which can be compared with the experimental structure
around �8 eV. It displays similar behavior as the theoretical
data with respect to dispersion and magnitude, though the
experimental emissions are weaker.

Summarizing, we are able to explain all observed experi-
mental structures. The observed energetical positions under-
line our result in normal emission, namely that the band-
width is 7.2 eV and that the experimental valence-band
maximum has to be shifted for 1.0 eV to higher binding
energies. In addition to direct transitions all emissions in
off-normal emission are influenced by surface states and
resonances, as has been verified by the layer-resolved photo-
current. This demonstrates the surface sensitivity of the ex-
periment, misleading the mapping of valence bulk bands
solely from off-normal measurements.8 Also, we are able to
identify three surface emissions, which show the same ener-
getical and intensity behavior in theory and experiment.
They can be related to emissions from the topmost nitrogen
pz and gallium s and px orbitals. The theoretical dispersion is
only slightly at variance with experiment. The emissions
from the topmost atomic layers sensitively depend on surface
structure and reconstruction. Thus the comparison between
experimental and theoretical results confirms the reliability
of the assumed theoretical surface model.

IV. CONCLUSION

Photoemission spectra in normal and off-normal emission
for the GaN(0001)-(1�1):Ga surface have been calculated
within the one-step model. Normal emission spectra show
emissions from a surface state near the lower valence-band
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edge. It is identified by its energetic position different from
the band edge and its varying intensity by inspection of the
matrix elements. Furthermore, we demonstrate that a wide-
spread experimental method to determine the VBM by ex-
trapolating the leading edge of the valence-band spectra may
fail by as much as 1.0 eV. Taking this into account all the
experimental structures can be identified in close agreement
with theory. Especially, the valence-band width �7.2 eV�
agrees with a local density approximation bulk band-
structure calculation of Vogel et al. whereas a GW calcula-
tion of Rubio et al. differs by 0.8 eV.

In off-normal emission, surface states near the upper
valence-band edge can be identified and analyzed with re-
spect to surface band structures. Several surface resonances
are examined and verified by experimental data. Agreement
of surface-specific properties in the theoretical and experi-
mental photocurrents is seen as a proof of the used surface
geometry. The surface is nitrogen terminated with a gallium
adlayer.

The experimental emissions are traced back by theory to
their origin in band structure, electronic states, orbital com-
position, and location in direct space. Thus the one-step
model calculation is a powerful tool to yield essential insight
into the bulk and surface electronic structure. In addition, it
gives credit to the underlying surface geometry. This work
stresses the necessity of such a calculation for a reliable in-
terpretation of experimental ultraviolet photoemission data in
comparison with calculated band structures.
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The energy distributions of photoelectrons emitted from the c(4�4) reconstructed GaAs�100� surface are
carefully analyzed within the one-step model of photoemission, thus demonstrating that such calculations work
for large unit cells. It is used for detailed interpretation of published and new angular resolved He I experi-
mental data. Surface-related features are found and their localization and symmetry are determined. Backfold-
ing of the electron energy bands and its splitting at the reduced Brillouin zone’s boundaries lead to smaller
energy dispersion of electron surface states and resonances. The experimentally observed longer period of a
surface resonance than that corresponding to the translation symmetry of the reconstructed surface is confirmed
and explained. The existence of two surface states near the upper valence-band edge is verified. One major
difference between the theory and the experiment is found that cannot be explained by means of the one-step
model for a perfectly reconstructed surface.
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I. INTRODUCTION

As a function of growth conditions, several reconstruc-
tions of the polar surface GaAs�100� have been detected dur-
ing molecular-beam-epitaxy �MBE� growth. The c(4�4) re-
construction, which is obtained after cooling the sample to
room temperature, represents a stable structure, the geometry
of which has been studied recently.1,2 Besides scanning tun-
neling microscopy, also a comparison between theoretical
and experimental reflectance anisotropy data allows us to
identify correlations between structural properties and opti-
cal features.3 Ab initio calculations reveal in detail binding
and diffusion properties of adatoms and of arsenic dimer
dynamics during growth.4,5 Less attention has been devoted
to the electronic structure of GaAs�100�-c(4�4),6–8 and the
interpretation of experimental angular-resolved photoemis-
sion spectra was based on the direct-transition model of
photoemission.9

The analysis of GaAs�100�-c(4�4) from normal-
emission data7 concluded that all major sharp peaks observed
result from direct transitions from valence bands of the bulk.
Investigations, using also off-normal spectra,8,9 revealed two
surface bands below the top of the valence bands. The k �
dispersion, extracted from the topmost peak, does not corre-
spond to the translational symmetry of the reconstructed sur-
face, however. In particular, along �̄ J̄ , the topmost surface
state shows only the simple (1�1) periodicity, whereas the

periodicity is doubled along �̄ J �̄.9 The surface-related fea-
tures will be investigated in detail and clarified here.

Geometrical rearrangements of atoms in the topmost lay-
ers are reflected in the changes of the diffraction patterns of
reflection high-energy electron diffraction �RHEED� and of
low-energy electron diffraction �LEED�. Reconstructed sur-
faces can be expected to have their characteristic surface
electronic structure. Indeed, such changes have been reported
in surface-sensitive electron spectroscopies, such as photo-

electron spectroscopy,6,7 where in energy distribution curves
�EDCs� for 2�4, c(4�4), and 4�6 reconstructions sub-
stantial differences in the upper part of the valence band have
been observed. Also, our calculations performed for the ideal
surface and the c(4�4) reconstruction predict the induced
changes to be non-negligible.10 The possible temptation to
ascribe the changed parts in the experimental EDCs from
different surfaces to surface states can be misleading. The
fact that only the topmost atomic layers are changed does not
imply that bulk features in the spectra are preserved: the
emitted electron, though originating from the bulk of the
crystal, undergoes specific scattering in topmost atomic lay-
ers also. The possibility of the theoretical description provid-
ing contributions from individual atomic layers gives a rather
unique means to determine the bulk or surface origin of the
EDC feature under consideration. This, together with even
finer tracing of the origin within the layer �atom, orbital�,
will be used for the interpretation of the GaAs�100�-c(4
�4) spectra here.

Photoelectron spectroscopy is known to be a surface-
sensitive technique, and the three-step model assumptions
about the decomposition of the whole process into indepen-
dent parts are not exact and lead to remarkable inaccuracies.
For excited electrons localized at the surface, all three parts
take place in the same region and the electron interference
effects have to be respected. This leads to the one-step model
of photoemission. The deviations from the conservation of
the momentum perpendicular to the surface can be expected
to be relatively small for the processes with bulk electrons;
they are absent for true surface states �with zero dispersion in
the direction perpendicular to the surface� but could be pro-
found for surface resonances with mixed character of bulk
and surface states. Especially in more accurate investiga-
tions, the EDCs calculated in the one-step model have to be
compared with experimental data similarly to the analysis of
LEED intensity profiles for the full surface crystallography
determination.
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This paper is organized as follows. After a short introduc-
tion in experimental and theoretical basics, the electronic
structure of the GaAs�100�-c(4�4) surface is discussed. Af-
terwards, the measured and calculated photoemission spectra
in off-normal emission, associated with the �̄ J̄ direction, are
presented. The origin of different experimental peaks is ex-
plained and differences and commonness are discussed.

II. EXPERIMENT

The GaAs layer growth was performed in the Kryovak/
DCA Instruments MBE apparatus using an As tetramer un-
der RHEED control. A special sample holder, consisting of
two parts locked together, was used for the growth. Its one
part fits the MBE facility transport system while the other is
adjusted to the photoelectron spectrometer. Substrate tem-
perature was kept at 580 °C during the growth, with a beam
equivalent pressure relation of As to Ga around 10. (2�4)
surface reconstruction was maintained during growth and
RHEED specular beam oscillations were monitored: good
quality of the layer-by-layer growth as well as that of the
final surface has been observed. After deposition of about
100 nm of GaAs, temperatures of both the substrate and the
As cell were gradually lowered to show the c(4�4) recon-
struction, which remained preserved until room temperature
was reached.

The grown GaAs samples were immediately transported
under vacuum into the photoelectron spectrometer ADES
400 �VG Scientific�. For this purpose, a portable ultrahigh-
vacuum transport chamber has been constructed.11 During
the transfer, when the chamber was evacuated by the ion
pump, the transport chamber pressure was 10�9 mbar. Spe-
cial care was devoted to cleaning the dead space between the
transport and spectrometer chambers after joining them to-
gether. A diffusion pump of the differential pumping system
of the photoelectron spectrometer combined with heating to
150 °C was used. After reaching 10�9 mbar, the sample was
transferred to the spectrometer manipulator. The total time
needed for the sample transfer from MBE to ADES was
about 2 h.

The surface reconstruction and sample orientation after
the transfer have been checked by LEED. Surface purity con-
trol performed by x-ray photoemission spectroscopy showed
no impurities. For electron excitation, He I radiation from the
discharge lamp �VG Scientific� has been used. The energy
analyzer, set to the constant energy mode of 5 eV, worked
with an energy resolution of 150 meV and an angular reso-
lution �1.3°.

III. SYMMETRY AND CALCULATION

In As-rich surfaces of GaAs�100�, the arsenic atoms have
a tendency to form dimers. It is generally accepted that dimer
vacancies are responsible for various enlarged periodicities
of ordered reconstructed surfaces. For the c(4�4) structure,
a model with blocks of three adsorbate As dimers has been
proposed on the basis of scanning tunneling microscopy
investigations.12 Quantitatively, full surface geometry has
been obtained recently by the energy-minimization

procedure.13 We are adopting these data in the one-step pho-
toemission calculation: the reconstruction is fully included in
the initial states, whereas the final states are taken for the
ideal 1�1 surface. The square Brillouin zones correspond-
ing to the ideal (1�1) and reconstructed c(4�4) surfaces
are shown in Fig. 1, where also some higher symmetry
points are given for the ideal surface. The angular-resolved
EDC spectra have been measured and calculated in the �110�
direction along the axis of surface dimers �the polar angle �
is measured from the surface normal�. Measurement fixes the
surface parallel direction via the RHEED pattern of the in-
termediate (2�4) reconstruction. The Brillouin-zone corner
of the c(4�4) structure in this direction is situated in the
middle between �̄ and J̄ . The J̄ from the edge of the ideal
structure Brillouin zone thus becomes �̄ after reconstruction.
Backfolding of the electron band structure into the smaller
Brillouin zone reduces the E(k) period in the k space to
one-half.

This shorter k periodicity of E(k) for the reconstructed
surface should also be reflected in k �-resolved surface densi-
ties of states �SDOS� with correspondingly shorter repetition
in � according to the relation between the polar angle and the
surface component of the electron wave vector:

k ��
�2mEkin

�
sin � ,

where Ekin is the kinetic energy of the emitted photoelectron.
Electrons from the center of the surface Brillouin zone �̄

are responsible for normal photoemission. For GaAs�100�
and an excitation energy of 21.2 eV �with 5.25 eV for the
work function, as in Ref. 14�, the polar angle ��22° is
connected with electrons from the vicinity of the ideal
Brillouin-zone boundary J̄ . Thus, at polar angles around 22°
off-normal, the SDOS peak positions for the reconstructed
surface have to be nearly the same as in normal emission.
This contrasts with the ideal surface, where no repetition is
achieved in this range of polar angles.

The increased translational period along the surface of
reconstructed surfaces, accompanied by the reduction of the
Brillouin-zone dimensions �and the corresponding backfold-

FIG. 1. Model of the c(4�4) reconstructed GaAs�100� surface
with reconstructed unit cell dashed �left� and surface Brillouin
zones for the ideal �outer square� and the reconstructed �inner
square� surface �right�.
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ing of branches of the electron energy dispersion E(k), Fig.
2�, have to result in an increased number of E(k) branches
reflected in angular-resolved photoemission by denser-
spaced EDC peaks with decreased dispersion.

The photocurrent is calculated within the one-step model.
For details, see Refs. 14 and 15. In this ‘‘golden rule’’ type
formulation of the photoemission process, the photocurrent I
at the photon energy h� is given by

I��
i , j

�	LEED* �Efin ,k ���A0•p�
 i�Gi , j�Efin�h� ,k ��

��
 j�p•A0�	LEED* �E f in ,k ���.

The vector potential of the incident light A0 is kept constant,
p denotes the momentum operator, and k � is the parallel
momentum. The initial states are represented by a half-space
Green’s function. This Green’s function Gi , j is given in a
layer-resolved linear combination of atomic orbitals 
 i . Our
basis set consists of the 4s and 4p atomic orbitals of gallium
and arsenic. The associated Hamilton matrix is calculated
according to the extended Hückel theory. In this theory, a
small number of parameters is used to determine the Hamil-
ton matrix from the matrix of orbital overlaps. The param-
eters for GaAs are specified by fitting the bulk band structure
and are listed in Ref. 16. These parameters can be used for
any change of the atomic distances at the surface, because
the distance dependence is given by the respective overlap.
The electronic structure of the surface is determined by the
calculation of the k �-resolved density of states �DOS� from
the half-space Green’s matrix Gi , j , the same as used for the
photocurrent. The Green’s matrix takes into account relax-
ation and reconstruction at the surface. The hole-lifetime
broadening in the Green’s function is fixed to 200 meV.

The final state of photoemission is a time-reversed LEED
state 	LEED* with final-state energy Efin . Its wave function is

determined by matching the solution of the complex band
structure to the vacuum solution, representing the surface by
a step potential. The position of the step is determined by
comparing calculated photoemission spectra for different
step positions with experimental ones. One step position is
used for all spectra. The solution within the bulk is calcu-
lated by the empirical pseudopotential method, developed by
Cohen and Bergstresser.17 In some special case, the final
states were calculated with full inclusion of the surface re-
construction, employing ab initio pseudopotentials.18,19 The
damping of the wave function inside the crystal is described
by the imaginary part of an optical potential. The parametri-
zation of the optical potential is given in Ref. 14. Its magni-
tude monotonically increases from 0.42 eV for 11 eV to 1.71
eV for 24 eV final-state energy.

Here, final states of the unreconstructed surface are used.
Incorporation of the reconstruction would be rather demand-
ing with regard to computational time for the whole series of
spectra needed here. Therefore, only a single test �see Fig. 5�
has been performed to justify our simplified approach. Also,
our previous experience with other reconstructed and relaxed
surfaces �Refs. 10 and 20� supports the approximate treat-
ment of final states used here.

IV. RESULTS AND DISCUSSION

The surface electronic structure can be gained from
k �-resolved SDOS and it is shown for two higher-symmetry
lines in Fig. 2. Numerous branches of surface states and reso-
nances with little dispersion are found. Close to the valence-
band top, a surface-state band (A), almost dispersionless, is
seen at �0.6 eV. From symmetry-resolved decomposition
for the four topmost atomic layers �see Fig. 3�, the pz char-
acter of the As dimer can be seen and thus this surface-state
band represents dangling bonds on dimers directed into the
vacuum. The deeper-lying band (B), situated at �1.6 eV, is
formed by px , py orbitals of the arsenic dimers �bridge
bonds� and by pz orbitals from the underlying plane of As
atoms �Fig. 3�. A weaker resonance �C� at around �2.5 eV
has mostly pz character of As situated just below the dimers.
A few more rather flat surface bands are located between
�6.5 and �9 eV. The states �D� and �E� are related to the s
orbitals from the arsenic dimers. The former one �D� is lo-
cated near the upper edge of the heteropolar gap. Surface and
bulk densities of states corresponding to the band structure of
Fig. 2 are shown in Fig. 4. They are calculated with respect
to k � and can be directly compared with the photoemission
spectra, presented below. It shows that the state �A� has only
weak resonance in the bulk, while the surface resonance �B�
is located in a region where considerable contributions from
the bulk are expected.

The EDCs shown in Fig. 5 are taken along the �110�
azimuth for the He I excitation (h��21.2 eV�: polar angles
� are measured from the surface normal with negative values
counted towards the direction of photon beam (��56°). The
calculated EDCs �thick lines� are compared with experimen-
tal counterparts �thin lines�.

A rather pronounced experimental peak is situated around
�6 eV over the whole range of polar angles. This peak was

FIG. 2. Surface band structure of GaAs�100�-c(4�4) �gray
shaded, high density is dark� and the projected bulk band structure
�boundaries marked by solid lines� for two perpendicular segments
from �̄ to the Brillouin zone corner �0 eV corresponds to the
VBM�; letters denote the surface-state position at �̄ according to
Fig. 3.
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also detected for the whole range of excitation energies in
photoemission investigations performed with synchrotron
radiation,7,9 but its intensity was much smaller than in this
experiment. In normal photoemission, it is generally associ-
ated with the bulk critical point X3 of the one-dimensional
density of states.7 The increased density of states below
�6 eV is clearly manifested also here in the bulk DOS �Fig.
4�, but the corresponding feature in the calculated EDC is
missing. In theoretical spectra, there is a small peak �g� at an
energy above �6.8 eV �clearly visible at off-normal angles
approaching �30°). A closer analysis shows that this emis-
sion is caused by As s orbitals, which are localized in the
first two surface layers and are related to the surface reso-
nance �D� �see Fig. 2� and not to the band edge. The strongly
dispersing structure (c�) moving from around �6 eV to
higher energies when decreasing the polar angle � has its
counterpart in a weak structure in the experimental data �in
particular, between ��21° and 30°). Like the dispersive
structure ( f ), it results from direct transitions. Only the
strong experimental peak at �6 eV has no counterpart in
theoretical curves. No significant influence from light polar-
ization and angle of incidence on this result was observed in
the calculations. As in our calculation, the full band structure
of the electron final states is taken into account, and no re-
lated feature is found in the theoretical EDC spectra �this
result did not change even if full surface reconstruction were
considered in the final states�. Another mechanism should be
responsible for its presence in the experimental spectra �pro-
vided, e.g., by surface disorder�. We attribute the failure of
the theoretical structure �f� to yield the correct experimental

intensity also to the surface disorder. Peak � f � is clearly a
bulk feature, see Fig. 6 for ��30°, and might be hidden by
surface contamination, which influences both initial and final
states.

Apart from these discrepancies, the main experimental
peaks and their � dependence are in fair agreement with
theoretical calculations. The pronounced peaks �d� at �8 eV
in theoretical spectra for polar angles between �12° and
�12° result from the simplified treatment of final electron
states here �ideal 1�1 surface�; these structures are sup-
pressed when the true c(4�4) reconstruction is taken into
account also for final states.21 As an example, Fig. 5 presents
a spectrum in normal emission �dotted line, right-hand side�,
which is calculated with the true reconstruction considered in
the final state.

Published experimental band-mapping data pointed out
that the periodicity of the surface state near the upper
valence-band edge is not the same in photoemission as esti-
mated from LEED or RHEED.8,9,22 While the surface state
shows the doubled periodicity along �̄ J� as expected for the
c(4�4) geometry, it shows the simple periodicity of the
(1�1) surface along �̄ J̄ . However, in experiment the
monotonic dispersion along �̄ J̄ is found in the energy range
between 0.68 eV and 1.0 eV, which is wider than in the
surface band structure of Fig. 2.

The fact that the topmost peak in the EDC �a� �just below
the valence band top E�0, Fig. 5� displays larger dispersion
than expected from the SDOS �Fig. 4� is due to the influence
of an intervening bulk contribution at low polar angles. This

FIG. 3. Density of electron states at �̄ for GaAs�100�-c(4�4)
resolved according to orbital contributions �thin lines� from four
topmost atomic layers, thick lines for total DOS. Furthermore, the
DOS for the bulk atomic layers is shown. All panels have the same
scale; hole lifetime amounts to 200 meV.

FIG. 4. k �-resolved electron densities of states for surface �first
four atomic layers, solid lines� and for the bulk �dotted lines�

GaAs�100�-c(4�4) along �̄ J̄ . An angle of 22° corresponds to J̄ at
a binding energy of 0 eV in photoemission with h��21.2 eV.
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is illustrated by the layer-resolved photocurrent.
The layer-resolved contributions to the photocurrent are

shown in Fig. 6 for normal emission of electrons and for two
off-normal angles in the �̄ J̄ direction �in this case, experi-
mental broadening is not applied to make the effects sharper
and more visible�. Delocalized bulk electron states are re-
sponsible for the gradual layer-by-layer increase of the inten-
sities, whereas localized surface states give rise to fully de-
veloped structures in the photocurrent within the first layer.
Surface resonances, in which a localized character is mixed
with the admixture of bulk states, exhibit less regular tenden-
cies. For normal emission, the peak �a� at 0 eV binding en-
ergy is clearly related to emission from the surface. It results

from a small shoulder in the density of states of the arsenic
pz orbitals, which is marked by arrows in Fig. 3. This inter-
pretation is in accordance with the arsenic pz matrix ele-
ments �not shown�, which are the most important in this
angle and energy region. The structures �b� and �c� have a
clear bulklike character. The latter finding is also confirmed
by inspecting the corresponding band structures of initial and
final electron states �band mapping, not shown here�. It
seems that the bulk emission �b� overlaps the emissions from
the surface state �A� from Fig. 2, which should be expected
by the huge peak in the density of states near �0.6 eV.
Increasing the emission angle, the bulk state �b� disperses to
higher binding energies and now the emissions from the sur-
face state �A� become visible at �0.6 eV, as expected from
surface band structure. Figure 6 shows a clear surface emis-
sion for the polar angle of 30°, corresponding to structure
(a). So, the interference with bulk emissions introduces an
additional dispersion to the surface-state emission, which
solves the problem of missing periodicity in experiment
mentioned above. This dispersion could not be expected ex-
amining only the surface band structure or the density of
states.

The relative ratio of intensities of surface-related peaks to
the bulk-related ones when increasing the polar angle is also
apparent from Fig. 6, and this confirms the intuitive expec-
tation that the surface sensitivity of the photoemission be-
comes enhanced when the emission angle of electrons is in-
creased from the surface normal. This can be used for the
identification of the surface state �B� �see Fig. 2�. Emission
from this state can be seen as weak structures �e� in Fig. 5.
For these small angles, there are also emissions from bulk
states, which have to be taken into account for this structure.
At ��45°, this situation changes. Now the shoulder marked
by an arrow in Fig. 6 is clearly related to the surface state �B�
and can be identified in the experimental spectra.

Deviations in peak magnitudes between theory and ex-
periment �such as the bulk peak at �4 eV for ��30°) might
be removed if a more detailed description of the imaginary
component of the optical potential were considered.23 Here,
the electron attenuation is treated as energy-dependent but
homogeneous within the crystal. But other effects not taken
into account, such as final states corresponding to the recon-
structed surface, could also reduce the differences as ob-
served for the �8 eV theoretical structure.

V. CONCLUSIONS

First one-step calculations for a large unit cell are pre-
sented. Experimental photoemission spectra of GaAs�100�-
c(4�4) are compared in detail with theoretical ones.

The major difference between theory and experiment, the
entirely dispersionless experimental band at about �6 eV,
still remains to be explained. Numerous surface-related fea-
tures have been found in the EDCs for GaAs�100�-c(4�4)
at energies below the top of the valence band and their or-
bital symmetry has been determined from corresponding the-
oretical decomposition. Weakly dispersing surface states and
resonances found here confirm general expectations resulting
from the reduced dimensions of the Brillouin zones

FIG. 5. Angular-resolved photoemission spectra for GaAs�100�-
c(4�4) �experiment, thin lines; theory, thick lines� excited by He I
radiation incident at 56° polar angle for a set of emission polar
angles � , i.e., left, moving away from the incident radiation beam
�positive �); right, approaching the incident radiation beam �nega-
tive �). On the right side, also a spectrum in normal emission
�dotted line� is presented, which is calculated with the full c(4
�4) reconstruction taken into account in the final states.

FIG. 6. Layer-resolved contributions, number counted from top,
to photoemission intensity for electron emissions: �a� ��0°, �b�
��30°, �c� ��45°. For �c� also experimental data are shown.
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of reconstructed surfaces and of the corresponding electron
band folding of the electron energy bands. Theoretical de-
composition of EDCs into contributions from individual
atomic layers below the surface enables a clear distinction
between bulk- and surface-related features. Differences in
the periodicity of a surface state and the expectation from
surface reconstruction are explained by an interference be-
tween bulk and surface contributions in the photoemission
process.

Realistic one-step calculations of photoemission intensi-

ties provide a useful basis for the interpretation of experi-
mental energy distribution curves for reconstructed GaAs
surfaces.
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Normal photoemission spectra for the �001� surface of (AlAs)2(GaAs)2 and (AlAs)3(GaAs)3 superlattices
are calculated. They represent the first calculations within the one-step model for layered superlattices. The aim
is to develop tools to extract general features from measured spectra specific to superlattices. The spectra show
the opening of band gaps at the Brillouin zone edge, which are characteristic for the modified periodicity of the
superlattice. Furthermore, the layer-resolved photocurrent allows to identify emissions from AlAs layers hid-
den below the first two or three GaAs layers. As a reference, theoretical normal emission spectra from the pure
bulk GaAs and AlAs�001� surfaces are shown.
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I. INTRODUCTION

Superlattices, formed by ultrathin layers of different semi-
conductor materials, are widely recognized for their unique
electronic and optical properties.1–3 These superlattices can-
not be treated as being composed of layers with their indi-
vidual band structures. On the contrary, the electronic prop-
erties are determined by the superlattice as a whole. The
larger periodicity perpendicular to the surface changes the
dimension of the Brillouin zone. This results in the back
folding of the valence bands of the bulk material, accompa-
nied by additional gaps at the edges of the Brillouin zone.
Similar effects, due to surface reconstruction that increases
the translation period and accordingly decreases the dimen-
sion of the surface Brillouin zone along the surface, have
been reported recently from the point of view of
photoemission.4.

The nearly equal lattice constants of GaAs and AlAs to-
gether with the experimental possibility of molecular-beam
epitaxy single out this system for a detailed analysis. Photo-
emission spectroscopy is widely used to examine the elec-
tronic structures of materials. The spectra give insight into
the valence-band structure of the bulk as well as of the sur-
face. Beside the initial states, photoemission involves the
excitation to outgoing scattering states. In addition, the bulk
features are superposed by surface emission and a full ac-
count of experimental data can only be attained by a com-
parison with photocurrents calculated within the one-step
model of photoemission theory.

In this paper, we present one-step photoemission calcula-
tion for the �001� surface of GaAs/AlAs superlattices. Sub-
stantial attention is paid to the question how the periodicity
of the superlattice influences the bulk electronic structure
and what can be seen in the photocurrent. As a reference,

results for GaAs and AlAs bulk crystals are given first. Af-
terwards, we discuss the photocurrent for (AlAs)2(GaAs)2
and (AlAs)3(GaAs)3 superlattices.

II. THEORY

The photocurrent is calculated within the one-step model.
For details see Refs. 5,6. In this ‘‘Golden rule’’ formulation
of the photoemission process, the photocurrent I at the pho-
ton energy h� is given by

I��
i , j

�	LEED* �E f in ,k ���A0•p�
 i�Gi , j�E f in�h� ,k ��

��
 j�p•A0�	LEED* �E f in ,k ���.

The vector potential A0 is kept constant, p denotes the mo-
mentum operator and k � is the parallel momentum. The ini-
tial states are represented by a half-space Green’s function.
This Green’s function Gi , j is given in a layer resolved linear
combination of atomic orbitals 
 i . Our basis set consists of
the 4s and 4p atomic orbitals of gallium and arsenic and the
3s and 3p atomic orbitals of aluminum.7 The associated
Hamilton matrix is calculated according to the
Extended-Hückel-Theory.8–10 In this theory, a small number
of parameters is used to determine the hamilton matrix Ĥ(k� )
in a basis of atomic orbitals from the matrix of orbital over-
laps S(k� ) as a function of Bloch vector k� . The following
ansatz is used:

H�l�l�� Ĩ�l�K��I�l�S�l�l�k� ��1� ,

H�m�l��
1

2
K���I�l�I�m�S�m�l�k� � for ��l ����m �.
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Here � and � are the orbital symmetry labels and l and m are
the indices for the basis atom in the unit cell. The parameters
Ĩ�l can be treated as the energy of the orbital � at atom l, I�l
introduce a species-dependent transfer energy. The param-
eters for GaAs and AlAs are listed in Ref. 10. Because they
should be used to describe a heterostructure, we slightly
modify the parameters Ĩ�l . They are adjusted to the valence-
band offset between GaAs and AlAs of 0.45 eV.11 The pa-
rameters as finally used are given in Table I. Figure 1 shows
the resulting band structures for bulk GaAs and AlAs, to-
gether with the bands resulting from the original parameters.
While in the case of GaAs, only the bulk bands �1,2� are
notably affected by the modified Ĩ�l parameters, for AlAs,
the band widths change about 277 and 458 meV for the band
�1,2� and �3� respectively. To get an agreement with the ex-
isting linear muffin-tin orbital �LMTO� calculation12 it was
necessary to modify also K parameters describing the con-
nection between atoms in different GaAs and AlAs layers.
For these atoms, the K parameters have been averaged be-
tween those from bulk GaAs and AlAs.

The electronic structure of the surface is determined by
the calculation of the k �-resolved density of states �DOS�
from the half-space Green’s matrix Gi , j , the same as used
for the photocurrent. The Green’s matrix takes into account
relaxation and reconstruction at the surface.

The final state of photoemission is a time-reversed low-
energy electron diffraction �LEED�-state 	LEED* with final-
state energy E f in . Its wave function is determined by match-
ing the solution of the complex band structure to the vacuum
solution, representing the surface by a step potential. The
step position is fixed according to previous calculations for

GaAs �Ref. 13� and for a better comparison kept constant for
all calculations in this paper. The solution within the bulk is
calculated by the empirical pseudopotential method, as de-
scribed by Mäder and Zunger.14 They developed a method
that permits specifying the form factors for continuous recip-
rocal lattice vectors and tested them for GaAs and AlAs. The
damping of the final state wave function inside the crystal is
described by the imaginary part of an optical potential.

III. RESULTS AND DISCUSSION

A. GaAs„001…-„1Ã1…Ga

In this section, results for the ideal GaAs�001�-(1�1)Ga
surface, i.e., Ga-terminated bulk structure, are presented. The
main purpose is it to give a reference for the examination of
the superlattices. The surface geometry is shown as an insert
in Fig. 2, where also the surface Brillouin zone with some
high-symmetry points is sketched. The same surface geom-
etry is used also for the superlattices. Because the lattice
constants of GaAs and AlAs are very similar, we used the
lattice constant of GaAs for all calculations.

The surface band structure for the GaAs(001)�(1
�1)Ga is shown in Fig. 2 together with the projected bulk
band structure, which is shaded in gray. In the fundamental
gap, there are two surface bands �a� and �b� which can be
identified as a bridge and a dangling bond state respectively.
The first one consists of Ga px orbitals from the first layer,
and the second one consists of Ga pz and s orbitals, with
strong contributions from the underlying As pz orbitals.
Along �J and �J� the dangling bond state is in resonance
with bulk states. The surface resonances �c� and �d� consist
of contributions of gallium and arsenic p orbitals represent-
ing back bond states. Near the edge to the heteropolar gap, a
surface state �e� can be found. It consists of Ga s orbitals
from the topmost layer with a small admixture of As pz
orbitals and becomes a resonance in the �J direction. Below
the heteropolar gap, another surface resonance is found ( f ),
which consists of As s orbitals.

The surface bands are apparent as peaks in the density of
states �DOS� which is calculated for a series of k � points.
Figure 3 shows the DOS for the �̄ point, which is of main
interest for an understanding of photoemission in normal
emission. Figure 3�a� presents the layer-resolved density of
states for the first six GaAs layers and a bulk layer, and Fig.
3�b� presents the orbital-resolved density of states for the
first two atomic layers. The peaks, which belong to the sur-

TABLE I. EHT parameter for GaAs and AlAs �for the notation see Starrost et al. �Ref. 10��.

Atom Kss Ksp Kpp Is Ip Ĩ s Ĩ p

As �GaAs� 1.000 0.844 0.844 39.38 22.50 16.46 8.53
Ga �GaAs� 1.000 0.844 0.844 24.38 22.50 15.24 8.53
As �AlAs� 1.000 0.750 0.563 20.63 28.13 9.42 8.81
Al �AlAs� 1.000 0.750 0.563 30.00 39.38 19.17 10.03

FIG. 1. The bulk band structures of GaAs and AlAs. Dotted
lines: using the EHT parameters of Starrost et al. �Ref. 10�. Solid
lines: using the modified EHT parameters used for the superlattices
�for details see text�.
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face bands (b), (d), and �e� �see Fig. 2� are clearly visible.
Because of its vicinity to the band edge, the surface state �e�
has a tail into the crystal.

Beside the initial states, in photoemission calculation, the
final states are also needed. For the normal emission, Fig. 4
shows the complex-band structure of the GaAs�001� surface
along X���X . The horizontal bars denote the weight with
which individual complex bands contribute to the final state.
Band �a� shows a dominant contribution to the final state and
three other bands, marked by (b), (c), and (d), contribute
much less.

Figure 5 shows the normal emission spectra from the
GaAs(001)�(1�1)Ga surface, calculated for photon ener-
gies from 10 up to 45 eV. The light is incident in the �110�
direction and is polarized parallel to the plane that is spanned
by the �110� direction and the z axis. The polar angle of
incidence is 45°. We find in the spectra several structures,
which disperse with excitation energy �(B), (C), (D),
(F), (G), and (H)�. Especially the structures �B� and �C�
can be interpreted by assuming direct transitions. This means
transitions between initial and final bands with exact conser-
vation of the perpendicular component of the wave vector.
For a given photon energy, the binding energies are deter-
mined at which transitions into the complex conduction-band

structure are possible. These positions are indicated in the
spectra by bars, whose lengths correlate with the contribution
of the involved complex band to the final state. So the struc-
tures �B� and �C� can be connected with direct transitions
from the initial state bands �1,2� and �3� �see Fig. 1� into the
complex band �a� �see Fig. 4�. The complex band �a� is the
most important final band, which is consistent with the high
intensity of these structures. It has to be pointed out that the
structure �B� is not a purely bulk transition, since, especially
for photon energies up to 24 eV, strong emissions from the
broad maximum in the density of states of the first layer
around �2.0 eV �see Fig. 3� contribute to this structure. As
can be checked by the matrix elements for the chosen inci-
dent angles of the light, mainly the Ga and As px orbitals are
responsible for these mixing. Beside the two main dispersing
structures, there is one more dispersive peak �D� for photon
energies between 14 and 27 eV. This weak structure is re-
lated to direct transitions from the initial band �1,2� to the
final band (d). Furthermore, there are three other dispersive
structures (F), (G), and (H), which are direct transitions to
more weakly coupled final bands and, therefore, have only
weak intensity.

In addition to the dispersive structures, the spectra show
some nondispersive emissions. The state �A� can be seen for
all excitation energies and results from emissions from the
Ga and As pz orbitals, located near the valence-band maxi-
mum, see Fig. 3. The matrix elements �see Fig. 6� emphasize
that for photon energy less than 13 eV, the Ga pz part domi-
nates, while for higher photon energies, the As pz part is the
largest. Furthermore, for photon energies around 10 eV
structure �A� is superimposed by direct emission from bulk
bands near the valence-band maximum. The valence-band
maximum itself is reached for a photon energy of 10.5 eV,
which matches the crossing of final band �d� �see Fig. 4� with
the � line. A second nondispersive structure in Fig. 5 is peak
�E� at �6.6 eV. This structure is energetically in accordance
with the strong Ga s and faint As pz peak from the DOS in
Fig. 3. The matrix elements from Fig. 6 and the strong peak
in the DOS �Fig. 3� suggest that emissions from the Ga s
orbitals dominate. This association is stressed by the fact that
the peak maximum as a function of photon energy occurs at

FIG. 2. Surface band structure of the GaAs(001)-(1�1)Ga sur-
face and the projected bulk band structure of GaAs �shaded�. The
sketch shows the assumed ideal geometry of the GaAs(001)-(1
�1)Ga surface �left side� and the surface Brillouin zone �right
side�. The gallium atoms of the first layer are presented by open
circles, the arsenic atoms of the second layer by filled circles.

FIG. 3. Density of states for GaAs(001)-(1�1)Ga at the �̄
point: the DOS resolved by layers �a� the DOS of the first GaAs
layer resolved by atoms and orbitals �b�.
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19 eV in agreement with the maximum of the Ga s matrix
element at about 12 eV final-state energy for a binding en-
ergy of 6.6 eV. Above 25 eV, the As pz orbitals contribute,
too. For photon energies above 38 eV, direct emissions from
the valence band �3� �see Fig. 1� reach its lower band edge in
this region and dominate the peaks.

The theoretical spectra in normal emission could be com-
pared with experimental results. Olde et al.15 and Cai et al.16

present photoemission spectra in normal emission from
GaAs(001)-c(4�4) and GaAs(001)-(1�1) surfaces, re-
spectively. Both experimental data sets present strong disper-
sive structures, which can be associated with the strong emis-
sions �B� and �C� in the theoretical spectra �see Fig. 5�. Both
experiments suggest emission from a surface state near the
valence-band maximum �VBM�, which can be explained by
the emission �A� in Fig. 5. For photon energies lower than 30
eV, the variation in intensity of this peak is also correctly
reproduced. Near the lower valence-band edge, both experi-
ments show weak emissions, which agree with the emission
from the surface state, marked by �E� in the theoretical spec-
tra. The data from Cai et al., measured up to 50.5 eV photon
energy, show that for excitation energies above 38 eV, the
emissions near the lower valence-band edge converge with
the dispersive structure, which is associated with �C� in
theory and that the intensity near the band edge increases
strongly in that region.

The major difference between the experimental and theo-
retical results is that between 32 and 37 eV excitation en-
ergy, structure �C� in theory is much less intense than in
experiment. A previous calculation13 predicts this structure
with higher intensities. That this is not seen in this paper can
be traced back to the different pseudopotential �necessary
here because of the heterostructure� used for the final states.

Beside the initial states, Zhang et al.17 also investigate the
conduction-band structure up to 20 eV for the GaAs�001�
surface. There is satisfying agreement with our final state
bands with respect to number of bands, approximate posi-
tion, and dispersion, on one hand, and with respect to their
influence on the photoemission intensities, on the other hand.
The experimental conduction-band structure shows a
strongly dispersive band between 4.0 and 11.0 eV that can be
related to the complex final band �c� �see Fig. 4� and a sec-
ond one extending up from 15.0 eV, which can be identified
with the complex band �a� in our calculation. The latter one
is responsible for a strong dispersing peak in both photocur-
rents, in the experimental spectra of Zhang and in this paper.
Between the two bands, experimental data provide two more
bands, which can be identified with the complex bands �b�
and �d� in Fig. 4. As in the experimental data of Zhang et al.,
the final band �d� is related to a dispersive structure �D� in
Fig. 5.

FIG. 4. Complex band structure of GaAs�001� for the symmetry
line 
�X�X , from negative to positive k� . There is no reflection
symmetry because it describes only the propagation direction from
crystal to vacuum. Bars indicate by their length the magnitude of
the expansion coefficients of the final state with respect to the com-
plex bulk bands. Right panel shows the imaginary part associated
pointwise with the real k� band as indexed by letters.

FIG. 5. Theoretical normal emission spectra for GaAs(001)
�(1�1)Ga. The bars indicate binding energies at which direct
transitions would be expected. The lengths indicate the magnitude
of the expansion coefficients of the final state.

FIG. 6. Modulus of the matrix elements of the two outermost
atomic layers of the GaAs(001)-(1�1)Ga surface resolved into
orbitals.
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B. AlAs„001…-„1Ã1…Al

In this section our result for the AlAs(001)-(1�1)Al sur-
face will be presented. The geometry is chosen as in the
GaAs(001)-(1�1)Ga case �see Fig. 2�, except that the Ga
atoms are replaced by Al. The surface band structure looks
very similar to the corresponding one of GaAs, as does the
layer-resolved density of states. As in the GaAs case, the

density of states at �̄ shows a dangling bond state near the
upper valence-band edge, which is caused by Al and As pz
orbitals. The back bonds near �2.0 eV correspond to their
counterparts in the GaAs case. There is a difference between
GaAs and AlAs regarding the cation pz and anion s contri-
butions, which are much wider in the AlAs case than for
GaAs. Exceptionally, the counterpart to the Ga s surface
state, which is located near the lower valence-band edge for
GaAs �see Fig. 3�a�, structure (e)� and exhibits strong reso-
nance into the bulk, is missed in the AlAs case.

Figure 7 shows the spectra in normal emission for the
AlAs(001)-(1�1)Al surface. The light is chosen as in the
case of GaAs �see above�. As for GaAs �see Fig. 5� the
spectra show a nondispersive structure near the VBM. It is
due to the DOS from the Al and As pz states, which are
located near 0.0 eV. An inspection of the matrix elements
suggests that for photon energies less that 30 eV, the Al pz
orbitals dominate the photocurrent, while for higher excita-
tion energies, the As pz orbitals dominate. As expected from
above the second nondispersive structure, which has been
seen in the GaAs spectra near the lower valence-band edge
�Fig. 5� is missed for AlAs. As for GaAs the AlAs spectra
are dominated by two dispersive structures �B� and (C).
They are caused by direct transitions from the initial band
�1,2� and �3� �see Fig. 1� into the most important complex

band for the final state. Beside these two structures, there are
further, four dispersive structures (D), (E), (F), and
(G), which can be related to transitions into complex bands,
which contribute less to the final state. Especially, the dis-
persive structure �E� between 32 and 45 eV photon energy
shows an interesting behavior. Despite its origin from direct
transitions into weak final states, it dominates the photocur-
rent for high-excitation energies. For photon energies above
40 eV, it mixes with the emission from the surface state (A),
resulting in a notably enhanced photocurrent.

C. „AlAs…2„GaAs…2„001…-„1Ã1…Ga

In this section, we present our results for a
(AlAs)2(GaAs)2(001)-(1�1)Ga surface. The bulk crystal
consists of pairs of GaAs bilayers, alternating with pairs of
AlAs bilayers. The surface consists of two GaAs bilayers,
whose geometry is analogous to that given in Fig. 2. Figure
8 shows the bulk band structure for the (AlAs)2(GaAs)2
superlattice in the �Z direction, relevant for normal photo-
emission from the �001� surface. For the superlattice, the
symmetry of the Brillouin zone changes from face-centered
cubic for GaAs and AlAs to a tetragonal one. The length
between � and Z corresponds to one-quarter of the original
�X distance. A first impression of the resulting band struc-
ture can be given by backfolding of the bulk valence bands
into the smaller Brillouin zone, together with the opening of
band gaps at their edges. For a better comparison with the
GaAs and AlAs bulk crystals �see Fig. 1� the band structure
is repeated up to the X point. A comparison between Fig. 1
and Fig. 8 shows that the band width of the whole set of
valence bands above the heteropolar gap of the superlattice is
comparable to that of bulk GaAs. Furthermore, we recognize
the opening of the minigaps for the superlattice at the edge of
the Brillouin zone near Z, particularly near �6.0 eV binding
energy. The band structure can be compared to results from
Gopalan et al.12 In their calculation, the band structure
shows a minigap near �6.0 eV, which has half the width of
that in this paper. Furthermore, the results of Gopalan et al.
include a band between �0.3 and �1.2 eV, which is more
dispersive than its counterpart in this work. Apart from this,
the two calculations show a reasonable agreement up to 7 eV

FIG. 7. Spectra in normal emission for AlAs(001)-(1�1)Al.
For details see Fig. 5.

FIG. 8. Bulk band structure for the (AlAs)2(GaAs)2 superlat-
tice. The real Brillouin zone terminates at Z; the bands are contin-
ued up to the X point.
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binding energy. Also, similar electron confinement of the
valence-band top to the GaAs region is found in the calcula-
tions for the bulk, the surface region deviates slightly from
the bulk in this respect, however.

The minigaps near the edge of the Brillouin zone are also
responsible for the gaps in the projected bulk band structure
for the (AlAs)2(GaAs)2(001)-(1�1)Ga surface �see Fig.
9�. As for the GaAs(001)-(1�1)Ga surface �see Fig. 2� the
most prominent surface states are the dangling and bridge
bond states in the fundamental gap, whose orbital composi-
tion matches the GaAs(001)-(1�1)Ga case. For higher-
binding energies there are some more surface bands for the
superlattice than for the clean bulk crystal, which are mainly
due to Ga and As p orbitals. Near �6 eV, we can find the
analog to the surface state �e� from the GaAs(001)-(1
�1)Ga surface �Fig. 2�, i.e., a Ga s related surface state.

The smaller Brillouin zone in the z direction is also re-
sponsible for backfolding in the complex final bands �Fig.
10�. As for the GaAs(001)-(1�1)Ga case �Fig. 4�, there is
one band that contributes most to the final state (a). Espe-
cially for higher energies, its dispersion fits the backfolded
trend from the final band �a� in Fig. 4. Beside the final band
�a� �Fig. 10� there is one more band (b), from which contri-
butions to the photocurrent for lower-excitation energies
could be expected.

Figure 11 shows the calculated photoemission spectra for
the (AlAs)2(GaAs)2(001)-(1�1)Ga surface. The energy
ranges and the direction of light are chosen as for the pure
compounds above. Compared to GaAs(001)-(1�1)Ga �see
Fig. 5� the spectra in Fig. 11 show much less dispersion in
peak positions. The dispersionless Ga s and As pz related
structure �E� at �6.8 eV is shifted to �6.0 eV binding en-
ergy �structure �E� in Fig. 11�. This is the split-off state origi-
nating from the surface state that lies at �6.8 eV in the
homogeneous GaAs and that is introduced by the superstruc-
ture because of its large penetration into the bulk. This case
demonstrates that electron energy splittings in superlattices
take place not only among delocalized states but also in not-
too-strongly localized states. For lower-excitation energy,

the peak �E� shows a similar intensity development as for the
GaAs(001)-(1�1)Ga surface structure (E); this is striking
but also obvious, if one compares the matrix elements that
are very similar for both surfaces, see Fig. 6. The differences
in intensity for excitation energies above 40 eV can be re-
lated to the band edge, which is reached in this energy region
for GaAs�001�. It should be taken into account that the sur-
face emission �E� lies close to the lower border of the mini-
gap generated by the superlattice. This fact should be taken
into account in the identification of the minigap width from
the experiment. Like GaAs(001)-(1�1)Ga surface, the
(AlAs)2(GaAs)2(001)-(1�1)Ga shows a strong emission

FIG. 9. Surface band structure for (AlAs)2(GaAs)2(001)-(1
�1)Ga.

FIG. 10. Complex band structure of (AlAs)2(GaAs)2(001). For
details, see Fig. 4.

FIG. 11. Spectra in normal emission for
(AlAs)2(GaAs)2(001)-(1�1)Ga. For details, see Fig. 5.
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near 0.0 eV, which is more or less dispersionless and more
intense than for GaAs�001�. This emission is caused by Ga
and As pz surface orbitals like its counterpart in GaAs�100�.
For 11.0, 23.0, and 35.0 eV excitation energy, this emission
is superimposed by direct transitions from the VBM into the
final state band �a� �Fig. 10�.

Near the lower valence-band edge at �6.9 eV there is a
weakly dispersing structure (F), which is also caused by
direct transitions into the final state (a). This structure be-
comes clearly visible for photon energies above 37 eV. At
lower-binding energies, there is a second dispersive structure
�D� between 26 and 38 eV photon energy. These two disper-
sive structures are kept apart by the minigap, formed at the
Brillouin zone edge Z �Fig. 8� around �6.0 eV. In the case
of GaAs(001)-(1�1)Ga �see Fig. 5� there is one single
structure �C� that disperses continuously across this energy
range to the lower valence-band edge. Therefore, the exis-
tence of the minigap in the photoemission spectra represents
a pronounced characteristic property of the superlattice.
Weak emissions from the upper border of the minigap are
also visible for excitation energies between 19 and 25 eV in
Fig. 11.

For lower-binding energies, the GaAs(001)-(1�1)Ga
spectra show a dispersive emission �B� �see Fig. 5� which is
caused by direct transitions and contains notable contribu-
tions from the surface. For (AlAs)2(GaAs)2(001)-(1
�1)Ga there are two almost dispersionless structures nearby
�(B) and (C), see Fig. 11�. The structure �C� is located near
�3.0 eV. In this energy region, direct emissions from the
nearly dispersionless bulk bands around �3.0 eV could be
expected �Fig. 8�. A more detailed evaluation shows that
beside direct transitions, mainly emissions from the density
of states contribute to the structure (C). In particular, emis-
sions from the As px orbitals, located between the second
GaAs and the first AlAs bilayer could be identified. The
strongest evidence for this location is given by an inspection
of the matrix elements �not shown�. The matrix elements of
the above mentioned As px orbitals decrease remarkably for
final-state energies above 35 eV. This is consistent with the
decreasing intensity of structure �C� for photon energies
above 38 eV.

The second dispersionless structure �B� is located near
�2.2 eV binding energy. Of course, this emission is influ-
enced by different direct transitions, which cross this region.
Especially for 18 and 19 eV photon energies, contributions
from bulk emission can be found in the layer-resolved pho-
tocurrent, which will be discussed below. For photon ener-
gies between 21.0 and 25.0 eV, the main contribution is re-
lated to the third and fourth bilayers, which consist of AlAs.
From the matrix elements and the DOS, we expect primarily
emissions from the As px and the Al pz orbitals in this en-
ergy region. For higher-photon energies �above 27 eV�, the
photocurrent has its source additionally in the first and sec-
ond GaAs bilayer, where emissions from As and Ga px are
expected. Figure 12 shows the layer-resolved photocurrent
for three selected photon energies. Thick lines give total con-
tribution of the two bilayers of GaAs or AlAs. At these en-
ergies we can identify the origin of the emission (B), i.e.,

originating from bulk emission, predominantly from the 3/4
AlAs bilayer, and predominantly from the topmost GaAs bi-
layer, respectively.

The theoretical data are compared to experiment. Cai
et al.18 published normal emission data from a (1�1) recon-
structed �001� surface of a (GaAs)2(AlAs)2 superlattices.
Their data are measured for photon energies from 24.80 up
to 45.71 eV. The experimental spectra show much fewer
structures than does our theory �Fig. 11�; in addition, the
experimental spectra are crossed by second- and third-order
emission from As 3d and Al 2p core lines. Clearly visible is
a structure with less dispersion near the lower valence-band
edge, which can be attributed to the emission �E� and �F� in
Fig. 11. Between 24.80 and 31.73 eV photon energy, Cai
et al. observe a dispersive structure, which agrees with the
structure �D� in Fig. 11. The main difference is that in this
paper the structure �D� is visible for a photon energy above
27 eV, while it is seen in experiment for the few measured
lower-excitation energies as well. Furthermore, the theoreti-
cal spectra possess strong emissions between �1.0 and
�3.0 eV binding energy. These emissions are missed in ex-
periment. As the most important result, the calculated spectra
confirm the experimentally observed band-gap opening near
the lower valence band edge. Detailed discussion will require
better resolved experimental data.

D. „AlAs…3„GaAs…3„001…-„1Ã1…Ga

In this section, the results for (AlAs)3(GaAs)3(001)-
(1�1)Ga are presented and discussed. As seen in Fig. 13,
the addition of one more layer of GaAs and of AlAs into the
superlattice unit cell, gives rise to an additional minigap near
�3.4 eV, while the bandwidth for the whole set of valence

FIG. 12. Layer-resolved and layer-integrated photocurrent �nor-
mal emission� for (AlAs)2(GaAs)2(001)-(1�1)Ga, calculated for
three different photon energies. The spectra are not broadened with
an experimental resolution and were not multiplied by a Fermi dis-
tribution. Thick solid lines represent the photocurrent from the first
two GaAs bilayers, while the thick dashed lines show the photocur-
rent integrated from the first two GaAs and AlAs bilayers. The thin
lines illustrate the contribution of all 36 bilayers, taken into account
in the calculation.
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bands above the heteropolar gap of 6.91 eV remains nearly
unchanged compared to Fig. 8. This main new feature fits
into the trend of electron band-structure transformation with
the thickness of superlattice components given by diminish-
ing size of the Brillouin zone �perpendicular to the surface�.
In particular, in the lower half of the valence band, related to
the light-hole branch of the electron dispersion of GaAs, this
effect is clear, undisturbed by mixture with the heavy-hole
derived branches. The new band gap is also visible in the
projected bulk band structure �see Fig. 14� and is accompa-

nied by a surface state near its upper edge at �̄ and K̄ . The
Ga s surface state, which was discussed in the last section is
now shifted to higher binding energy �compared to Fig. 9�
and lies in the middle of the minigap around �6.2 eV.
Compared to the (AlAs)2(GaAs)2(001)-(1�1)Ga surface,
(AlAs)3(GaAs)3(001)-(1�1)Ga shows many more surface
states and resonances.

In Fig. 15 the calculated photoemission spectra in normal
emission are shown. As in the case of
(AlAs)2(GaAs)2(001)-(1�1)Ga �see Fig. 11� in the spectra
two nondispersive structures are found. One is located at

�6.0 eV and belongs to the Ga s and As pz related surface
state �structure (E)� in the minigap around �6.0 eV. As
could be verified by the matrix elements, the orbital compo-
sition of this peak is mainly Ga s derived. The second one
�A� is located near 0 eV binding energy and consists of emis-
sions from the Ga and As pz orbitals. Both maxima from �A�
at 10 and 21 eV photon energy are related to maxima in the
Ga pz matrix elements �not shown�, while for higher-
excitation energies the As pz elements dominate.

Below structure �E� small shoulders �F� become visible
for excitation energies about 43.0 eV, which belong to direct
transitions from the lower valence-band edge. For photon
energies near 39 eV, this emission marks the lower boundary
of the minigap, which opens around �6.0 eV �see Fig. 13�.
At �3.4 eV, all the spectra show a minimum in intensity.
This minimum belongs to the second opened minigap in Fig.
13 around �3.4 eV. Between both gaps, there are two dis-
persive structures visible in the spectra �(D) and (D�)�,
which are caused by direct transitions from the bulk bands
between the two gaps. Above �3.4 eV, we find two disper-
sionless structures �B� and (C). For structure �C� at
�3.0 eV, we find emissions from the AlAs layers below the
first three GaAs layers, which was determined from the
layer-resolved photocurrent �not shown�. The orbital compo-
sition of this peak is related to Al and As px orbitals. Al-
though there should be emission from direct transitions, be-
cause there are two nearly dispersionless bulk bands at
�3.0 eV �Fig. 13�, this possibility is only visible around
13.0 eV photon energy, as could be verified by the layer-
resolved photocurrent. Another dispersionless structure �B� is
found at �2.0 eV. This emission is mainly affected by the

FIG. 13. Bulk band structure for the (AlAs)3(GaAs)3 superlat-
tice.

FIG. 14. Surface band structure for (AlAs)3(GaAs)3(001)-(1
�1)Ga.

FIG. 15. Spectra in normal emission for
(AlAs)3(GaAs)3(001)-(1�1)Ga. For details, see Fig. 5.
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first three GaAs layers. Based on the matrix elements and the
DOS, these emissions come from Ga and As px orbitals.

Summarizing, the (AlAs)3(GaAs)3(001)-(1�1)Ga sys-
tem shows an additional minigap at around �3.4 eV. Emis-
sions from the AlAs bilayer buried below three GaAs layers
can still be detected.

IV. CONCLUSION

The theoretical investigation of very thin superlattices
shows that angle-resolved normal emission photoelectron
spectroscopy can detect the period of the lattice according to
specific minigaps in the electron-band structure. The effect is
pronounced and within the scope of actual experimental
resolution, as was confirmed by a former experiment on a
2�2-lattice. Despite the close similarity of GaAs and AlAs
spectra, which has its origin in similar bandstructures of both
uniform systems, the compound structure of the superlattice
does not display simply an average of the spectra of its con-
stituents. Thus, the differences in the potential between both
materials are strong enough to generate a new system.

First, the photoemission peak dispersion over a wide
range of excitation energies, i.e., several tens of eV, is bro-
ken into several segments in superlattices leaving only a few
regions where dispersion can be observed. This dispersive
structure can be seen qualitatively to repeat in the sequence
of spectra, parametrized by the photon energy as a conse-
quence of the superlattice’s backfolding. Especially, the
spectra of (AlAs)2(GaAs)2 show the required periodicity.
For (AlAs)3(GaAs)3 with its minor dispersion, it would be
difficult to determine the superlattice’s periodicity only from
the periodicity of the spectra with respect to their depen-
dence on photon energy. The curvature of the bulk band
structure is lost in the spectra. It results from the finite peak
widths, the dispersionless surface and interface states, and
the minigaps compressing, and thus, flattening the band
structure in the remaining binding-energy interval. Three
clearly visible structures are seen in the 2�2 superlattice,
which preserve the strong dispersion of both constituents.
The dispersion of the other maxima is either absent �local-
ized surface states� or weak because of the above-mentioned
flattening.

Second, the opening of the minigap between �5.0 and
�6.0 eV is obvious though a surface state is observed at the
lower gap edge for normal emission. Both constituents GaAs
and AlAs show emissions within this gap, therefore, this gap
alone is sufficient to identify the superlattice behavior. In the
3�3 case, the minigaps are harder to be identified from the
spectra because clear dispersive peaks close to the band
edges are absent.

Third, the surface state of one constituent �GaAs�, at
�6.7 eV in the homogeneous system, is split because of its
extent into the bulk that is affected by the superlattice. It
consists of one at the same energetic position with similar
orbital composition, namely Ga s orbitals, and of one moved
into the new gap opening in the band above the original
state. The latter contains additional Ga pz and As pz orbitals.
As can be demonstrated by a simple one-dimensional ex-
ample, this state corresponds to an ‘‘antibonding’’ configu-
ration of adjacent orbitals in the enlarged supercell, whereas
the former state reflects the original bonding situation in this
cell. The above holds for all three superlattices (1�1) �not
shown here�, (2�2) and (3�3).

All three properties can be independently used to identify
a superlattice system from measured spectra of the constitu-
ents and the composite alone. The results suggest that tailor-
ing the valence bands with desired properties is feasible also
on a nanoscale and may be successfully controlled by pho-
toemission. The detailed analysis of the origin of emissions
reveals that excitations even from below the third layer are
accessible and clearly distinguishable by photoemission.
However, it should have become obvious that accurate nu-
merical one-step calculations are required for a successful
interpretation of such experimental data.
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Contributions of the escape depth to the photoelectron intensity of a well-defined initial state

M. Morgenstern,1 T. Strasser,2 R. Adelung,3 M. Getzlaff,4 L. Kipp,3 M. Skibowski,3 W. Schattke,2,5 and R. Wiesendanger1

1Institute of Applied Physics, Hamburg University, Jungiusstraße 11, D-20355 Hamburg, Germany
2Institut für Theoretische Physik und Astrophysik, Christian-Albrechts-Universität, Leibnizstraße 15, D-24098 Kiel, Germany

3Institute for Experimental and Applied Physics, Christian-Albrechts-University, Leibnizstraße 19, D-24098 Kiel, Germany
4Institute of Applied Physics, University of Düsseldorf, Universitätsstr. 1, D-40225 Düsseldorf, Germany
5Donostia International Physics Center (DIPC), Manuel de Lardizabal 4, E-20018 San Sebastian, Spain

(Received 19 April 2004; published 25 August 2004)

Using the adsorbate-induced two-dimensional electron system on InAs(110) as an initial state, which pro-
vides rather small energy and k-space distribution, we measure the photoelectron intensity as a function of
photoelectron energy. It oscillates twice between 3 eV and 23 eV having maxima at 5.5 eV and 19 eV.
Comparison with calculations performed within the one-step model shows that the maximum at low energy is
due to an overlap of a maximum in the photoelectron escape depth and a maximum of the matrix elements
corresponding to the atomic wave functions. In contrast, the maximum at high energy is caused by final states
crossing the � point exactly at this energy. The comparison confirms the theoretical prediction that the escape
depth at low excitation energies can be significantly modified by band-structure effects.

DOI: 10.1103/PhysRevB.70.081305 PACS number(s): 79.60.Jv, 73.21.Fg

Angle-resolved photoelectron spectroscopy (ARUPS) at
energies between 10 and 100 eV is commonly used to map
the band structure of occupied electronic states. At these en-
ergies ARUPS is extremely surface sensitive. At higher en-
ergies above 1 keV, the information depth is increased and
ARUPS becomes more bulk sensitive.1 At energies below
10 eV, one generally assumes that the escape depth ��E�
increases monotonically, following a material independent
universal curve.2 However, deviations from the universal
curve are found for several materials.3 Partly, a local maxi-
mum in ��E� exists at low energy, e.g., for Rb, Cs,4 or SiO2.5

The reduction of ��E� below the maximum is explained by
additional scattering from d electrons or phonons. Recent
calculations found such a maximum also for III-V materials6

and explained it by an increase of � at critical points of the
band structure, indicating a relevant interaction between de-
caying final states and bulk bands.

In order to verify the predicted maximum experimentally,
one has to consider that the photoelectron intensity depends
also on matrix elements and the relevant density of final
states.7 To disentangle the different contributions, it is useful
to start with a well-defined initial state. Therefore, we use the
Fe-induced two-dimensional electron system (2DES) close
to the surface of InAs(110).8,9 We find excellent agreement
between the measured and the calculated energy dependence
of photoelectron intensity. From comparison with the one-
step photoemission calculations, we indeed deduce an oscil-
lation of ��E� at low kinetic energies.

The advantages of our initial state are the following:
(1) The 2DES is energetically separated from all other

states of the sample, since it exists in the bulk band gap, i.e.,
above all occupied bulk states.8,9 This eliminates influences
of energetic overlap with photoelectrons from other bands.

(2) The 2DES belongs to an electronically simple s-like
and nearly parabolic band,10 which reduces the complexity
of matrix element effects.

(3) The 2DES electrons are restricted to k� �0� , reducing

the number of relevant final states significantly. Parallel to
the surface �x ,y� only the inner 0.2% of the Brillouin zone
are occupied.8 Perpendicular, the self-consistently calculated
wave function11 is close to �0�z���b3 /2ze−bz/2 �b=3.3
�108 m−1�.12 Its rather extended shape leads to a kz distri-
bution (Fourier transformation of �0) with 90% of its inten-
sity within 0.1 Å−1 around �.

(4) The surface has a very low defect density13 which
reduces contributions from elastic scattering.14

(5) The z extension of the 2DES of 5 nm8 is still much
less than the photon wavelength ��	40 nm�, allowing us to
treat the electric field of the light as constant.

To illustrate these advantages, we use the one-step model
and the knowledge that final vacuum states decay exponen-
tially into the sample with decay length ��E�.6 This allows us
to derive a rather simple expression for the photoelectron
intensity per photon starting with7

I�E� 
 � f�E��MB�E��2��
0

�

�0�z�eikz�E�z−z/��E�dz�2

.

Here, � f�E� is the relevant density of final vacuum states,
MB�E� is the matrix element, and kz�E� is the wave vector of
the final states inside the sample. �0�z� is given above with
b= �16.5
m�e2N2DES /��0�2�, depending on effective mass
m�, dielectric constant �, and the known 2DES density
N2DES.

12 The integral can be solved

I�E� 

� f�E��MB�E��2

	kz�E�2 + 
b/2 + 1/��E��2�2 , �1�

and the contributions to I�E� appear rather directly. A single
kz value is assumed, but contributions from different kz can
be simply summed up. Since b /2 and 1/��E� are small with
respect to the Brillouin-zone boundary at 14.6 nm−1, transi-
tions close to kz=0 are strongly favored. In addition, transi-
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tions with large MB�E�, large � f�E�, and/or large ��E� are
most intense.

To calculate the contributions to the photocurrent quanti-
tatively within the one-step model, one uses the time inverse
of a low-energy electron diffraction (LEED) state. Its
asymptotic inside vacuum is matched to the solution of the
complex bulk band structure15 giving �LEED�E� as the final
states of photoemission. To deduce ��E�, the density of
�LEED�E� within the crystal is fitted to e−z/��E�. We find
��E�� 
0.9 nm, 1.7 nm�, i.e., 1 /��E��b /2. Thus, the con-
tribution of ��E� is always relevant, if kz�E� is small.

The initial states are represented by the half-space
Green’s function, given as a layer resolved contribution of
atomic orbitals �i. The basis set consists of 5s and 5p (4s
and 4p) orbitals for In (As). Matrix elements MB�E� are cal-

culated as 
�LEED�Efin ,k����A� 0 ·p� ��i� with the light-induced

vector potential A� 0 kept constant. Polarization and incident
angle of the light are taken as in the experiment. Since we,
thus, calculate MB�E�, ��E� and the band structure of final
states, we can disentangle the different contributions to I�E�
given in Eq. (1).

The ARUPS experiments are performed at the HON-
ORMI beamline of HASYLAB using the ASPHERE
analyzer.16 The light is p polarized with an incident angle of
30° towards [001]. The energy resolution of the experiment
is 20 meV and the angular resolution is 0.25° /0.45° in the
two different directions. The Fermi level EF is determined on
a clean Ta-foil with an accuracy of 5 meV. Degenerate
n-InAs �ND=1.1�1016 cm−3� is cleaved in situ at p
�10−8 Pa. This leads to nearly defect-free InAs(110), exhib-
iting flat band conditions up to the surface.17 To induce the
2DES, 4.5% of an Fe monolayer is deposited. The coverage
is determined by a quartz balance and is cross-checked by a
scanning tunneling microscope (STM). The surface bands
shift downwards by 300 meV.8 One gets an accumulation
layer (2DES) with N2DES=2�1012 cm−2 as confirmed by
scanning tunneling spectroscopy (STS).9 This gives b=3.3
�108 m−1, determining �0�z� completely.

Figure 1(a) shows the energy distribution curve (EDC) of
the 2DES at photon energy h�=10 eV and �=0°. Figure 1(b)
shows angular scans recorded at different E−EF. A linear
background caused by second-order light is subtracted. The
straightforward fit of the data8 is shown as a solid line in Fig.
1(a) and in Fig. 1(c) for Fig. 1(b). The fit takes into account
the known energy and angular resolution of the experiment,16

the known conduction-band dispersion of InAs (Ref. 18),
and the known temperature �300 K�. It assumes a constant
MB�E�, ��E�, and � f�E� as expected in the small energy and
angular region of the data. The first two fitting parameters
are the subband energies Ei, which are confirmed by STS.9

An adjustment of the total intensity by a single factor is still
necessary, which accounts for MB�E�, ��E�, and � f�E� and
for the instrumental efficiency. It is the only free parameter
and reproduces all results in Figs. 1(a) and 1(b).

Figure 2(a) shows the 2DES peak at different h�. The data
are normalized to the photon flux calibrated by a Au film
prior to the experiments. Therefore, the quantum efficiency
of the Au diode is considered.19 During the experiments, the
positron current in the synchrotron is used to link the cali-
brated to the actual photon flux.

Figure 2(a) shows that the normalized peak intensity de-
pends nonmonotonously on h�. However, before we com-
pare with calculations, we have to consider that the angular

FIG. 1. (a) Energy scan of 2DES peak and fit (see text) at h�=10 eV, �=0°, Epass=4 eV; E1, E2: subband energies. (b) Angular scans
of 2DES peak at different E−EF, h�=10 eV, Epass=4 eV. (C) Fit curves to (b) with same fit parameters as in (a); same symbols are used in
(b) and (c) as marked in between.

FIG. 2. (a) and (b) Energy scans of 2DES peak at different h� as
indicated, Epass=20 eV, �=0°; data are scaled to photon fluence and
offset as marked by horizontal lines. (c) Angular scans of 2DES
peak at different h� as indicated, Epass=4 eV, E−EF=−50 meV;
data are scaled to the same height at �=0°; the horizontal line [full
width at half maximum (FWHM)] is at half maximum.

MORGENSTERN et al. PHYSICAL REVIEW B 70, 081305(R) (2004)

RAPID COMMUNICATIONS

081305-2

�+%



�
3
 �#�%����� "#$ *%0"&* $*&)'

width of the peak also depends on h�. This is demonstrated
in Fig. 2(c). The reason for the reduced width with increasing
h� is that k� 
sin ��Ekin. Thus, the same k-space distribution
of the 2DES leads to a smaller �� at higher photoelectron
energy Ekin�
h��, increasing the ARUPS collection effi-
ciency. This effect can be straightforwardly calculated by the
fit model described above. The normalized peak intensity
devided by the collection efficiency is shown for four data
sets obtained on different samples in Fig. 3(a). The statistical
error is 10% at Ekin=5–19 eV, 20% at higher Ekin and 40%
at lower Ekin. The data show a pronounced peak at 5.5 eV, a
tiny peak at 13 eV and a broad peak around 19 eV. The data
are largely reproducible, except that the peak at 19 eV is
25% larger in one data set. Note that I�E� increases by a
factor of 6 between 3.5 eV and 5.5 eV.

Next, the measured I�E� data will be compared with cal-
culated I�E� data. Therefore, the half-space Green’s function

for the initial states is calculated for k�� =0 and for an energy
at the bottom of the InAs conduction band. Although kz is not
a quantum number in the half-space Green’s function, the
restriction to the bottom of the conduction band requires kz
�0 as in the experiment. A free parameter is the position of
the matching plane between the vacuum LEED asymptotic
and the complex states of the crystal. It is chosen at 1.4 Å
above the first atom, but the results do not change signifi-
cantly from 1 Å to 2 Å. Figure 3(b) shows the calculated
I�E� curve. It also exhibits a sharp peak at about 6 eV and a
broad peak around 19 eV. The peak heights are nearly iden-
tical to the experiment. The tiny peak at 13 eV faintly ap-
pears as a broad shoulder within the calculation. Generally
the experimental results are nicely reproduced by the one-
step model setting the base for a deeper analysis.

Figure 4 shows the different contributions to I�E�. The
��E� curve derived from e−z/� fits to the final states is plotted
in Fig. 4(a). It shows a maximum at 3.5 eV, where � is
enhanced by 70%. Setting ��E� into Eq. (1) with kz=0, b
=3.3�108/m, MB�E�=const, and � f�E�=const, results in an
I�E� peak six times larger than the surrounding. This height
is indeed found in the I�E� data, but the ��E� peak is at
3.5 eV and the I�E� peak at 6 eV. Thus, other factors must
contribute. Figure 4(b) shows �MB�E��, which is calculated
separately for each layer. Only the As s-orbital is considered,
since it strongly dominates the InAs conduction band.10 A
strong maximum appears around 7 eV for all layers, while a
smaller maximum at 2 eV appears only from the second

layer on. The maximum at 7 eV is three times larger than the
surrounding, which would lead to an I�E� peak nine times
larger than the surrounding again comparable to the I�E�
data. However, the �MB�E�� peak is at higher energy than the
I�E� peak. Thus, it also cannot explain the I�E� peak exclu-
sively. Finally, the kz distribution of the final states has to be
considered. Figure 4(c) shows the complex band structure of
InAs(110) in the direction perpendicular to the surface. The
bulk states of an infinite crystal are displayed as thin lines,
while some of the complex states decaying into the crystal
are drawn as thick lines. The complex bands are marked by
vertical bars, indicating their coupling strengths to vacuum.
According to Eq. (1), the different kz contributions of the

FIG. 3. (a) 2DES peak inten-
sity normalized to the photon flu-
ence and to the angular collection
efficiency of the analyzer; differ-
ent Epass are indicated. (b) Calcu-
lated photoelectron intensity in
normal emission using the initial
states at the bottom of the conduc-
tion band of InAs(110); calcula-
tion performed according to Ref.
15.

FIG. 4. (a) Calculated escape depth � as a function of energy.
(b) Matrix elements corresponding to the As s orbitals of the initial
states displayed for different layers from the surface as indicated.
(c) Complex band structure of InAs(110) perpendicular to the sur-
face; thin lines are real states of the infinite crystal, thick lines are
complex states of the semi-infinite crystal; vertical bars mark the
strength of the coupling of complex states to vacuum states; only
states with significant coupling are plotted; Efinal at the lower bar is
given with respect to the valence-band maximum.
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final states have to be summed up. Obviously, the final states
show neither a strong �kz=0� contribution at Ekin=6 eV nor
an increased density of states, i.e., the same number of bands
with similar coupling strengths appear across the maximum.
Thus, without performing the intricate calculation summing
up over kz contributions, we can state that the peak at 6 eV is
due to an overlap of a peak in MB�E� and ��E�, but none of
the two contributions can explain it exclusively.

The second I�E� peak at 19 eV is three times larger than
the surrounding I�E� values. It appears neither in the ��E�
nor in the �MB�E�� curves. The number of complex bands and
their coupling strength to vacuum is constant around 19 eV.
Moreover, the dispersion of the bands is rather linear, i.e.,
� f�E� is constant. However, three complex bands, including
the one with the strongest coupling (largest vertical bar),
cross � exactly at 19 eV, giving rise to direct transitions. We
conclude that this I�E� peak is caused by kz�0 of the final
state. In the experiment, the overlap of the oscillating final
state with �0�z� explains the peak, while in the calculation
the restriction of initial states to kz�0 is responsible. Thus,
the peaks at 6 eV and 19 eV have completely different ori-
gins. One is due to a large escape depth and an enhanced
matrix element and the other is due to a kz matching of final
and initial states. Note, finally, that the I�E� data are only
explained, if a maximum of ��E� is assumed. This contra-
dicts the conventional knowledge that ��E� is a smooth curve
with a single minimum at 50 eV.2 However, it confirms pre-

vious calculations on GaAs(110) exhibiting a similar
maximum.6 The reason for the increased � at 3.5 eV is not
completely clear, but the bulk band structure (thin lines) ex-
hibits a large number of extrema around 3.5 eV. Conse-
quently, the bulk density of states is large and the complex
states can couple more effectively to real states increasing
their decay length. Interestingly, the high-Tc superconductor
Bi2212 also shows a ��E� maximum around 4 eV.20 How-
ever, this maximum is explained by the different plasmons of
the layered material.

In summary, we measured the photoelectron intensity of a
well-defined initial state given by the Fe-induced 2DES on
InAs(110). The I�E� curve is reproduced by a calculation
within the one-step model taking the details of the experi-
ment into account. An analysis of the calculation reveals that
a peak at Ekin=5.5 eV is due to an overlap of an increased
photoelectron escape depth and an enhanced matrix element.
Another peak at Ekin=19 eV is due to a kz matching of initial
and final states. The measurements confirm that the electron
escape depth of InAs(110) is not a smooth function of energy
but exhibits a maximum around Ekin=3.5 eV
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