
Electron quantization and localization

in metal films and nanostructures

Habilitationsschrift

Mathematisch-Naturwissenschaftlichen

vorgelegt der

Fakultät der Universität Potsdam

von

Dr. rer. nat. Oliver Rader

Juli 2004





Abstract

It has been known for several years that under certain conditions electrons can be confined within thin layers
even if these layers consist of metal and are supported by a metal substrate. In photoelectron spectra, these layers
show characteristic discrete energy levels and it has turned out that these lead to large effects like the oscillatory
magnetic coupling technically exploited in modern hard disk reading heads.

The current work asks in how far the concepts underlying quantization in two-dimensional films can be
transferred to lower dimensionality. This problem is approached by a stepwise transition from two-dimensional
layers to one-dimensional nanostructures. On the one hand, these nanostructures are represented by terraces on
atomically stepped surfaces, on the other hand by atom chains which are deposited onto these terraces up to
complete coverage by atomically thin nanostripes. Furthermore, self organization effects are used in order to
arrive at perfectly one-dimensional atomic arrangements at surfaces.

Angle-resolved photoemission is particularly suited as method of investigation because is reveals the behavior of
the electrons in these nanostructures in dependence of the spacial direction which distinguishes it from, e. g.,
scanning tunneling microscopy. With this method intense and at times surprisingly large effects of one-
dimensional quantization are observed for various exemplary systems, partly for the first time. The essential role
of bandgaps in the substrate known from two-dimensional systems is confirmed for nanostructures. In addition,
we reveal an ambiguity without precedent in two-dimensional layers between spacial confinement of electrons
on the one side and superlattice effects on the other side as well as between effects caused by the sample and by
the measurement process. The latter effects are huge and can dominate the photoelectron spectra.

Finally, the effects of reduced dimensionality are studied in particular for the d electrons of manganese which are
additionally affected by strong correlation effects. Surprising results are also obtained here.

Zusammenfassung

"Quantisierung und Lokalisierung von Elektronen in metallischen Filmen und
Nanostrukturen"

Es ist seit einigen Jahren bekannt, dass Elektronen unter bestimmten Bedingungen in dünne Filme
eingeschlossen werden können, selbst wenn diese Filme aus Metall bestehen und auf Metall-Substrat
aufgebracht werden. In Photoelektronenspektren zeigen diese Filme charakteristische diskrete Energieniveaus,
und es hat sich herausgestellt, dass sie zu großen, technisch nutzbaren Effekten führen können, wie der
oszillatorischen magnetischen Kopplung in modernen Festplatten-Leseköpfen.

In dieser Arbeit wird untersucht, inwieweit die der Quantisierung in zweidimensionalen Filmen zu Grunde
liegenden Konzepte auf niedrigere Dimensionalität übertragbar sind. Das bedeutet, dass schrittweise von
zweidimensionalen Filmen auf eindimensionale Nanostrukturen übergegangen wird. Diese Nanostrukturen sind
zum einen die Terrassen auf atomar gestuften Oberflächen, aber auch Atomketten, die auf diese Terrassen
aufgebracht werden, bis hin zu einer vollständigen Bedeckung mit atomar dünnen Nanostreifen. Daneben
werden Selbstorganisationseffekte ausgenutzt, um zu perfekt eindimensionalen Atomanordnungen auf
Oberflächen zu gelangen.

Die winkelaufgelöste Photoemission ist als Untersuchungsmethode deshalb so geeignet, weil sie das Verhalten
der Elektronen in diesen Nanostrukturen in Abhängigkeit von der Raumrichtung zeigt, und unterscheidet sich
darin beispielsweise von der Rastertunnelmikroskopie. Damit ist es möglich, deutliche und manchmal
überraschend große Effekte der eindimensionalen Quantisierung bei verschiedenen exemplarischen Systemen
zum Teil erstmals nachzuweisen. Die für zweidimensionale Filme wesentliche Rolle von Bandlücken im
Substrat wird für Nanostrukturen bestätigt. Hinzu kommt jedoch eine bei zweidimensionalen Filmen nicht
vorhandene Ambivalenz zwischen räumlicher Einschränkung der Elektronen in den Nanostrukturen und dem
Effekt eines Übergitters aus Nanostrukturen sowie zwischen Effekten des Elektronenverhaltens in der Probe und
solchen des Messprozesses. Letztere sind sehr groß und können die Photoemissionsspektren dominieren.

Abschließend wird der Effekt der verminderten Dimensionalität speziell für die d-Elektronen von Mangan
untersucht, die zusätzlich starken Wechselwirkungseffekten unterliegen. Auch hierbei treten überraschende
Ergebnisse zu Tage.
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"�� 	�
� @����	
�� ?���	�>�	���@ �� �
	�� 
������ ����	�<�� &�	� �����������
	�
 
����
�� ��� �������	���. "��� �� �
������ ������� �� 	�� ����������	�

<���A 	�� ������	�	��� �
 ?���	�����>� �'��	� ��� ���� ��
���� ��
�� �� &�	�
	�� 
����	 	��	 ��

��������� ��1����A ���� 	�� ?���	���&��� ����
A ��1� �����
&���� ������ ��
	 �
 ����� ��
�. -���������	�
� ��1� ���� ���� &���� �����
	
����	
�� ?���	�>�	���. ��
 ����
�� ���	��� �
 ��	���A �����	���� 
�
 ?���	�>��
	��� �
� ��	 �� ��1����. �	 �� 
���
����� 	��	 	���
 ���	 ����
	��	 �������	���A
������ �������	�
� �����
���� �����	�� �������� ��� ����	 �����	�
����	����
����# B67/�A66/�CA &�
� ������ 	� ����	
�� ?���	�>�	��� �
	�
 	���
 ������	��
	��� �� ��	
������	�1� �����
� 
�
 
������ ����� �
 ��
� ����� ��� ��
���� ���� ��
�
��
��� B7�!�A73��A73(�A76D�C. ��	��� �� ��	 ������� �� ������	� ���� ���
�
���� 	�� ��
�� ���
��. D�&�1�
A 	��� ��1� 
���	�1� ���� ����A �.�.A 
�
������
>���� 	��	 ����	 
�
 � ��
	��� ��
��	��� �
 	�� ����	
�� &�1� 1��	�
 & ���9�
 ���
���� �
���	�	���. "���� ���� ���� �
� �
	�� ���� ��
��
 	��� �� ����������	�
�
��� 	���	��
 &�	� 	�� ������ �����	���� 
�
 ���	����� �
�&	� &�	� �	��������
���
� ��	�

����A ��	�� �����	
��	�
�� �
����� ����	
�� ���<�����	 	� �	����
���������� B77��A�!!!(�A�!!���C. ;� &��� <
�	 ���� �	 	�� �������	�
� �����	��
�������� ������� �
 �	� ����
	���� 
�
 	�� <��� �
 ��	�� ?���	���&��� ���	���.
*
	�
 	���A &� &��� �
��
����1��� 
����� 	�� ������������	� �
 ��	��������	��
�	
��	�
�� ��� �����
� &���� �
 	�� ������	� 

�� 	&������������� �	
��	�
��
��� �� ���	 ��� &��	 ������� ��	�
��� ��& �� ��	�� �����	
��	�
��.

���. �.� ���&� 	�� �
������� �
 �������	�
� �����	�� ��������. %�������� ��
	�� 	�������� �
 	�� ��������	�� �����
 ����
A 	�� �����	�� �������� ��	&���

�

������	�� ����
� �������	�� ��	&��� ��
����� ��� ��	���
�����. $���	
�� ?����
	�>�	��� ����
� �� 	�� ��������	�� �����
 ����
 	��	 ����
�	�� 	&� 
�

������	��
����
� �<�. �.��#. *	 ��	� ��	�

����A ����	
��� �
� 
�E��	�� ��� 
�
� �	����
��� &�1��. �� �� ������
����1�� ���	��������� ����
����	A 	�� ?���	�>�� �	�	��
�� 	�� ��������	�� �����
 ����
 ��� �� �
����. ���. �.3 ���&� ?���	���&���
�	�	�� �� (�9(���!!#. * ���
��	�
��	�� 
��	�
� �� 	��	 &�	� ���
������ (� ��1�
�
��� ��� �����	���� ����
�A ��#A 	�� ���
��	�� ������� ��	&��� ?���	���&���
����� ���
�����. "��� �� ����	�� &��	 �� �����	�� 

�� 	�� ����1��
 �
 ����	
���

0



2 ������	 
� ���	�
������

����
� �.�: -�����	�� �
 �����
���� �������	�
� �����	�� ��	�
����
 ��������.

�� � ��������������� ��	��	��� &��� �� ���� 

�� <�. �.��.

;��� � <�� �
 ���	�����
 &�	� ��	���
����� �������� ���� �� <�. �.�� ��
�
������A ��
����� �������� ��� �� �
����	 ����	 �� 	�� ��E����� �
 ��	�
���
�����	�� <���� ���� �� 

�� 	�� ��	� �� � �����	�� ��
� ����. *	 >�
� <���A 	��
�������� &��� �&�	�� ���� 	� ��	���
�����. "��� ��	��	��� �� �����	�� �� <�. �.5

�
 (
 �� ���
�

������	�� �����
 ��	�
���. �(
 �� ���� 
�
 ���	�
���� 
������
�� 	�� �������	�
� �������� &�� �

�������� ���
���� 	� 	�� ��	�
�

������	���
�
 (
. �� 	�������� �������	���� (�9(�9(� �
 ��
������9(�9��
������ �	
���
	�
�� �
� 
�1�
��.# "�� �
������� �
 	�� ����	 �����	�
����	���� �'��	 �� 
������
����
�	��� �
 	�� ��

��	 �� 1��&�� ���� �� 	�� ��� �
 	&� ���� ��

��	� �<�.
�.5#. ��
 ��	���
����� ��������A ���� ���� ��

��	 ����
���� �	
��� ���		�
��� ��
	�� 
�

������	�� ����
 &�	� �����	�>�	��� ������	� 	� 	�� ���� �����	 �
 	��
����	
�� ��� � ���� 
����	���� 
����	�. ��
 ��
����� ��������A ��� ���� ��

��	 ��
���		�
�� 1�
� ��		�� ��� 	��� ��� ����� 	� � ��& 
����	����.

����
� �.�: F�������������� ��	��	��� &��� �� ����� 
�
 ?���	�>�	��� �� � 	&��
����������� <�� ��#. "�� ��	�

���� 	� 	�� ����	
�	� ��� 	� 1����� ��	 ��
������
��� �
 	�� &���. ;�	� ���
������ &��	�A ��
� ?���	���&��� �	�	�� ���
�� ��������	�� �� 	�� &��� ��#.

"�� 
����� 
�
 	�� �������	�
� �����	�� �������� �� 	�� ���� ���������� �

	�� ���� ���� �� 	�� 
�

������	�. �
 ?���	���&��� �	�	�� �
� ���� 	� 	
�����	
	�� �����	�� ��������A 	��� ���	 	������1�� �� ���� ����
�>�� 
���
����� �

	�� 
��	 	��	 	��� ����
 �� � ��������	�� ��	�
���. "�� �
��
 �
 	��� �� 	��
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�����
����1�� �����
����	 ���&� �� <�. �.0: "�� ?���	���&��� ����� ����

�
��������	�� �� 	�� ����	
� 
�
 ����
�	������ ����	
��� ���&�&�
� 	
�������#.
"�� ���1� �� � 	��	���� ������� 
�
 	�� �	
��� �'��	� 	��	 ?���	�>�� �����

	
���� �	�	�� ��� ��1� �� ��	���. *�	����� 	�� ?���	���&��� ����� �
 �����	��
��	�
����
 �������� �� ����
���� �����	�� �� ��&A 	��
� �� �	��� � �����
 �
 ����
?���	���� �����
���� 	�� ����	
���� �	
��	�
� �
 �����	�� ��� ��������	�� 	&��
����������� <���.

��

��������	�
�����

��

�
�
�
��


�
��
�
��
�
��
�
�

�
�
��
�

�ν�����
�
θ � ����

������	�����

� ��� � ��� 	�
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�#

�!��

��
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� �$

� ��

����
� �.3: *�����
����1�� ���	��������� ����	
� ���&��� ?���	���&��� �	�	��
�
 (�9(���!!#. $��� ����	
�� ��

������� 	� � ��'�
��	 (� ��1�
��� ��
�����	���� ����
� ���#. G���	���&��� ����� �
��� 	�� ��
�� ���
�� &�	� 	��
���� ��
��� �
 0.2 �� 	��	 �� ���
��	�
��	�� �
 	�� �������	�
� �����	�� ��������.
� ����	�� 	�� ?���	�� �����
. �
�� 
�
. B62(�C.

*
	�
 ��	
������� 	�� ����
����	�� ��	���� �� ����. �A &� &��� 	���� ����
���� �
 	���� ?���	���� �� ����. 3 �	�
	��� ��	 �� ���	. 3.� &�	� 	�� �������	
������� �
 � 	&������������� ?���	���&��� ���	��. "��� �� 	�� ��� 
�
��� ��
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� 	
����	������	�� ��������
 �� � ��������	�� ����	
�	�. ;� ��1� �
�����	�
&�� 	�� 8� <�� �� (���!!# ������ �� � ���� 
��
����	�	�1� �
 	&�������������
����1��
. ��1�� 	�� ��������	� �
 	�� ���	��A 	�� 
����	 ����
1�	��� �
 	�
���
����������� ����1��
 �� 	�� ��	�
�	�
� B74��C ��� ���� � ��
�
���. "�� ���	��
8�9(���!!# ����� &�	� ���� �	��
� �
� 	��
�
�
� � ���� �	�
	��� ����	 	� ������
�	
�	� 	�� ����
����	�� ��	��� ��� 	�� ��&�
 �
 ������
����1�� ���	���������
	� ���	������� ��� ���
�
� 	&������������� ����1��
 �
 ����	
���. "�� ��� 	�
	��� �� 	�� �����	���
����1��� �
���
	� �
 ������
����1�� ���	��������� ����	.
�.5#.

����
� �.5: ����	 �����	�
����	���� �'��	 �� ��9(
 ���	�����
�. "�� �����	��
�	
��	�
� �� >�
�<��� �� ��	������� ��� 	� 	�� �������	�
� �����	�� �������� �'��	.
;��� 	�� �� �����	�>�	���� �
� ������� ��
����� �� �� ��	�
��� �����	�� <���A
	�� ����	
���� 
����	���� �
���. $���
����	�� ��	� 

�� 
�
. B66/�C.

"�� ��	
��� ��

��� �����	�1�	� �
 	�� ��	��� ����	. �.�# �� ��	�
���� &���
���	�� 
�
 �	������ 	��� <��� ��� �����	
��	�
�� �	 ��

����. D�&�1�
A 
�

��
��� <��� ���� 	�� ��������	�� ��	�
����
 �
 ����	 �����	�
����	�1� ���	���
���� (�9(�9(���!!# �
 8�9(�98���!!#A 	��� ��� �� � �����1��	���. ��
 	��� 
���
���A ������� (�9(���!!# &�	���	 � (� ������� ����
 �� ������ 	� �	��� ?���	���
&��� �	�	� 
�
��	��� �� ������
����1�� ���	��������� �
 ��1�
�� ���	���������.
*� ���� 
�E��	��� �
 ����	
��� �	 �� ��	�

��� ����� 	� � ��
	��� ����� ���
	 ���
����� ���
	� �	 (��1����� ��� (��(� ��	�

���� ��'�
A 	�� ��
��	 ������	���
�
 ?���	���&��� ��	� &�	� ��	� �� 	�� �����	�� �������� �� �
������	��. "���
����� 
�
 ������� 	� 	�� ?���	��� &��	��
 	�� �����
���� �
 � ?���	���&���
���� �	 	�� ��
�� ���
�� �� 	�� �����
 ����
 ������ ��
����� �
 ��	���
����� ����



7

����� �
 	�� �����	�� ����
�. ��
 	��� 
�����A 	�� ���	�� 8�9(�98���!!# ���
���� �	����� ��� �����
�� 	� (�98���!!# �� ���	. 3.�. �	 &��� �� ���� 	��	 	��
��E����� �
 	�� �����	�� ��� ����
 ���� ���� ������ 	��	 �
 � ����	��	 �����
���
	.

����
� �.0: -���� ��� ������
����1�� ���	��������� ����	
� �
 ?���	���&���
�	�	�� �
 (�9(���!!#. H�&�
� 	
������� �
� 
�
 ��I�
�	� ���� ��� ��&�&�
�
	
������� 
�
 ����
�	� ����. G���	���&��� �	�	�� �
� �
���
��� �
 ����
�	� ����
������� 	� �� �������	��� �
 	�� ���� ����
�>�	��� �	 	�� ��
�� ���
�� &�	� (�
��1�
���. F
������ ��	� 

�� 
�
. B7�(�C.

"�� ���	 ���	��� �
 ����. 3A ���	. 3.3A �� ��1�	�� 	� �� ��	�
��� ��'�
��	
?���	���&��� ��	�
���: 	�� 
�
� ��
	� ����������. *� � 
�

������	�� ��	��A
	�� ����	
���� �	
��	�
� �
 �� ����
���� ������>�� �����	�� 5
 ��� �	���
��	 0�
����	
���. �� 	�� 

���&�
� �
 	�� �++, ����� �
 �����	�� ��������A 	��
0� ����	
��� �����	� 	�� �����	�� �������� ��	&��� 	�� ��
	����� �������� 5

�
��	���. "��� �
� �� 	��� &�� 
���������� 
�
 	�� �����	�� �	
��	�
� �
 	��
������	�� 
�
� ��
	�� &���� �	
����� 1�
��� &�	��� 	��� ��	�
��� �����. �� 	��
����
��	��� �
 	�� �������	�
� �����	�� �������� �
 	
�����
� ���� (�9(�9(�A 	��
�
�� �� ����
��	 ������
�	� ��	&��� 	�� �++,����� �
 �����	�� �������� ��� 	��
?���	���&��� �����. "��
�
�
�A 	�� ����
1�	��� �
 ?���	���&��� �	�	�� �
 
�
�
��
	� 0� ����	
��� &���� �� ������ ��	�
��	���. �	 &��� �� ���&� 	��	 ���<�����	



�! ������	 
� ���	�
������

��� ?���	�>�	��� �
 �� �	�	�� �������� &��� 	�� <�� �� �
�&� �� 	�� �	����
�
����	
�	� 
�
 ���	����� �
�&	� �
 
�
� ��
	��A ������ ;���!#. �� ��
	�����
A
�	� 
�1��
�	� ���� ��� �
���
	��� ��� 	���
 ����
	���� 
�
 ���<�����	 &��� ��
���������. "�� �	����
� ����� 
�
 ?���	���&��� �	�	� ����
��	���A 	�� �����
��������	��� �����A &��� �� �������. �� 	�� ��
	�����
 ���� �
 ��A 	�� ����� ��
���� 	� ��	�
���� 	�� �����
���� �
 �� 0� ����	
���A ��� 	��� ���
�<�� � �����	�

����� �� 	�� ��	�
�	�
� �� 	� &��	��
 �
 ��	 
�
� ��
	� 0� ����	
��� ���& �	
���
����	
�� ��

���	���.

����
� �.2: (����
���� �
 ��&# �����
����� ��� ����	
���� �	�	� �����	��� 
�

���<�����	 �� >�
�A ���A 	&�A ��� 	�
�� ����������.

G���	���&��� �	�	� 
�
��	��� �� 	&������������� ��	�� <��� ��� �����
&���� ���� ����
1�� �� � 
�����
 ����� B�!!!(�CA ��� 
����
�� ����� 	� ��1�
�� 	�&�
�� ?����	�	�1��� ��& ���������� &���� �
� 	� �� �����1�
�� �� ��&�
 ���
����������	� 	��� 	&�. ���. �.2 ���&� 	�� �'��	 �
 �
��
����1� ���<�����	 ��
	�� ����	
���� �	
��	�
� �	�
	��� ��	 

�� 	�� 1�����: "�� ?���	�� <�� �����

�
 &�1��	�
� ����� 	�� >���
��	��� 	� ����
�	� �	�	�� ���
��
��	��� ����
���� ��
	�� ��������������� ��	��	��� &��� �
 <�. �.� ��� 	�� ����� ��������	��� �����
����	. 3.3#. �� ��	� ��
���������
 ��
��	����A � ��� �A ����	
��� �����
�� ����
�� 	�� 1�����A ��� 	��� ����� 	� � �	������� �����	� �
 �	�	��. ;� &��� �����
�
	�� 	
����	��� 

�� 	�� ?���	�� <�� 	� 	�� ?���	�� &�
�A &��
� ��	���	���
����	
��� �
�����	� ���� ����� ��� ��
��	���. �� 	�� 

���&�
� �
 	�� �
����	
	�����A 	��� 	��� &��� �� �����1�� �� 	&� �	���:

*	 <
�	A &� &��� 	
��	 1������ ��

���� �� ����. 5A �. �.A ��

���� 	��	 ��1��	�


�� � ��&������
������ ��

��� �� � �����	 �����	. "���� �	����� ��

���� 
�
�



��

� ��	�
�� ����
��		��� &�	� <��� ��
���. �� ���	. 5.� &� ���� �	 ����� �	�����
;���!# ������� &� �������
 �	A �� ������� 	� E�	 ;���!#A � �
������� ����	
�	�

�
 	�� �
�&	� �
 � ��
�� 1�
��	� �
 ��	�� �����	
��	�
��. "�� ������� ����1��

�
 � ��
	��� 
��	�
� �
 	�� ����� ; �� ����
����. "��� 
��	�
� ���&� � 
����	��
��&# ���� �����
����. *
	�
 	�� �	����
� 	��	� �� ������
����1�� ���	���������A
����
���� ��
���� �� ���	. 3.�A 	��� 
��	�
� �1��1�� �� ��

��� ������>��A �. �.A �

������������	� 	&� �
 ��&�
. �	 &��� �� ���� 	��	 ��������������	 ���	���������
��� 
�
	��
 ���	������� ��	&��� 	&�� ��� ��������������� ����1��
 &��
� 
�

�	����� ��

���� 	&������������� ����1��
 �� ����
�	��� �� ����	
�� �	���
����
��
��� 	�� ����
��		��� �
 �	���. -��� ����1��
 
�?��
�� 	�� 
�����	�1� &�1�

���	��� 	� �� ���
���

��� �
���	��. F�������������� ����1��
A �� 	�� �	��

����A ����� � ������>�	��� �
 	�� &�1� 
���	��� �	 	�� ���
���

��� �	�

���#.
"�� ����
����	 ���?��1������ ��	�
����� ��������������� ����1��
. "��� ���
��	�
��	��� �����?������ �� �� 
�
 �� 	�� ���1����	����� 
���	�	��� �
 ��&# ���	
�� � ��'
��	��� �'��	A �. �.A �	 ����
� �� 	�� <��� �	�	� �
 	�� ���	���������
	
����	���. ��
��1�
A �	 �����
� 	��	 	�� &�������&� ������� 
�
������ 
�

<��� �	�	� ���		�
��� �	 ����
��		���� ��1�� 	�� ��

��	 ��
��� ��	 ��	 	�� ��

��	
�������� ����� ���A 	��
�
�
�A � ��'�
��	 ����
��	��� &��� �� ��	 
�
&�
�.
"�� ���	 �	�� �� 	� ��� �	����� ��

���� �� 	�����	� 
�
 	�� �
�&	� �
 ��	���

��� ����&�
��. "�� 
������1� �	����	�� ��	�
��	��� �� 1������ �	����# ����� 	� �
��

�& ���	
���	��� �
 �	�� &��	��A ��� 	�� �
�&	� �
 ����&�
�� �
 �����	����
&��	� �
 (� ��� (�9�	�774# ��� ���� ����
���� �� 	�� ��	�
�	�
�. /���& �����
����
 ��1�
���A 	�� ��

��� �����	�1�	� �
 ������
����1�� ���	��������� ���� ��
�����
 
�1�
 �����	
��	�
�� �1�
 	���
 ����	
�	�. "��
�
�
�A �� ����	����� &��
	� ������� 	�� �����	
��	�
� ������A ���	��������� 
�
 ���	�� ���
���� �
����
	�� (����
 ������� �
 	�� ����	
�	� 1����������� �
��	���A �. �.A �	 0�A ���
���� ������	�� �� ���	. 5.�. �����	��� �� 1�
� �����	�1� 	� 	�� �����
 �
 ���
�
��	 �������
� �
A �� �	��
 &�
��A 	� 	�� ������������	�. "��
�
�
�A �� ���	. 5.�A
	�� ����������������	� �
 (� �� ������	
�	�� ����
��	�� 1�� �� ����������	 �

	�� �����	�� �������� ����		��� ��	&��� ��I�
�	�� ��� ����
�	������ ����	
���.
�	 ������ �� ���	����� 	��	 	�� &�
� ����
���� �� ���	. 5.� ��� ��	�
 ���� ����
<
��� �� �������
�	�
� ���&��� ��
��	�� �� �����	�� ��
����
 ��
�� ����
����
��()%# 	��	 	�� ���	�� (�9�	�774# �� 	�� <
�	 ������� �
 � ���������������

�

������	�� ����� B�!!���C.
(���. 5 �� ��������� �� ���
������ 	�� �����	
��	�
� ��1�
��� �� 	��

�	����� ����	
�	� 	� � 
��� ��������
 �?��1����	. "��� �	�� �� ����
	���� ��
5.3A ��� �	 �� 	��	 �
������� �������� ��������� � �
����	�>�	��� ��	��� &����
�
��������� ��� �
����� ����� ��	 ��	 ������ ����
�. "�� 
����	 �
 �
����	��
>�	��� �
 8��44�# �� � 
��� ��1�
��� �� ��
��� �����	
���� �
 �
������ ��. �.A
��������
 �
����	�# �	
��	�
�. "�� ���� �����
���� �
 �
����	� �� ���&� 	� ��
	&������������� ��� ����� 	� 1�
� ��
�� �����
�����. �� ���	
��	 	� 	�� �����
1������ ;���!# ��

���� �
 ���	. 5.�A �	 �� �����	�� 	��	 ��� �
 	�� �
������ ��&#
����� �
� �'��	�� �� 	�� ����
��		��� �
 �	���. "��
�
�
�A 	�� �����	
��� �

	�� ����	
���� �	
��	�
� &�	� 
�����	 	� ��
��	���� ��
����� ��� ��
���������
 	�
	�� �	��� ��� �	
���� �� ���	 ����
�� ���� 

�� 	�� ������
����1�� ���	���������.
*�� �
 	�� ���� �����
����� ����
����� � �������� �� 	�� ��
���������
 ��
��	���.



�� ������	 
� ���	�
������

�� ������� 	� 	�� ����
����	 �� 1������ ;���!#A 	�� ����	
��� �
� 
���� 	� ��
������>�� �	 	�� ����1����� �	
����A ��� 	�� 
���	�	��� �
 ��&# �� �������� 	� �
��'
��	��� �'��	 �� 	�� <��� �	�	�.
"��
� �
� 	&� 
������ 
�
 ���1��� �	����� ��

���� ����� ����� �� ����. 0.

��
�	 �
 ���A 	�� ����
���� �
 	�� �	�� �

�������	 ���9�
 �
 �����	
��	�
�
�
�&	� ��� ��	 �� ��Æ����	 	� �

�1� �	 	�� <
�	 ����
1�	��� �
 	�� �����	��
��������������� �����
���� 
�
 �����	���� ��	�� ������. *�� ��������A 	��

���	�	��� �'��	� �
 ��&# �����1�
�� �� ����. 5 ������ �� 	�� ��
������	� �

	�� �	�� ��		���. "� 1�
� 	�� ��
��� ����� 	� �
���
� � ��'�
��	 �
��	�� ��
�

��� ������� ����� 
����1�� ���	��������� 
�?��
�� � ��	�
���� ���
�
� ��

���.
-�1�
�� 1������ ; ��� 8� ��

���� ��1� ���� �����
��A ��&�1�
A ���� �	�����
�
� ����	�� �� ����
����	�� 
����
���. (���. 0A 	��
�
�
�A ����� &�	� ������ �

���� ����
���� &���� ��1� ���� ����
1�� �� ���
��
����>�� �
�&	� �� E�	 ����
�	
�	�� &�	� 
��	������
 ��

��� ��		��� ���� ���!# ��� 	�� ����
��		��� ����	��	
�
 &���� ��� �� ��I��	��. ��	�
��	�����A 	��� ��
�� ���� � ������ �&�� 

��
	�� ��		������	���� �
�&	� �����	���� �
 	&������������� ?���	���&��� �	�	��
	�&�
�� ��		���������	���� �
�&	� �
 �����	
��	�
��.
*�98����!# �� ���� � ���	�� &���� �
���� !.2 �� ����
���� � �	
��	�
��

	
����	��� &���� ����� 	� � ����
��	 �

�� �
 *� ������. "���� ������ �
�
�����	���� ��	 &�	� � >��>�� �����. �� ���	. 0.�A 	�� ��

��������� ������


�� ���� 	� 	�
���������������	� �� 	�� ����	
���� �	
��	�
� ��� �� &�	������
�� *����1�
������������	 ���	��������� ����	
�. * ��

��	 ���������������
�����
���� �
 *� �� �	�	�� �� �����
��A �. �.A ��
������ ����� 	�� ������ ���
E�	 �� 	�� ��
���������
 ��
��	���. ����
 J�� &�� 	�� <
�	 �������	��� �
 �
��������������� �����
���� 
�
 � ��	�� ����� 	���	��
 &�	� 	�� &�
� �� -���1��
�	 ��. �
 *� �� �	����� -� B77-�C. "�� 
����	 �� ��
�
����� ��� ��	 �������	���
I��	�<�� ����� �� 	�� 
�����	�1� �	�	� �����	��� �
 *� ��� 8�. ���	���A �	
��� ���
�
���>�	��� �
 *� ��� 8� �� �	�	�� ��� 1�������� ������������	� �'��	� ����� ��
�����	�� �� &���. "�� ����	��� 	� 	��� �
����� �� 	�� �
������ �
 ���� ���� ����
�� 	�� 8� ����	
�	�. �	 �����
� 	��	 	��� �
� �� ����
	��	 
�
 ����	
�� ���<���
���	 �� ��������������� ����&�
�� �� 	��� �
� �� 	&������������� ?���	���&���
�	
��	�
��. ��
 	�� ��� ���	�� (�9(���!!#A ����	
�� ���<�����	 ������� ��
	�� ����A ��� �����?���	�� ?���	���&��� �	�	�� �
� ���� ����
�>�� �<�. �.0#. �	
�� ���&� 	��	 ����	�� 	�� ���� ������� �� ��������������� ?���	�� &�
�� �

*�98����!# �������>��� ���� ����� 	�� 
��� �
 	�� ���� ��� �� 	�� ����	
�	�
����	
���� �	
��	�
� 
�
 ���<�����	 ��� ?���	�>�	���.
�� ���	. 0.�A &� &��� 
�	�
� 	� 	�� ���	�� ��9;���!# ������� �	 �������

�� 	� 	��	 	�� 1�
��	��� �
 ��	�
�� ����
��		��� �'��	� &�	� 	�� ��		��� ����	��	.
"��� ����
�A �
 ��� ����	� 	�� �� ��1�
��� 	� �����������
 �����	�. "���
�
�& �� ;���!# �� � ��
��� �
 ����
�	
��	�
�� &���� ��� �� ���
��	�
�>�� ��
������. "�� 
����� 
�
 	��� �

�������	 �� 	�� �	
��� ������ 	��	 	�� �� �	��

�
�� ��� 	� ���
�� 	
���
�
 &��� �� ����
�� �� ;. "�� 
������1� �������������
��	�
��	��� ��	&��� �� �	��� ����� 	��� ���
	. %�� 	� 	�� �����	
��� �
 	��
;���!# ��

���A 	�� ��		��� ����	��	 ����� 	�� ������ 
������ ����	��	 &��
���
	�� ��	�
����� ���	���� ��
���� �� ����� �	��� �� 	�� �� �����������
 ��1�
���
�� ���
�����. *�����
����1�� ���	��������� ����	
� ������ 1�
� �	
����� ��
���



�3

	��� �
����� ��� �
����	 � &���	� �
 
��	�
��. *� ��	 ���	��
 ��	��� 	� �������
	�� �����	
��	�
� ������ �� ���	���������A 
������	 ����	�	��� 1�� 	�� �� 5�
��
� ��1�� �� �������. "�� 
����	 �� 	��	 	�� �	
����� 1�
���� ����� �
� ��	
��� 	� ��. "��� �
� ���	��� ��������� �� � ��'
��	��� �'��	 �
 ;���
�1��
����	
��� �	 	�� �� ����
��		��� 
����&��� 	�� ������ ����
��	��� �� 	�� �������
���	�
�. H����� 	�� 
����	� �
 *�98����!# �� ���	. 0.�A 	��� �� � <�����	�	�
�'��	. *�� I��	 ���� �� ;�33�# ��� ;�00�# ����	. 5.�#A 	�� �
������ �
 	��
���� ��� �1���� 	�� ���	
���	��� 

�� ��
��	 	
����	���� 	� 	�� ����	
� &����

�����	�	�� 	�� ����
1�	��� �
 	�� ������� �'��	�. "�� ���
������ �� ��1�
���
	
�����	�� ��	� � ?�������	������ ��
��� �
 &�1��	�
� &���� �
��� 	�� ;���!#
���� �	
��	�
� ����� 	�� ��

���. "��� ����	����� �� �
�1�� 	�
���� �� ������	
	��	 ��1��1��� 	�� ����� ;���!#.
H� 	� 	��� ����	A ��� �
 	�� ����	
���� �	�	�� ��������� ��� �� ���
��	�
�>��

�� ��������>�� �� 	�
�� ���������� ��� 	�� &��� ���� &��	� �
 ��������	�� ��
��� � ����	
���A 	
����	������	�� ��� 
�
����
	� � ����	
���A ��� �
����	� ��
����	
��� ������� ���������	�� 	�� �����	�	���� ����� �� 	�� ������ ������ �

?���	�>�	��� 1������>�� �� <��. �.� ��� �.2. (�� &� �����	 � ������
 ����������
�� 	�� ������������	� &��� 	�� ����	
�� �
��	�� �� ��
� �	
����� ������>��= ��
����. 2A &� �	��� ��& ����	
��� �� 	�� ���
�<���� 3� �
��	�� �
 �� ����1� 
�

1�
���� ��1�
�����	�A ��� &� 
����	 	�� ���
�� �� 
�1�
�� �
��
A �. �.A 

��
������������	� >�
� 	� 	�
��. �� ���	. 2.� &� �
���
� ��������������� �� �
�

�������	� �� ������	��� �
 � !.0 �� <�� �� 8����!#. "�� ��

��� �

�������	
�� ���� 	��	 ���	 �� �������
� �
� �1����� 	�
���� � 
������1� ����� ��	�
�
��	��� ��� 	��� ����� 	� � ��� � �# �	
��	�
�. ���
������ 	�� ��1�
��� 

�� !.0
	� � �� ��� ������ ��

������� 	� � 	
����	��� 

�� � >�
�� 	� � 	&�� ���
	�
�������������� �

�������	 �
 �� �	���. ���	��������� ����	
� �
 	�� ��
�� ��
� ��1�� ���& ������ � 1�
� �����	�1� 
���	��� 	� ������� �� 	�� ������
�������	�: * �	
��� ��	
� ���� ��� 	� ����	
�� ��

���	��� &���� �� ���� �
����	

�
 	�� >�
������������� �	
��	�
� �
���� !.0 �� ��1�
���. "�� 
����	� �
�
�����
�� &�	� 	���� 

�� !.0 �� ��9(���!!# &���� �� &��� ���
��	�
�>�� ��
�
��
�� ��

��� �����. "��
� �� ���� ������
�	� 	� 	�� ���� �
 ����	�� �����	��
������ �
 ��������� K���� �������K ���� �� �� (� &���� ��� ���� �� 	�
��� K>�
�
�����������K. ���	��������� ���&�A ��&�1�
A 	��	 ��

���	��� �'��	� �
� ����
��
��
 
�
 	�� >�
������������� ��

��� �

�������	 �
 �� �� 
�
 �� ����	�� ��
	�� ����. �� ����	���A ���� �� 	�� ��

��� �����A �� �	��� ���� �� ����� 	� ����
�	��
 	��	 �����
���� �	
��	�
�� �� &��� �� �����	�� �
��
 ��� ����
.
-��� ��� � �# �	
��	�
� �� ��	 ����
1�� 
�
 �� �� �����!#. �� �� �
 ���

�	
��	�
� ��� �� 	�� ������������ ���!#���

���A ���	����� ��� � �# �
�&	� ��

����. -��� ���	
����	�
� 
���
	� ����	 	�� �����	�� �������� �
 �� 	� 	��
����!!# ��

��� &�
� 	�� ��	�1�	��� 
�
 � ��
�
�� ��1�
������������	 �	��� ��
�()%. "�� �()% ����	
� �� ����
�	��� ���&�� ��	 ���� � ���
��	�
��	�� ���
�������� �
 	�� �����	�� �������� �� 	�� ��1�
��� 
������ 

�� >�
� 	� ��
�����
	� ��	���
����� ��� ����� 	� >�
� ��	 ���� �
 	�� ����	
���� �	
��	�
� &���� ���
����� �
��
����1��� ���� ������>�� ��	&��� !.3 ��� � ��. "�� �
������� 
�	��
�
 ����
�	��� ����	
� ��
1�� �� � ����
�� ������	�
 �
 	�� ������������	�.
"�� �	
��� ������>�	��� �
 �� ����	
��� �� ����� �� ���
 <����� �
 � �� ����	
��



�5 ������	 
� ���	�
������

���<��
�	��� �
 	�� � ��� &�	� � �!!L ���� ����
�>�	��� �
 �� � �	�	��. "���
����� 
�
 � �����
����1�� ���	��������� �	��� �
 	�� 1������ ����A ��&�1�
A 	��
��	��� 
�?��
�� ������� 	�� ����� ���� ����
�>�	��� ���� �����
���� 
�

������	��
�
��
. "��� ��� �� �
������� �� �����1�� 
�
 �� �� �����!# ��	 
�?��
�� 1�
�
��& ��1�
���� �� � ��# 	�� �����	�� �������� �
 &���� �� ��	
����� �����	�1�
	� 1����� ?����	�. �� 	�� 1�����A �� �
�
�
� ��	�
�

������	�� �
��
. "��
&�� ��	 �� 	� �	��� � 
�

������	�� �� ��������. "�� ����������� ������
�
���
�	��� 
�
 ���� 
����1�� �	����� &�� �����1�� 
�
 ���	����� <��� �
 ��
����	����A �� ��
	�����
 ��-��!!!�#. �� ���	. 2.�A ���� 
����1�� ���	��������� ��
���� 	� �
��� 	&� ����������	
� ����	� �
 	�� ���� ���� �	
��	�
� �
 ��-� ���
��	�
���� 	�� �����	�� �������� ����		���� ��	&��� ��I�
�	�� ��� ����
�	������
�	�	�� �
 ��. "�� 
����	� �
� �� ��
�����	 &�	� ���������
�>�� ���� �	
��	�
�
�������	���� &�	���	 �	
��� ����	
�� ��

���	���� ��	 	�� ����		��� �
 ����������
�� �	�	�� �� �����	�� ��
��
 �� 	�� ����
����	. "�� ����
����	 
�1����� 	��
�
������ �
 � ��
�� ���������
�>�� ���� ��� �� ��-� &��� �
�I��	�� ��	� 	��
�!!!�# ��

���. �	 &��� �� ���� 	��	 � ���������
�>�� ��

��� �	�	� �� �����
	��
�� 	��� ���� ���.
�� ��� � ��������	�� �	���� �	
��	�
� &�	� 
��
 ����	
����A �
 &���� 	�� ���

�	���� �	 
��� 	����
�	�
�A ���� �� � 4�4Æ(#A �� ���	 ��������	�� &�	� 06
�	��� �� 	�� ���	 ����. "��� ��� �� 	�� 
���� &�� ������
����1�� ���	���������
��� �
������ ���� ���� �	
��	�
�� �
 ��� �����	�� 	
����	��� ��	��� ��	 ��
B77��C. "��� ����� �� �����1�� �� ���	. 2.3. "��
� �� � &�� 	� �
����� �����
���� ���	����� <��� �
 
�� �� �� (��*���!!#A ��� ��
��� 	�� ����
����	 ��
�����!# ���	����� ���1� &� ��1������ � &�� 	� �
�& ���	����� <��� �
 ��� ��
�� ;���!#. $�	����1� ����
����	� 	� ��	�
���� ���� �����
����� 
�
 ���	�����
�� ��1� ��
�
����� 
����	� ��	�
��� ��'�
��	 

�� 	���� 
�
 (
A ��A (�A ��� 8�
��� �� ����
 ���	
��	 	� 	���
�	���� ���� �	
��	�
�� 
�
 ��.



������� �

���
���
�� ����
��

��� ����� �	�
������ 
� ��
�
������



"�� ���	�����	
�� �'��	 &�� �����1�
�� �� D�
	> &��� ����
����	��� &�	�
���
��. -��
� 
�
��	��� ��
��� � ��� &�� ��
	 �
 �� ����	
���� �������	�
 &����
��	�
 ������� ��� ���	 ��	�� �����1����	A 	�� �
����	��� �
 ����	
������	��
&�1��. �� �664 D�
	> 
���� 	��	 ��	
�1����	 ����	 

�� � ���
� ����� 	� �����
	
�� ��������. "��� <����� &�� ?���	�	�	�1��� ��������� �� $���	��� �� �7!0
��	
������� 	�� ���	�� �� ?���	�� �
 ����	 B!0$�C. $���	���K� �?��	���

��������  �� �M ��	�	�#


���	�� 	�� ������� ����	�� ���
�� �
 �� ����	
�� ���		�� �� 	�� ���	�����	
��
�'��	 	� � ?���	�>�� ���	�� ���
�� ����� 	�� ���
�� �������
� 	� 
������ 	��
����	
�� 

�� 	�� �����A 	�� ��������� &�
� 
���	���. "�� ��� �
 ���	�����	
��
�������� 	� �	��� 	�� ����	
���� �	
��	�
� �
 ������ &�� ��1������ ��	�
 N ��� �

	�� ��
��
�	���� �
 	��� ��1�������	 ����� 	�� ����� �
��� 
�
 +�� -������� ��
�76� 
�
 	�� ��1�������	 �
 ����	
�� ����	
������ 
�
 �������� ������� �$-(*#.
���. �.�� ���&� 	�� ���	�� �
 � ���	�����	
�� ����	
��. "�� ����	
��� �� 	��

���	 ���� ���� �
� 	�� ���	 ������� ����� ���� ��� 	���
 ���	
���	��� ��	����
�� 	� 	�� ��
�� ���
�� �� 	�� ���� �
 � ��	����� ������. "��� �����A 	��
����	
�� �����
�� ����	
��� 

�� 	�� �������� ��
	 �
 	�� �����	� �
 �	�	��. ��
�
��
 	� ��	��� �?. �.�.� 	� 	�� �	��
 ����	
��� �� 	�� ����	
��A 	�� �������
���
�� �� ��<��� ��

��  �� ����� � M	 ��	�	�#

$���	
��� ��
�1��� 

�� 	�� 1������ ���� ��� �� 
���� �	 ������� ���
����
�
 ��1�
�� ����	
�� 1��	� &���� 	���� 

�� ��
� ��1��� ���	
���	� ��	&��� ��1�
��
	�� �J ��� ��1�
�� 	�� 	������� ����	
�� 1��	�. F	��
 
��	�
�� �� 	�� ����	
��
��� �	�� 

�� *���
 	
����	���� ��� ���	��������� ��	����	��. ;�	� ���
������
�� �� 	� 	�� ���� 
�
��� �� ����	
��� �
 >�
� ����	�� ���
��A � �����
���� �

������	������ ���		�
�� ����	
��� ���	
���	�� 	� 	�� ����	
��.

�0



�2 ������	 �� �����
���� �������

����
� �.�: -�����	��� �
 � ���	�����	
�� ����	
�� ��# ��� �
 	�� ����
����	��
�����	
� ��#.

���. �.�.�� ���&� 	�� �����	
� �
 � ���	��������� ����
����	 &���� ��
������	� �� 	�� ����� 	��	 �	 ��� ����1�
 ��� ?���	�� �����
� �
 	�� ����	
��
�����	
���	� 
�
 	�� ����� &��� �� 	
��	�� �� ���	. �.5#: "�� �����	�� �� ��
�1��


�� 	�� �����
����	 �
 	�� ����� �
 	�� ���		�� ����	
�� ��� �
 �	� ����	��
���
�� ��� 	�� ���� ��� �� ��	��	�� �� &���. �� ����	���A 	�� ����
�>�	��� �

	�� �������� ����	 �� ��
��� �� &��� �� 	�� �����	�>�	��� ���� �� 	�� ���� �
 �

�

������	�� ������.

��� ��	���� ��
��������

���	�����	
�� ����	
������ �� � 1�
� ��

��� �����	�1� 	�����?�� ����� 	�� ���
���� ���	� �
 ����	
��� �� ����	�� �� ������	�� ���		�
���. "�� �����
 �
 ����
	�����	
��� 	��	 ���1� 	�� �
��	�� ������� �������	����� �� 	�� 	�������� �
 	��
	
�1�
��� <��:


  
� �
���� ��	�	�#

"�� ��
���	�
 � �� �?. �.�.� �� 	�� ������	�� ���� 

�� ��	� �����# �
 	��
����	
���. "�� �
��� ���� �
������� �
� ����	��� �
 ����	
������� ���
� ��� �

��������. "�� ���������� �
 	�� ���� �� 	�� ��	�
��� ��� 	�� ����	�� ���
��
�
 	�� ����	
��� �� ����
���� �� � 
�
���� ��1�� �� -��� ��� %���� B47-�C:

�B��C  !	5� �
B��C#��	
�
�B�JC ��	�	�#

&��
� 	�� ��	�
��� ����	��	 
 ����	�� 	�� ��>� �
 	�� �	��� �� 	�� 	
�1�
���

����� ��� �� ��<��� ����������	�� �
 	�� �
��	�� �	
��	�
� �� 
�
. B47-�C. "��
���������� �
 � �� 	�� ���
�� ����� 	� 	�� ��������� ���1�
��� ��
1� &�	� 
������
� ������� �
 ����	 � �� �
���� 0! �J ���1� �
.



���� ���������	����� ��
�� �� ������������� �4

����
� �.�: ������	�� ���� 

�� ��	� �
 ����	
��� �� 
���	��� �
 ����	�� ���
��.
%�	� ����	� �	�� 

�� ��'�
��	 ��	�
���� B47-�C. �� ����	���A ����	�	��� �����


�� ����
�	�
� ����	 ���
��� �
� ��1��.

��� ��
������	����� �
��� 
� ��
�
������



���	��������� �
 �� ����	
�� �� � ?���	�� ���������� 	
����	��� 

�� �� ���
������ ������	�	� �	�� ���	��� �	�	� ����# 	� 	�� <��� �	�	� ��� � �
 � ?����
	�� ���������� ���	��. "�� 	
����	��� 
�	� ��	&��� 	&� �����
���	���� �
 	��
D����	����� � � �� ��1�� �� ��
��K� ������ 
���

���  
��

O�
���� ��

������
	
Æ��� ��� � ��# ��	3	�#

&��
� 	�� Æ ���	
���	��� ���
��	��� �����
1�	��� �
 ���
�� ��� � � ����	�� 	��
D����	����� 
�
 	�� ��	�
��	��� ��	&��� ����	
�� &�	� �����	�� ���
�	�
 �  
��O� �

�� ��� 1��	�
 ��	��	��� �
 	�� ����	
������	�� 
����	��� <��� � ������	���
�����
 �
��
 ���	
���	���� ������� ���
�����	���#:

� �  
�

���
�� � �P � ��#	

(������
��� 	�� �����	�	��� 
���	������� B���C  ��O��� ��� ��  ! 
�
 �
	
���1�
��� <���A 	��� ������<�� ��

� �  
�

��
� � �	

D�
�A� �� ������� 	� �� ����	��	 ��� <��� �� ����� �
�
 �����	����A ��� B47��C#A
�� 	��	

��� � ���� ������ ��	 Æ��� ��� � ��#	 ��	3	�#

*������� 	�� �����	�	��� 
���	������� �
 �  �	���P � ��# &�	� � ��� �



�6 ������	 �� �����
���� �������

��� � B�� � C ���� ��� ��� # ��� �� ���� ��O� ��� � �� ����

��� &�	� 	�� �?��	��� ��  �� ��� ��� ��	� � ��'�
��	 
�
� �
 	�� ��	
��
������	 �� �?. �.3.�:

��� �� ���� 
�

�
��� � �� ����

"��� ���&� 	��	 ���	��������� �����	 	��� ����� �� � ��	��	��� � ��#  ����	.
���� 	�� 

�� ����	
�� ���. "�� ����� �
�1���� 
�
 �����	�� �����
1�	���.
"�� �������	 ���� �� &���� ���	��������� ����
� �� � 

�������	
�� ���	��

����� �� � ��	��	��� ��

��
 ����	�� �	 	�� ��	� �
 	�� 	&������������� ��	�

���
��	&��� 	�� �������<��	� ����� ��� 1�����. ;�	� �� �� 	�� ���	 1��	�
 ��
���
	� 	�� ��

��� ��� ��	�

��  
��

��
��

��� �?. �.3.� ������<�� ��������

��� �

������� �
��

��
���� ��

����
	

Æ��� ��� � ��#	 ��	3	3#

"��� ����
�����
���� ���
�����	��� �������>�� 	�� 	
����	��� ��	&��� 	�� ������
�	�	�� ���� ��� ��� � �
 	�� �����. /������ 	�� ���
�� �����
1�	���A �?. �.3.3
�
�1���� ����
	��	 �����	
� �����	���� &���� &��� �� ����
���� �� ���	. �.2.

��� �
����	��
���� ��
�
������



�
 &� �		
���	� ��������
��	�� �
���
	��� 	� 	�� �����A 	��� � ������� � ��
�����
��	��	��� ��� 	�� �	�	�� �� ��� �� ��	��
� 	�� /���� �����	���. *	 	�� ��

���A
	�� /���� �����	��� 
����

��� P +#  �
��

�
��
���# ��	5	�#

������� �	
��	 	
�����	����� �����	
� ����� ���� ��
����� 	� 	�� ��

��� �+ ���
��	�� � ��		��� 1��	�
 �� 	��	 ��

���#. ��
 	�� ���	�����	
��A �?. �.5.� 
����	� ��
	�� �����
1�	��� �
 	�� ��������	 �
 & ��
����� 	� 	�� ��

��� &

�
&��� �������

	�
���� 	�� 	&������������� ��

��� ��

��
A ��&�1�
A ���� �
 ����� � 
����
����
��

��� ��		��� 1��	�
 , B25+�C:

&  &
�
P &�

&��  &�� �, ��	5	�#

"��
�
�
�A &�� �� ���&� ���� �� 	�� 
������ /
������� >��� �
 	�� &�1� 1��	�


��	���� �
 	�� ����� &��� &���� &� ����	�
� &�	� &� ��� �� ��	�
�����. *� 	��
����	
�� �� 

�� ��	���� �
 	�� �����A �	� &�1� 1��	�
 ��	��<��

�&����  

�
��

O�	
����



���� ������	������
 ������������� �7

��� &� ��	 �	� ��
����� ��������	 

��

&���
�
 

�
��

O�	
���� ��� � ��	5	3#

&����  

�
��

O�	
���� ��� �	 ��	5	5#

$?. �.5.� ����� ���� 
�
 ����
��		���� �
 �	��� �
 �����	
��	�
�� ��� &��� ������
����
	��	 �� (����. 5 ��� 0. 8�	� ���� 	��	 &� �� ��	 �����
1�� ��� 	� ���� �

��
������	�.
�� 	�� 	�
����	�� ����� B25/�CA 	�� ���	��������� �
����� �� �����	�� �� 	��

���� �	
��	�
� �� � ��
��	 	
����	��� 

�� �� �������� ���	��� �	�	� ����& �


	� �� ���������� <��� �	�	� ���1� �
 &�	� 	�� ���
�� ��'�
���� ��	&��� ��	�
��	�
����� �� 	�� ���	�� ���
�� ��

�� �&
���#� ���&

���#  ��	 ��	5	0#

(��
��	�
�>��� 	�� 	
����	��� �� K��
��	K �
 K��	����K ������� 	��	 &
�
�� &��� ��

&� �
� �����
1�� ��
��� 	�� <
�	 �	��. "�� ������ �	�� �� 	�� 	
�����
	 	� 	��
��

��� ��� ����&� 
�
 ���		�
��� �'��	� 	�
���� �� ���� �. * �����?����� ��	
�������
�� �� 	�� ����� �� 	�� ��E����� �
 � �� 	�� �����
1�	��� �
 &� �� 	��
&�� �
 	�� ����	
�� 	� 	�� ��

���. �
 � �� ���� �
��	�
 	��� 	�� ��	�
�����

�������A 	�� ����
���� �
 ����	�	���� 

�� ��'�
��	 ����
� �����
1�� &�. �
A ��
	�� �	��
 ����A � �� �
 	�� ���� �
��
 �
 �����	��� �
 ���� 	��� 	�� ��	�
�����

���	����A � �
�������� �
 &�� ��	� ��. "��� &��� ������ ����
	��	 �� ���	. 3.3.
"�� �����	�� ����� 	
��	� 	�� &���� ����	�	��� �	�
	��� 

�� 	�� ���	��� �	�	�

&�	��� 	�� ����� ��	�� 	�� <��� �	�	�A &���� �� ����	�� �� 	�� ��	��	�
A �� �?���

��	���. "�� ����	
�� ��A ���
	 

�� ������	�� ���		�
��� &���� ��	�
����� 	��
����A ���� �'��	�� �� ����	�� ���		�
��� &���� ������� �	� ������
 ���	
���	���
��� 	��� �� �������
�� ����	�
���� 	�� ���	��������� <��� �	�	� ��� � &�	� � 	���

�1�
��� ��&����
�� ����	
�� ��'
��	��� ��$$%# �	�	� B4!��C. F� 	��� �����A
	�� �����	�� ����� �
 ���	��������� �� ���������� ���	���� 
�
 	�� 	
��	���	 �

�1�
����
� ��� ����
�� ��������� B45��C. "�� �'��	 �
 	�� ���� �� ��������
�� ����� �
 �� ��	���� ��	��	��� ��� � ������� &�.
D�&�1�
A 	�� �������	 ��� �
	�� ��Æ����	 ���
���� 	� 	�� <��� �	�	� �� 	�

������ � 

�� ����	
�� <��� �	�	� ��� ����
����� 	�� ����� ��	��	��� �
 	�� �����
�� �� �1�
��� � � �
�1�����

��  
O�	

��

�
&	�� P

�
&�����

�	�

�� P � �  
O�	

��

�
&	�� P

�
&�����

�	�

��� 	���

&�����  

��
&�����

�	
P
��� �

O�	
	 ��	5	2#



�! ������	 �� �����
���� �������

Surface normal

Surface
Brillouin zone
fcc(001)

fcc Bulk
Brillouin zone

����
� �.3: /��� ��� ��

��� /
������� >���� 
�
 	�� 
�� ��		��� ��� �	� �!!�#
��

���.

� � ��� ��	��
 �� 
���
��� �� �� ��I��	���� ��
���	�
 �� � ���� ������� ���
��
����	 �
 �	 ��� �� 	���� �� � 1���� �
�1���� �� 	���
�A ���
�����	��� ��
	�� >�
� �
 	�� ��Æ� 	�� ��	��	��� �� �� ������	�� ����� &�1� ���� �	
��	�
�
�������	���.

D�& ������
����1�� ���	��������� �� ������� 
�
 ���� ������� �� ���� 

��
	�� 
����&��� <��
��: ���. �.3 ���&� 	�� /
������� >��� 
�
 	�� 
�� ��		��� �	
���
	�
� 	���	��
 &�	� 	�� �
�I��	��� ��	� 	�� �!!�# ��

���. ���	�����	
��� 

��
	�� ���� ��	��	�� ����� 	�� B!!�C ��

��� ��
��� &��� �
�����	� 

�� 	�� Q)�
��
��	��� �
 	�� ���� /
������� >���. "�� ���� �	
��	�
� ����� 	��� ��
��	���
�� ��������� �� <�. �.5� 
�
 
�� (�. J�
	���� �

�&� ������	� �������� ��
��	
	
����	���� ��	&��� �� �������� ���	�����	�	� ���� ��� �� ���������� <�����	�	�
���� &�	� 	�� �

�& ����	� ��

��������� 	� 	�� ���
�� �
 	�� �������	 ���	���.
J�
���� 	�� ���	�� ���
��A � ��
��� �
 ���	�����	�	� &�1��	�
� ��� �� �������� ��
���&� �� 	�� �	��� �
 ������
����1�� ���	��������� ����	
� �� <�. �.5�. * ��
��
������	��� �
 ����
����	�� ���� �	
��	�
�� ��� ���� �����
�� �� 	��� &�� 
�

1�
���� �
��	������ ������ ��� ��� �� �������� �� 	�� ��	�
�	�
� B67��C.

��� ���� �
� ��	���� ������

���. �.3 ��� ��
���� ������	�� 	�� 
���	������� ��	&��� 	�� 1����� /
�������
>��� ��� 	�� 	&������������� /
������� >��� �
 ��� �
 �	� �������� ��

����.
"��� ���	�
� ����� �� ���������	�� �� 	�� ����	
���� �	�	��. ���. �.0 ��������
	��
�
�
� � �������	��� �
 ���� ��� ��

��� ���� �	
��	�
��. *	 	�� ��
	�����
����A 	�� ���� ���� �	
��	�
� ��&�# �
 (� �� ��������� 
��	�
��� 	&� ���� ����.



���� ������	� ��
 ��������� 	���� ��

����
� �.5: �: /��� �	
��	�
� 
�
 
�� (�. J�
	���� �

�&� ������	� �������� ��
��	
	
����	����. "�� ����� �
� 	���� 

�� 
�
. B73/�C. �: *�����
����1�� ���	���
������� ����	
� �
 (���!!# �� ��
��������	
����������� �����	
� 
�
 1�
����
���	�� ���
����. "�� �����
���� �
 �� �� ���� ���� �
 (� �� ������� ����� 	��
Q)���
��	���.

"�� 
���	 ���� ��

��� ���&� � �
�I��	��� �
 	�� ���� ����� ����� &� ������� 	�
� ��1����� �
 	�� 	&������������� ��

��� /
������� >��� ��	� 
������ ������
�	�
&�	� ���� �	�	�� �@��	����@ �� ��

�& �����
�����# ��� 	���� &��
� �	�	�� �
�
�����	
� 
�
������ �� 	�
�� ���������� �&��	�#. %�� 	� 	�� �
���� �����	
�
�	 	�� �
��	�� ��

���A 	��� �����	��� �� 
������ ��� �	�	�� ��� ���	��� ����	 ��
	&� ���������� �� ��

��� �	�	�� �� 	�� ���� ���� ��?��
��#. F�	���� �
 	��
���� ���� �	�	� ��	�
� 	�� ���� ���	����� 
�
 � ��
	��� 1���� �
 &�. "�� �	�	�
����� &�	� ������
�	� ���� �	�	�� ��� &��� �	��� ���� 	� �� �������� �
������	��

�
 ����	
��� �	 	�� ��

��� �	���. -��� �	�	� �� ������ � ��

��� 
��������A ���
	�� ��'�
��	 ����� �
 &�1� 
���	���� �� �����	�� �� <�. �.2.

��� ������	� �
� �������

 	����

�� ����	��� 	� ���
�� ��� �����	��A 	�� �����	
� �
 	�� ����	
�� &�1� 
����
	��� ��� �� ��	�
����� �� � ���	��������� ����
����	. * �
��	������ ��

��� ��

�?��
�� ��� 	�� ��	��	�
 ���	 �� ��	��	�� �� � ��

�
 ����� ��
���������
 	�
	�� ��

���. /�	� 	�� <��� �	�	� ��� 	�� 	�	�� ������ ��	
�� ������	 �� �?. �.3.3
���	 �� �����	
�� &�	� 
�����	 	� 	��� ��

�
 ����� ����� �� ��� �����	
�
<��� �	�	� �� �� � ���	������ 
���	��� ��� 	� ��1� � ����	 �
 >�
� �� 	�� ��
�



�� ������	 �� �����
���� �������

����
� �.0: (� ���� ���� �	
��	�
� �
�I��	�� ��	� 	�� ��!!# ��

���. "&��
����������� ��

��� �	�	�� ��� 
�
� �� 	�� ��

�����
�I��	�� 
�
������ ����
���� ����.


�
 �����. "��� �
���
	� �
 	�� <�����	�	� 	���	��
 &�	� 	�� ����
�>�	��� �
 	��
����	 ������� 	�� ��	�
����	��� �
 	�� ���	�����	�	� �����	
�. �
 	�� ����
�>�	���
1��	�
 �� �� 	�� ��

�
 �����A 	�� ������ ���
�	�
 � � � �� �1�� &�	� 
�����	 	�
	��� ��

�
 ����� ��� 	�� ���	��� �	�	� ���	 �� �1��. �
 	�� ����
�>�	��� 1��	�

�� ��
���������
 	� 	�� ��

�
 �����A 	�� ������ ���
�	�
 � � � �� ��� �� �� 	��
���	��� �	�	�. "�� ����� ���1��	��� �� ������
�>�	��� &��� � ���� ��
���������

	� 	�� ��

�
 ����� &���� ��� �� �����1�� �� ��
��� ���������R ������
�>�� ����	

�?��
�� � ����
�>�	��� 1��	�
 � �� 	�� ��

�
 �����.

��
 ��
��� �������� 

�� ����� ��

����A 	��. �.2.� 

�� 
�
. B44D�C ���&�
	�� �����������&�� ���	��� �	�	��. -�����
 	����� 
�
 	�� ��
� ����
�� ���� �
 �'�
��
��� �������� ��� �� 
���� �� 
�
. B6!$�C. ��
 ��� �
��	��� ��� 
�
. B6!/�C. ��

	�� ��!!# ��

��� ��� ��
��� ������
�>�� ����	 ���� �	�	�� �
 ��� �S�# �����	
�
�
� ����	��A � ������
�>�	��� ��������	 &��� ����	� �1�� �S
# �����	
� �	�	��.



���� 
��������� �	�� ��� ������ ��	����� �����	� �3

Volumen

Vacuum

Surface
Bulk

Bulk state

Surface resonance

Surface state

����
� �.2: -��	�� �
 	�� ����� �
 &�1� 
���	���� ��	� 	�� ����.

(
��	�� (��
����	� *��� �

�������� ���	��� -	�	� -����	
�
���� � � > ���
����	�	���� � � � � � � � � >
�!!�# B�!!C B!�!C B!!�C S
 S

�

 S	 S

�
	 S� S� S� S


���!# B!!�C B�O�!C B��!C T
 T	 T� T� T� T� T

����# BO��!C BO�O��C B���C U
 U	 U� U� U� U


"��. �.2.�. %����������&�� ���	��� �	�	� �����	
��� 
�
 ��
��� �������� 

��
����� 
����. ;�	� 	�� ������ �� 	�� ��
��	��� �
 	�� ��

��� ��
��� 	�� �����
� � � ��� � � � ��

������ 	� ������
�>�� ����	A � � � ��

������� 	� ��
����
�>�	���. �
�� 
�
. B44D�C.

���  ������

� �	
� ��� ��
��� ��	����� �����	�

���	�����	
��� ��	�
��	 &�	� �	��
 ����	
��� �
 	�� ���	��. �	 &�� ���	����� ��
���	. �.� 	��	 ������	�� ���		�
��� ����	� 	�� ���� �
 	�� ���	�����	
�� 	�
����
����	�	��� �
 ����	
������� ���
� ��� ��������. "��� ����� ���� 
�
 	�� ����
�
��	�� �� 	�� ����	�	��� �
�����. ;��� 	��� ���� �� <���� �� ���	��
 ����	
��A
� 	��
� ����	
�� ��� �� ����	�� 	� �	�	�� ���1� 	�� ��
�� ��1��. "��� ����	�	���
����� 	� � ���� �
�������� �
 	�� ���	��� �	�	� &���� ��� �� ������	�� 
�
 ��

�������� 	�� Æ�
���	��� �� �?. �.3.3 �� � ��
��	>���.
�� ����	���A 	�� ���
�� �
 	�� ���� �� ��
����� �� 	�� 
�������� ����	
���.

"��� ����� 	� � ��&�
��� �
 	�� ���
�� �
 	�� ����>�� ���	��A ��� 	�� �����
��
������� ���
�� ���
	� 	�&�
�� 	�� ��
�� ��1��. /
��������� ��� ���
	� ��� 	�
	�� �������� �
 	�� ���� 	� 	�� 
��	 �
 	�� ���	�� ��� �� ����
���� �� � �������
���
 ���
�� T��&� �#. "�� �'��	� �������� �� T��&� �# ����
���A �. �.A ����	
���
����	
�� ��� ����	
��������� ��������.
"�� Æ�
���	��� �� �?. �.3.3 �� 	��� 
������� �� 	�� ����	
�� 
���	��� �
 	��

���� �	�	� ���&� �� � ��#. ���&� �� � ��# �� � 
���	��� �
 ?���������	�� &

��� ���
�� � ����

���&� �#  
�

�

��T��&� �#

�� ����&# ���T��&� �##
	
P ���T��&� �##

	
	 �	4	�



�5 ������	 �� �����
���� �������

����
� �.4: *���
�	�� 
�
 �����
����1�� ���	��������� &�	� �
�������	����� 1��&
	�
���� �����>�
 ��� ����	
�� ������
�	�
.

"��� 
���	��� �		���� � ������� 
�


��&#  ���&# P ��T��&� �#	 �	4	�

"�� 
��� ��
	 �
 	�� ���
����
�� ����� 	� � ���
	 �
 	�� ���	��������� ����
&�	� 
�����	 	� 	�� ���������
	���� ���
��A ��� 	�� �������
� ��
	 ������ � �
����
�����. �
 �?. �.4.� ��� ��
� 	��� ��� ����	���A 	�� ����	���� �
� ��1���� ��
��	� ���� ����� ��� ��	����	� ����� �
 	�� ����
��	 ��� ������
��	 ��
	 �
 	��
����	
��A 
�����	�1���. ���
������ 	�� ����	
�� ��

���	��� &��� 	
���
�
 ����	
��
&����	 

�� 	�� ����
��	 	� 	�� ������
��	 ��
	.

��! ���
�	��
���� ��
�
������



"�� ����
1���� �� � �����
����1�� ���	��������� ����
����	 �� 	�� ����	
�� ����
����
�>�	��� � &���� �� ��<��� �� 	�� �����	�	��� 1���� �
 	�� ����� ���� ���
�
�	�
 �:

�  ��� "
��� �� #

"�� ���� ����
�>�	��� &�	� 
�����	 	� � ��
	��� ��
��	���A 	�� ?���	�>�	��� ����
&���� �� �
�1���� �� 	�� ����
����	�� ��	��A �������

�  
!� �!�

!� P!�
��	6	�#

&��
� !� ��� !� �
� 	�� �����
� �
 ����	
��� &�	� �����	�� �����	� ��
�����
	� 	�� ��1�� ?���	�>�	��� ���� ��� ��	���
�����A 
�����	�1���.

� �� 	�������� �����
�� �� ����� �
 ��		 ���		�
��� B60+�C. ��		 �����1�
�
�� �� �7�7 	��	 	�� ���� ��������	 	�
�� �� 	�� (������ ���		�
��� 

��



���� �������� ��	�� ��	����	 
���	���� �0

���1� �	��� �
��� 

�� 
���	�1��	�� "�# �������� ��� ����� � ��
	�
���	 ��	����	�
������	
� � B�7��C. �� 	�� ����
�	���� ���� �� 	��� &�
� 	�� ���	�����	
���
�
� ������
�	�� �
	�
 ��1��� ��
	 	�� ���
�� �����>�
 	� ����	 �!! ��J ��� ���	�
	�
�� �' � 	��� *� 
��� 	�
��	. ���. �.4 ���&� 	�� ����
�	��. "&� -� ��

���
��

��
 ��	��	�
� ������ �����	
������ �	 ���		�
��� ������ �
 ���!Æ �����
�
	�� ��	����	��� !
 ��� !	 
�����	�1���. "�� ������	
� � �� ��<��� ��

�  
!
 �!	

!
 P!	

	

� �� 
���	�� 	� 	�� ����
�>�	��� � �� 	�� ���� ��
���������
 	� 	��	 ��<��� ��
��	� ��	��	�
�. �� ��
 ���� 	�� 
�
��
 �� 	�� 1�
	����A �� 	��	 �� ��
��� ��������
�����	
� 	�� �������� �����	�>�	��� �� �
����. � ������� �� � ����

��� #  
�	 P �#

� P�	�#

&��
� # ����	�� 	�� -��
��� 
���	��� &���� �����
�� 	�� �Æ������ �
 	�� ����
�����>�
 ��� ��� � ������� 
�
 �!! ��J ����	
��� �	 � ���		�
��� ����� �
 ��!Æ.
���	���� ���		�
��� �'��	� ���
���� #A �� 	��	 	�� <��	� 	�������� �
 	�� *� 
���
����� 	� # � !	� �� 	�� �
����	 ����
�	��. �	 �� 	�� ����
�	�� ������	
� &����
�� �������� ��	 	� � ��
�� ��	��	 �� 
�1�
���� 	�� �����	�>�	��� �
 	�� ������
��� 	����� 
�
 � 	�� �1�
��� �
 	�� �����
�� ������	
��� �
 ��	� �����	�>�	���
��
��	���� O� ��1���� �� 	�� -��
��� 
���	���:

�  ��#

;�	� 	�� ���&� ��������	��
�	��# ����	
�� 
����# ��� 	�� ���&� ����
�>�	���
��
1� � ���# ��� ��	� 	�� �����
����1�� ����	
� 


����# ��� 
����# 

��


����#  
�

�

����# �� P � ���##


����#  
�

�

����# ��� � ���##	

*� 
�
 
�

������	� 	�� �����
 �
 ���	�����	
��� &�	� 	���
 �����	�� �����	�
������� ��
����� 	� 	�� �����	�>�	��� ��
��	��� �
�������	��A 
����# �� ������
�������� �	�
 ����	
�� ��� 
����# ��
����� �	�
 ����	
��.

��" #��
���� $�	�� ��	����	 ����	
���

��
���� �����1�
�� �� �652 	�� ������ �
 	�� ����	 ����
�>�	��� 1��	�
 &��� 	��
����	 �� 	
�����		�� 	�
���� � �����	�� ��	�
��� B�652��C. "��� �� �
���������
����
�	��� �� 	�� �'��	 �
 ������ �����	��� 
���� �� ��	�
���� 	
����	����. ����	
��� ��
	 ��
����
�� ����
�>�� ����	 ����&� 
�
 	
����	���� ��1��1��� ������� �

	�� �����	�� ?���	�� �����
 S�
  P� ��� S�
  ��A 
�����	�1���. ��
�740A $
����� ��� -	�
� �
����	�� 
�
 8� � �����	����	���� �'��	 �� 	�� ��
	
��
�� 
����� B40$�C. "��� �'��	 ����� 	� ��'�
��	 ����
�	��� ����	
� ���������



�2 ������	 �� �����
���� �������

Energy

d states

EF

Majority spin Minority spin

2p3/2

2p1/2

Right circularly
polarized x-rays

����
� �.6: �
������� �
 �����	�� ��
����
 ��
�� ����
���� &�	� ������	�� �����	�
�
 ����	
���� �	�	�� �
 ��.

�� &��	��
 	�� ������ �� �����	�>�� ��
����� �
 ��	���
����� 	� 	�� �
�����	���
��
��	��� �
 	�� ��
����
�� ����
�>�� ����	. "�� �
������� �� �����	�� �� <�. �.6 
�

	�� ������ �
 ��. "�� �����	� �
 � �	�	�� �� ���
��	������ ����	 �� 	�� ��������
��	�
��	��� ������� 	� � ��
��
 �����
 �
 �������� ��I�
�	� ���� �	�	�� ���
	#
	��� ����
�	� ���� �	�	�� �
���	#. "�� �
����� ��1��1�� 	&� �	���: �� 	�� <
�	
�	��A 	�� �������� 
���	 ��
����
�� ����
�>�� ��
��� �����	�1��� ����	� �� ����	
��


�� 	�� �� ��1�� ���
�	 �� <�. �.6# ��	� �� ���������� � ��1�� �
 	�� ���� ����.
"�� ���������	 � �����	� �
 �	�	�� ��	� ���� �� K�����>�
K 
�
 	���� ����	
��� �����
�� 	�� 
��	 	��	 ��
� ���������� �	�	�� �
� �1������� 
�
 ����
�� ���� ����	
���
	��� 
�
 ��I�
�	� ���� ����	
���.

$���
����	����A 	��� �'��	 &�� �	 <
�	 �
�1�� 
�
 	�� +����� �
 �� B64-�C
��� ��	�
 
�
 	�� ������ �
 8� B7!(�C. "�� ��	��� �� ����� �� ����
�	��� ���
�� 	��� ����
���� �� 	�� ��� �1�
 ��� 	
����	��� �
�������	��� ��1�� �� �?. �.3.�
��� ������� 	��
�
�
�

����# �
�
��

���� �� � ������
	
Æ��� ��� � ��#	 ��	7	�#

"�� 
����� 
�
 	�� �����	�1�	� 	� 	�� ����	
�� ���� �� 	�� 
����&���: *�	�����
	�� ����	
�� <��� ���� ��	 ��	�
��	 &�	� 	�� ���� ������	��� 
��� S��  !#A 	��
���� �� ������� 	� 	�� �
��	�� �����	 	�
���� 	�� ��
�� ������
��	 ��������
�� 	�� �� �
��	��� �
 	�� 3� 	
����	��� ��	���. ���. �.7� ���&� 	�� ������
����� ��1�� �� $
����� ��� -	�
�A 
�
 	�� ������� �
 	
����	���� 

�� 	��
��
�	 ��1��. "�� &��	�� �
 	�� ������	��� ����� ��	&��� ���	��� ��� <��� �	�	��

��
����	 	�� 	
����	��� �
�������	���. "��� 
�?��
� �1����	��� �
 	�� (�������
��
��� ���Æ����	� 
�
 	�� ����	��� �
 ������
 �����	� 
����������A �. �.A 
�




���� �������� ��	�� ��	����	 
���	���� �4

	�� 
���	�1� �	
���	� �
 	
����	���� �
  � 	 �
  �. "�� ���1� ����� ��
������<�� �� �� 
�
 �� �	 �������
� ������
��	 ����		��� 
�
 	�� ��
� ��1��� ����.
"��� ������<��	��� �����A �. �.A 	� �� ����
�	��� �
��� ���	��� 
�	�� �
 �� 	� �	
����� �
 � : � ��� �� �()% �
��� ���	��� 
�	�� �
 �� : � ��	� ����
��	���	���
	�� ����
����	�� <������.

����
� �.7: ����� ����
���� 	� $
����� ��� -	�
� B40$�C ��# ��� ����� �� 8.
J. -��	� �	 ��. B7�-�C ��#.

-��	� �	 ��. B7�-�C ��1� 	��
�
�
� ��
�1�� � 
���� 
���	�1��	�� ����� &���� ��
���&� �� <�. �.7� ��� ��1�� ��
� 
�����	�� 
�	��� �
 	�� �
��� ���	��� ��	&���
�� ��� �	 ����.
"�� ����
��	 ������	 �����<��	� ��� ���� �()% � 1�
� �������
�� ��	���


�
 �����	���	
�. "��� �� ���A �� ��
	�����
A 	� 	�� ��
�1�	��� �
 ��� 
����
	� ��	
��	 ���� ��� �
��	�� �����	� 

�� �()% ����	
� �
 	�� 3� ��	���
B7�"�A73(�C. /���� �� 	�� ��	�	��� ���� �� <�. �.�!A 	�� ��� 
���� �
�

����  �
5
�
�����

�$� � $�# %&

3
�
�����

�$� P $�# %&
��!� ���# ��	7	�#


�
 	�� �
��	�� �����	 ���

�����  2
�
��

�$� � $�# %& � 5
�
�����

�$� � $�# %&�
�����

�$� P $�# %&

���!� ���#

	
� P

4 
���

� 
#��


�


	 ��	7	�#

"�� ���
�	�
 
��� ���	������ ���	����� ���	
���	���� 	� 	�� ���� �����	� ���
������ ����
	��	 �� ���	��� �
 ��������� �����	
�. ����
��� 	��� 	�
�A 	��
��� 
���� ������ �� 	�� ����� �
 	�� ��	��
��� �� <�. �.�!

����  �5'��!� ���#�3( ��	7	3#



�6 ������	 �� �����
���� �������

����
� �.�!: *������	��� �
 	�� ��� 
���� 
�
 	�� ������� �
 ��. �
�� 
�
.
B70(�C.

���
�����  ��2�� 5'#��!� ���#�( ��	7	5#

��� 	�� 
�	�� �
 �
��	�� ��� ���� �����	 ��� �� �������	�� &�	�

����

�����

 
�'

7�� 2'
	 ��	7	0#

��
 ������	� 
�
 &���� 	�� �� ������
��	 ����		��� �� �� ����� 	��	 �� ��� �	
����� �1�
��� �� ���� � &�� 	��	 	�� �1����	��� �
 	�� ��	��
��

�
�����

�$��$�#
������� ���������A 	�� ���� ��� 
��� �����	 �� �������. "��� �� 	�� ���� &�	�
�� B72"�C.



������� 	

�	���������� �� 	�����
��

����

��� %�
����

 
� ��� �� �����	

�� ��	����	�

"��� &�
� 	
��	� � 
�������	�� �
����� �
 ��& ����������� ���	��� �� �� ���
�	
��	�1� &�� ��� 
�
 	��� 
����� �� ����	����� �	 	�� ��������� �
 	�� ��

��	
�������	���. �	 �� ����
���� �����	�� 	��	 
�
 � 	&������������� <��A 	�� �����
	
�� &�1� 1��	�
 ��
���������
 	� 	�� <�� &� �� ��	 � ���� ?���	�� �����
.
-��� 	&������������� <�� �� ������� 
��
����	�� �� �� �������
	�� �����	����
����
. �� 
����	�A �	 ����� 	� �� ������ �� 	�� E�	 ��

��� �
 � ������ �
��	������
����	
�	�.

�
���
�	��� &�	� ��Æ����	 ��
�	�A �� ��
	�����
 ������� �
 
������� ��� ����
	������	�A ��� �����
�	��� �
 	�� �����	���� ����
 	�������� �
� ����
����	��
�
������ 	��	 
�
 ���� ���	��� ��1� �� 
����	 ���
� ���� �1�
����. * ��
�

�������	�� �
����� �� 	� �
���
1� �� 
�
 �� �������� 	�� 	&��������������	�
�
 	�� ����	
���� �	
��	�
� �
 	�� �1�
����
 �� 	�� ���
��
��	� ������ �
 � ����
�	
�	� 	��	 ������>�� 	�� ����	
���� ��	�
��	��� ��
��� 	�� ��	�

���. "�� <
�	
������ &���� �� ������	�
� �
 ����������	�
� ������� 	��� 
����� 	�� ��	�
�
��	��� 	� � ������� 
�
 ����	
��� ���
 	�� ��
�� ���
��A ��&�1�
A 	��� 	���
	� 
���	 �	
����� &�	� 	
����	��� ��	��� ������� 	� ��	�
������ �
 �	���� ��	��
��� ��	��	��� 	� � ���	
��	��� �
 	�� ����	
���� �� &��� �� 	�� �����	
���� 	&��
������������	�.

"�� ��� �
 ����� ��	��� �� ����	
�	� ��	�
���� ��� ���� � &�� ��	 �
 	���
�
����� ����� �
�&	� �����	���� �
� �
	�� <�� &�	� ���
� ��	�

���� ��� �����
	
���� ��	�
��	���� �
� ����	�� 	� � ��& �����	� �
 �� �	�	�� 

�� 	�� ��
�� ���
��
	� ��1�
�� �J ����&. $�
�� ����
����	� ��1� ���&�A 	�����A 	��	 	�� ��& ��
�

��� ���
���� �
 *� ��� *� �� �����
�� 	� 	���� �
 	
����	��� ��	��� ���� 	�
��

��� ���
���	��� �
 	���� ������	�. "��� �����A 	�� �����	���� �1�
����

�� ��1�
�� �� � �������
���� 

��	��� �
 � ��������
 �
 	�� ����	
�	� ��	�
���
�
������� �	 ����	 ��
	����� � ����&��� �	
��	�
�. (����
��� 	�� ��	��	��� 
�


�7



3! ������	 �� ������������ �� ���	����� �����

����
� 3.�: *�������	��
�	�� ���	��������� ����	
� �����
��� �.� ��
8�9(���!!# �������# 	� �������� 2 �� 8�9(���!!# ������ ����# 
�
 1�
���� ���	��
���
����. �	 �� ��������� �� 
�
. B74��C 	��	 	�� % ����&��	� �� ��	 ��

�&��

�
 	�� ��������
 �� �����
�� 	� ����. �
�� 
�
. B74��C.


��� 	����
�	�
�A 	��� �'��	 �� ���� �
�������� 
�
 (� 	��� 
�
 *� ��� *�.
(� ���A 	��

�
�A �
	�� ��
1�� �� ����	
�	� 
�
 ���	����� �
�&	�. F� (���!!#A
��������
� ��� �������� <��� �
 (�A 8�A ��� 	�� �������
 
�� �	
��	�
� �
 ��
��1� ���� �	�����>��.

*� 	���� ���	��� �
� 
�	��
 &��� ��	�������� ����� ���	���A �	 &�� ��
�
	��� ��
�
����� 	��	 
�
 �.� �� 8�9(���!!# � �������� ����	
���� �	
��	�
� &��
����
1�� B74��C. ��
� �
�������A 	&� <������ &�
� 
���
	�� �� 
�
. B74��C:
��# "�� ����&��	� �
 8� � �	�	�� &�� 
���� 	� �� 	�� ���� �� �� ���� 8�.
"��� ��� �� ���� �� <�. 3.� &��
� 	�� 8� � ���	
���	��� 	� 	�� ����	
� ��
��
���. ���# "�� ���	�����	
�� ����� ���	
���	��� ��$*%# ��		�
� ���&�� �
�	
��� ���������� �� 	�� ���	�� ���
��. "�� ����
�	�� ���� �� 
�
. B74��C ��
��� �
 � 
�& ����	
�� ����	
���	�
� &�
��&��� 	��	 ����1�
 ��	 ���� ��� �����

����1�� ���	��������� ����	
�� �	 � 	��� ��	 � &���� ���	
���	��� �
 ������ �	
� ��1�� ����	�� ���
��A 	
�����	��A �� �����A ��	� � ��
	��� ������� ���
��. "��
���
�� ������ �� 
�
. B74��C �� 	�� ��
�� ���
��. "�� ����
1�� ������� &�	�
���	�� ���
�� 	��� 	�� ��	��
� 	� 	�� ���������� 	��	 	�� ����	
��� �	 �
 �� �.�
�� 8�A &���� 
�
 ��� �
��	���� ��
����� ��� �� ����	�<�� &�	� 	�� 8� ��������
A
���& � �����
���� &�	� &� �� ������� 	� 	�� &������	�������� ��	��� 	� ��	���
���� ���� �	
��	�
�� ��	
������ �� <�. �.5. "�� �'��	 �� 	�� �$*% �� ������
���
����1�. ���. 3.�� ���&� 	�� 1�
��	��� �
 	�� �$*% 
�
 	�� 	�
��������������
(���!!# ����	
�	� &�	� ������	��� ��'�
��	 ��		�
�� �����
��� �	 50A 2!A ���



��
� ��������� �� ��� �
 �����	���� ��	����	� 3�

����
� 3.�: *���� ���	
���	��� �
 ���	�����	
��� 

�� 	�� ��
�� ���
��. "��
1�
��	���� �
 	�� ��������
 ��		�
� ��# &�	� 	�� ���	�� ���
�� �� ��	�
�
�	��
�� � 	�
�������������� ����1��
 �
 ����	
��� �	 �
. �
�� 
�
. B74��C.

7! �J ���	�� ���
��. �� ��
	 � �
 	�� <��
�A 	�� ��		�
� 
�
 �.� �� 8� ����
���� ������ &�	� ���	�� ���
��. �� ��
	 �A 	�� 	��
� 
���
����� ����
1�	���
�� ���� �� �� 
�
 �� 	�� �$*% ��		�
� �
 �.� �� 8� ��� �	� ���	������
��
���������� �?��� 	�� ���� �
 � �������� 2 �� 8� <��. �* 	�������� �
 2 �� ��
������� �������
�� � ���� ���
�����	��� 	� 	�� 	�
�������������� ���� &��� �
�	�	�� �
 3� 	
����	��� ��	��� �
� 
�
�

�� 	�.#

;� ��1� �	 <
�	 �		����� 	�� �
����� �� 8��	�������� ��������	 �����
��
���	�A �. �.A &� �
������ ��'�
��	 	���������� �� ��������1��� ���
������ 	�� 8�
��1�
���. ;� ������ 	��	 � ����&��	� ��	
��	�� 

�� �������
�������
 ����
	��������� �� ��� ��<��� ������� 	�� &����	 �
 ��'�
��	 �������� ������ �� ���
����
 ��� 	�� ����	
� ����
�� �	
��� �
��������. "�� �������� � ����&��	� ��
	��
�
�
� ��		�
 ��<��� �� 	�� ��&��	 ���
�� �
 � �	�	��. �� �
��
 	� ����
� 	��	
���	��������� 	
����	���� 

�� 	��� ���� �
� �����	
� ����&�� ��� 	��
�
�
�
�����
 �� 	�� ����	
�A 	�� 	
����	��� ��� �
�	���� ����	 ������ �� ��<���. *�
&� �����
� � 8� ��������
 	� 8� ����A &� ��1� 	� ����� ���
��
��	� �����	����
1���� 
�
 ��	�. "���� �����	���� �
� <
�	�� 	�� ���	�
 �
 	�� ��

��� /
�������
>���A QA ��<��� �� ��
��� ����	
�� ��������A ��� �������� 	�� ���	�
 �
 	��
���� /
������� >���A QA ����	�� 	�
���� 	�� �
���
 &� �	 ��  53 �J. "����
�����	���� �
� 
����>�� �� <�. � �
 ����
 � &��
� ��� ��� �� 
��	 ���	�������
1�
� ��'�
��	 �
�	���� ����	 ���
���� 
�
 �.� �� ��� 
�
 �������� 2 ��. ��� �����



3� ������	 �� ������������ �� ���	����� �����

����
� 3.3: ���	�����	
�� ����	
� �� ��
��� �������� 
�
 50 	� 40 �J ���	��
���
��. "�� � �	�	�� �
 ���� (� ��� �������� 8� �	
����� �����
�� &�	� &�
&��
��� � �	�	�� �
 	�� 8� ��������
 �	�� �	 <��� ������� ���
����. "�� �����
	
���� �	
��	�
� �
 	�� 8� ��������
 �� 	��
�
�
� ��	 	�
��������������.

	���A 	��
� �����
� �1�� ���	��
 �����������
 ��1�
���A !.5 ��A &�	� ���	���	
����	
��.#

"��� �� ��
��	 �
��
 	��	 	�� �������� � ����&��	� �� 1�
� ��'�
��	 
�
 	��
��������
 ��� 
�
 ����. "��� �� �� �������	�� ��	���� ����� 	�� ������� �

���	 �������
 �	��� ����
���� ����� 	� � ���� ��

�&���. ��
 	�� 8� �	�� ��
	�� ��������
 	��
� �
� �� �������
� 	�&�
�� 1����� ��� �� 	
����	������	��
�������
� 	�&�
�� 	�� ����	
�	�. �� 	�� ���� ��
	 �
 ����
 �A �����
����� 	�
�������	�� ���� �	
��	�
�� 
�
 ���� 8� ��� � �� 8�9(���!!#A &���� 
�
	���	���
�
� �1������� �� 	�� ��	�
�	�
�A �
� ������	�� 	� ����
� 	��	 	�� �����
�� 	
���
��	���� �
� ������ 
��
����	�	�1� �
 	�� � ����&��	�. "��� �����
���� �������
��
� ��������	�� ������� � ����	
��� �� 8� �
� �	
����� ��

���	�� ����	. �.4#.
�� ���	���������A 	�� ��

���	��� �� 8� 
������ �����
�� ������� ���
���� ��
����	 3!L �� ��� ���� 	��	�� 
�
 1�
���� �
�	���� ����	� �� ���� 8�. �	 �� �������
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	��	 	�� 1���� 3!L �� 1���� 
�
 	�� ��������
 �� &��� ��� ��� ���� ���� �� 	��
�
����	 �����
����.
�� <�. � �
 ����
 �A 	�� �1���	��� �
 	�� � �	�	�� &�	� 	�������� �� �����
��


�
 ��'�
��	 ���	���A ��� ?����	�	�1��� 	�� ���� ����1��
 �� 
���� 
�
 �1�
����
�
�
 8�A (�A ��� (�. *� ����	����� ��

�&��� ����
��� I��	 ��	&��� � ��� � ��
&�� ��	�
�
�	�� �� ��� 	� �1�� ��� ��� �����	
� �	�	�� 
�1�
���� 	���
 ���
��	��
�
��
. "��� &��A 	� ��
 ���&�����A ��1�
 ��	�� ��
�
�.
8�& &� 	�
� 	� 	�� ������ �
�����A 	�� 	�
���������������	� ������� �� 
�
.

B74��C. "�� ���������� �
 ���	��������� ����	
� �� 	�� ���� &�1� 1��	�
 &�
�� ���&� �� <�. 3.3 

�� ����������� ��	�. "�� ���	������
�� ���������� ��
��
��� �������� �� �����
�� 
�
 (���!!#A � �� 8�9(���!!#A ��� �������� 2 ��
8�9(���!!#. /�	� 	�� � �	�	�� �
 (� ���
	# ��� 	�� �������� 8� <�� �
���	# ���&
� ����	��	��� �����
���� &�	� ���	�� ���
��. "�� ��������
 ����	
� ����	�
#
���& 	�� (� 3� �����
���� 

�� 	�� ����
����� ����	
�	� 	���	��
 &�	� 	&�
��������
���� ����� �
 	�� 8� ��������
 ��	&��� � �J ������� ���
�� ��� 	��
��
�� ��1��. "��� ���&� 	��	 &� �� ��	 � ���� ?���	�� �����
 ��� 	��	 	��
����	
���� �	
��	�
� �
 	�� 8� ��������
 �� (��
�!!# �� ��	 	�
��������������.
�� ���	� �
 	���� ����
 ��	�A �	 �� ��	 ��	 ��	�������� ��& 	�� ��	��
� �
 
�
.

B74��C �

�1� �	 	���
 1�
� ��'�
��	 �����������. %�
��� 	�� 
�1��& �
����� �

����
 �A &� &�
� �
��� 	� ���� � �����	���	 �����
���� 	��� ?���	���A ���
&� ������	�� � �����	 �1�
��	���	��� �
 	�� 	�������� �� � �� �� 
�
. B74��C.
�	 ��A ��&�1�
A ���� �������� 	��	 �	��
 �'��	� ���� � 
���. �� � ��& ����

B�!!3��CA 	�� ��	��
� �
 
�
. B74��C ����� 	��	 <��� �	�	�� �'��	� ������	� 	��
�$*%. ;���� ��	� ��� ����� �������	���� �����
 ��	 1�
� ���1������ �� 
�
.
B�!!3��CA �	 �� ����
���� ������ 	��	 ���� �'��	� ���� � 
��� �� 	�� ���� �
 �.� ��
8�9(���!!#. ��
. B�!!3��C 	
��� 	� �����	
�	� 	���A ��&�1�
A ������ 
�
 � ��������
<�� �
 (�9(���!!# ��� &�	���	 ��� ������	 �����
���� 	�� ������������	� �

	�� 8� ��������
.

��� &�'(�'&� ���
 ����� ��	����	��

;���� 
�������� &�	� 	�� 8�9(���!!# ���	��A 	�� �
����	 ��
��
��� ����� ��
	� �� ������� 
�
 �������	 ?���	�>�	��� �
 ����	
���� �	�	�� ��� 	���
 �������

�
 1�
���� <�� 	����������. �� �	��
 &�
��A 	�� ���
���� �
 	�� &��	� �
 	��
��	��	��� &��� �� ��
��	�� 1������>�� �� ��'�
��	 ���
�� �����1����� 
�
 ���� ��&
?���	�>�	��� �����	���A �. �.A ���� ����	����� ��������
 ���� �� <�. �.�.
�� 	�� 
����&��� &� ��	
����� 	�� ���	��	 ��� 	�� ��	�1�	��� �
 ����
 ��: *��

��
���� 	� ���	 ��<��	����A � ���� 1��1� ����� � ��� ������	 ���� � 	
�����
 �

���	�����
 �� ���&� �� <�. �.5. *	 	�� 	��� �
 ����
 ��A ?���	���&��� �	�	� 
�
�
��	��� &�� ��
���� ����
1�� �� ���	��������� ��� ��1�
�� ���	��������� 

��
�	��
 �������	���� �
 	
����	��� ��	��� ��� ����� ��	��� ���� �� (�9(���!!#A
(�9(���!!#A ��� ��9(���!!# B7�F�A73F�C. "��
�
�
�A ?���	���&��� ��	��	���
�� (�98���!!# �
 8�9(���!!# �<�. �� ��� �A 
�����	�1���A �
 ����
 ��# &���� ��
�	���
 ��	 ��1� ���� � ��
�
���. "�� ����	 �
 ����
 �� �� ���	��� 	�� �����
�	���
�
 ������ ����
�A ��� 	�� �	��� &�� ��	�1�	�� �� 	&� ����
1�	����:
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����
� 3.5: (����
���� �
 	�� ������� 
�
 	�� ������� �
 	�� �����	�� ��������
��� �
 ?���	���&��� �	�	� 
�
��	���.

"�� <
�	 ��� �� ������	�� 	� 	�� �����	�� ��	�
����
 ��������A �. �.A 	�� ����
����� ��	&��� (� �
 8� ����
� ����
�	�� �� � (� �����
. "�� �������	��� �
 	��
�������� &�	� ���
������ �����
 &�� ����
���� �����	��A ��� �	 &�� ���&� 	��	
�	 �� ������	�� 	� ?���	���&��� �	�	�� B7�!�A73F�A73��A73(�C. "�� ���� ����
�
�>�	��� �
 ?���	���&��� �	�	�� �	 �
 ��� ���� �����
�� B73(�A73��CA ��&�1�
A
	�� �
�����	�	��� ��� ��� �
�����: "� ��	��	 	�� �� �	�	�� �� ���	���������A
��� �����	 �'�
� 	� ��1�
 	�� ��

��� �� � 	
����	������	�� �1�
����
 ��1�
��
��������
� 	���� ������� 	��� &���� ����
��� 	�� �������� 

�� ����
���	� ���
���	
���	� � ���� ����	
�� &����	 �
 � �	�	�� 

�� 	�� ��� ����
. "��� �� ���� ��
���	. 3.�. *� ����	����� 
����� &�� � �����	�� ��� ����
 &�� �1����� �� ����

����1�� �����
����	� B73(�A73��C &�� 	��	 	�� �����
�� ���� ����
�>�	���
������ ������������� �� �������� 	� ����	
��� �
 	�� (� ��� ������� ����
�
�>�	��� ������ �� ��������. �* 1�
� ����� ����
�>�	��� B� !	!0$�C ��� ������
���� �����
�� �� �()% 
�
 (� 3� �	�	�� �	 	�� 
�

������	�� ��	�

���� �
 �
(�9(� ���	�����
 B75-�C.#

��
 	���� 	&� 
������A 	�� �����
���� ��	&��� ?���	���&��� �	�	�� �	���

��
���A �����A ���� ����
�>�	���# ��� 	�� �����	�� ��	�
����
 �������� ��� ���
&��� ���� ��� ��	&��� � ������
 ������� (�9(�# ��� � 	
�����
 �(�9(�9(�#
���	�� �<�. 3.5#. �	 &�� ����
 

�� 	�� ����
��	��� �� 	�� ����� ��������	���
����� B75-�C 	��	 	�� ����� ���
	 ���� ����	
�� 
�E��	��� �	 	�� <�������	
�	�
��	�

��� 
����&� � ��������	�� ���
�����������	 ����1��
 ���A ��
��1�
A ��
��'�
��	 

�� 	�� ��� �	 	�� <���1����� ��	�

���. "��� ���&����� �� �
�
�?�
����	� 
�
 
���	��� 	�� �����
�� ���� ����
�>�	��� ���I�
�	� �
 ����
�	�# 	� 	��
�����
�� �������� ���
����� �
 ��	���
�����# �� 	�� 	
�����
�.

"�� ������ ?���	��� &�� &��	��
 ?���	���&��� �	�	�� &���� ��	 ���� 
�
�
�� 	�� ��������	�� �����
 ����
 ��	 ���� �� 	�� 
�

������	�� ��� ����
. *	 	��
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	��� �
 ����
 ��A �� ����	����� ������	��� �
 	�� �����	�� ��	�
����
 �������� ��
� 
���	��� �
 	�� 	�������� �
 	�� 
�

������	�� ����
 ��� I��	 ���� 
���� ����
�
����	���� B7�(�A73/�CA ��� 	���
�	������ B75/�C 	�� ?���	��� &�� ����� &��	��

	��� ��& ����
1�	��� &���� �	�� ������	��	 &�	� 	�� ?���	���&��� �����.
��
 	��� �	��� �	 &�� �
����� 	��	 	�� ����	
� �� ��	 ������ ������	�� 

��

� �������� �
 	�� 	
����	��� ��	��. �	 �� �����	��� 	� ��� ��1�
�� ���	���������
	� �
��� 	�� ���������� �	�	�� ������� 	�� � ����� �
 	�� 
�

������	�� 	
���
��	��� ��	��� �� ��
� 	��� ���
 <����. 8� ��� 	�� ������	 <�����A �����?���	��
�	 ���	
���	�� 	�� ����	 � �������� 	� 	�� ���������� �	�	��A ��
� �
�������: �	
���	
���	�� ���� ����
�	� ���� �	�	�� �K�	
��� 
�

������	K#.
����
 �� ���&�
� 	�� <
�	 ?���	��� �� 	�� 
����&��� &��: J�
� ��
�� �����

���
	� �
� ����
1��. ;��� ������� �	 <�. 3� �
 ����
 �� ��� �����
��� 0.7 ��
8�97 �� (�98���!!# 	� 7 �� (�98���!!#A &� ��� ��� 	��	 �	 � ��1�� �������
���
�� �
A �. �.A � �J 	�� ����	
�� ����� ������� 

�� � ���� 	� � 1����� ���
���� 	� � ����. "��� ����� 	��	 	�� ����� ���
	 ������� �� 	�� ��	
� �����	��
����
 �� 	�� ��� ������ 
���� ��.
"�� ������ �
����� ��� � ��
�
����� 
����	. "�� ��	
� 8� ����
 �������

	�� ����	
� �� � ������
 &�� �� �� �?��1����	 ��1�
��� �
 (� &���� ��. "���
����� 	��	 ?���	���&��� �	�	�� 
�
� 	�
������	 	�� ������ ����
 ��� 	��	 	���
�����?���	�� ������� ��	� 8� ��� (� ���
��	�
. "��� �������� 	�� ��E����� �

	�� ��������
���� ����
 	�������� �� 	�� �����	�� �������� ��� �����
	� 	��
?���	���&��� �����.

��� )�	����	�� �����* +�',-��./

G���	���&��� �	�	� 
�
��	��� ��� ���� ����
1�� �� � ��
�� �����
 �
 ��	���
��� ����
 ���	��� ��������� ����� ��	���A 	
����	��� ��	���A ������ ��	���A ���
��	���A ��� 
�
����� ����
�. -��� �
 	���� 	
����	��� ��	��� �
� �����	�� ���
���� ��
1� �� ��	�
����
� &��
� ?���	���&��� �	�	� 
�
��	��� ��� �
�
������
�'��	 	�� �����	�� �	
��	�
� �� � ���	�����
 �� ��������� �� ����. �.
"�� �������	 ��	�
����
��������� ���	�� (�9(�9(� �� ����
���� �� 	�� ���

��� �
 ?���	�>�	��� �
 �������	
��� �
 (� �� �����	�
� �
 	�� �����	�� ��������
��	&��� 3� ����	
��� �� 	�� (�. �� 	��� �����A 	�� ����
��	��� �� ���������
	� 	�� �++, ����� �
 �����	�� 	
����	������	�� ����
�	��� �� ����� ��	���.
"�� �������	�
� ���
��	�
 �
 	�� �++, ��	�
��	��� ��	����A ��&�1�
A �� 	�
��
���������� 

�� � ��1�� ����
�	� ��� ����� 	� �����	�� 

��	
�	���. �������
��������A � ��������� K

��	
�	��K �����	�� �����	 
����1�� ���	
����	�
� ���

�
��	��� 

�� 1�
���� ���
��	 �����	� �����
���� �	� ���
��	������ �
�
�

��
��
��	���. "��� ���
��	���� ������
��� 	�������� 
����	� �� � &���	� �
 �'��	�
�
 K

�>��K �����	�� ���<��
�	���� 	�
��� K���������� ����1��
K. �� � ������<��
���	�
� �&���� �� ��
�
��
 	� 	�� ?���	���&��� ���	�
� &��� �	 ����� 	� ?����
	�	�	�1� �	�	����	�#A 	�� ��	�
����
 �������� �� ������ 	�� ��������������� ����
�
 	�� �++, ��	�
��	��� ����� 	�� <�� ��
��� B70/�C.
/���� �� 	��� �������A 	�� ?���	��� 
�
 ?���	���&��� �	�	�� �� 
�
� ��
	��

�� �	
����	
�
&�
�. "�� �����	�� �	
��	�
� �
 
�
� ��
	�� �� ����� �� 	�� ����
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����
� 3.0: /��� ���� �	
��	�
�� ����� 	�� �
�&	� ��
��	��� B��!C 
�
 ; ���
B!!!�C 
�
 �� �
	�
 
�
�. B64��C ��� B758�CA 
�����	�1���. "�� �� �	�	�� �����

������ �
 � ���� ���� ��� �
 	�� ;.

�++, �������A ��&�1�
A ������ �����	�� 3� ����
�	��� �� ����� ��	���A 	��
�++, ����� ����
���� �� 
�
� ��
	�� 	�� ��	�
��	��� �
 �����	�� �����	� ��
������>�� ��	 ���� 5
 �
��	���. "�� ��	�
��	��� �� �����	�� �� ��������>�� 0�2�
����	
��� �� 	�� 1������ ����. "���A 	�� ��'�
���� �� 	��	 �� ����	�� �����	��
������ 	�� ������	��� ����	
��� �
� ��
	 �
 	�� ��������	�� ���	 &��
��� 	��
�����	�� 3� �
��	��� �
� ������>�� �	 	�� ����
�	� ��	��. "�� 
�
����
	� ��	���
������	 �
 ���� ��� ������	 &�	� 5
 �����	�� �����	� ��� 0�2� ��������>��
������	��� ����	
��� �� ���� �	���� ��	� ��� �����?���	�� 	��
� �� �� �	
��	�
��
����
��
 ��� 

��	
�	��� �'��	� �
� ��	 �����	��.

"�� �����	�� �	
��	�
� �
 ������	�� 
�
� ��
	�� �� 1�
� 
��� &�	� 
�

�����
��	���A ��	�
�

������	���A ������� �	
��	�
�� ��� ����� 	
����	���� ��	&���
	��� &���� 	�� 1������ ���� �	
��	�
� �� ?����	�	�1��� 1�
� ������
 ����� 	��

�
� ��
	�� ���	���������� ��������� ���� ��	&��� ��1����	 ��� 	
�1����	 
�
�
��
	��. *� 	�� ����	
���� �	
��	�
� �
 	�� 1������ ���� ��	�
����� 	�� �����	��
�	
��	�
�A 	�� �������� �
 ?���	�>�� 1����������� �	�	�� ��� �������� ���
�
� 	��
����	
���� �
���� �
 	�� �����	�� �	
��	�
� �
 	�� 
�
� ��
	��. "��� 	���A ��&�
�1�
A �����	 �� �����1�� �������	���. "�� 
����� �� 	��	 	�� �++, ��	�
��	���
������� �� 	�� �������	��� ��
��� �	 	�� ��
�� ���
��. $��	����� �
�&	� �
 
�
�
��
	� <��� ��� 	� ��	� ���� ���� 
������ ����� 	�� ��� B!!!�C���
��	���. "��
�� ?���	���&��� <��� &�
� �
�&� &�	� 	��� �
���	�	��� ����� &���� 	�� ��
���� ����� �� ��	 �
��� �
 �� ���� �	
��	�
� �������	���� ���&.

���. � �
 ����
 ��� ���&� 	�� <
�	 ?���	���&��� �	�	�� ����
1�� 
�
 � 
�
�
��
	�. "�� ;���!# ��� � ��
�� ���� ��� ��	������ 

�� �2	3 	� ��	! �J �3.0#
�	�� �������
 ���� �	 �3	3 �J ���� ��	 ����	 ����� �	 �� ��	 ��� 	� � ��
��	
	
����	��� ��	 �������� 	� � ���� �����	� �
 �	�	��#. "�� ����
�	��� �
 �� ��
<
�	 ���� 

�� �������� 

�� �� 5) �	�	�� �	 �6	3 �J. "�� �� 5) �
� ���
 <����
�� 	�� �
���� �	�	� �5)�#A ��� 	�� ���� �	 �6	3 �J �� �� ��
����1�� ���	����	
�
 	�� 5)� <��� �	�	� ��* #. "�� ������� ���
�� ���
	 

�� �6	3 	� �6	!0 �J
������	�� 
������ 	�� ������	��� �
 	�� <
�	 ���
��� �� ��������
. ;� &���
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�	�
� 	� 	��� ����	 
�
	��
 ����&.

�� 	�� �
����	 ���	��	A 	�� �
��� �����	 �
 	�� 1������ ���� �	
��	�
�� �
 ��
��� ; �� 	��	 
��	 	��	 	�� ���� ��� �
 	�� ; ������� ���<�����	 �
 ����	
���
�� 	�� �� �1�
����
 ������� �	 	���� ���
���� 	��� �� ��	 <�� �	�	�� 	� ������
�� 	�� ; ����	
�	�. ��
 	�� ��	��� �
 ���	�����	
�� ����	
������A 	��� ��� 	��
����	����� ��1��	��� 	��	 �� ��	����	� 

�� ��
��	 	
����	���� &��� ���	
���	� 	�
	�� ����	
�� &���� 
�����	�	�� 	�� ����
1�	��� �
 ��&A �1�
����
�������� �	�	��.
������ �
 	��� ��� ���
��	�
��	�� ���
� ����� �
� ����. �� <�. � �
 ����
 ��� 	���
�� ���	 ���� ��	&��� � ��� 3 �� ��� ��	&��� 3 ��� 5 �� ��1�
���. �	 &�� ��	
�������� 	� 
�
� ���	���	 ����� ���1� 3.4 �� ������� ��1�
���. "��� ��Æ���	�
��� �� ����
�	��� �������
��� 	��	 	�� ?���	���&��� ����� �� <�. � �����

���� �
	�
 ��������� 	� 20! +A ��� �	 �� ���&� 	��	 ���1� 	��� 	����
�	�
� 	��
�� <�� �
���� �� ��	� ����	�
� �� 	�� �
 � �� ��������
. "��� ����� 	��	 ��
�
�&� �� ;���!# �� 	�� -	
������+
��	���1 �
�&	� ���� ��� ����
��������

�
�&	� �� ���� ��	��	���� B72"�C.

"�� ���
�� ����	���� �
 ?���	���&��� ����� �� <�. � �
 ����
 ��� �	��


�� � ����� �������	���. "�� K����� ��������	��� �����KA �
�������� ��1������
	� ����
��� ��

��� �	�	�� B60-�C ��1�� � ���� ����
��	��� �
 	�� ���
���� �

?���	���&��� �	�	�� B75-�C. �	 �� ����� �� 	�� /��
�-����

��� ?���	�>�	���

���

M� PM� P �+
�!  ��� �3	3	�#

&���� ����
���� 	�� ����� ���
	� ��������	�� &��� �� ����	
�� �� 
�E��	�� �	
	�� ��

��� �M�#A 	�� ��	�

��� ��	&��� <�� ��� ����	
�	� �M�#A ��� ��
���
�
�����	��� 	�
���� 	�� <�� ��+
�! A &��
� 
� �� 	�� 	�������� �
 ��� ��������

��� ! 	�� �����
 �
 ��������
�#. ��
 
�
��	��� �
 �	������ &�1��A 	�� 	�	��
����� ��������	�� ���	 �� �� ��	��
�� ���	���� �
 ��. /������ +A ���� M�
��� M� �
� ���
�� ��������	 ��� �?. 3.3.� ����&� 
�
 �� ���	
��	�1� �
�������
����	��� ��������� �� <�. � �
 ����
 ��� ��� ���� �� <�. �.

*� 	�� ���
���� �
 	�� ?���	���&��� �	�	�� �����	�	������ ���
���� �
�	�����
����	 ���
���� �
 	�� ���� ���� �	
��	�
�A 	��� ��� �� ���� 	� ��	�
���� 	��
�� ���� ���� �����
�����. "��� �� ��
	�����
�� ���
�� 
�
 �� 
�
 &���� 	��
���� �	
��	�
� &�� ���	
�1�
����: �
�� �����
����	� �� ���� �� 
����&��� 	��
��������� ��	��� �
 <�. �.5 �	 &�� ��������� 	��	 	�� ����&��	� �
 �� �� ����
����	 ���
 �
 	�� ��� �
����	�� 

�� ����� �����	� 	���
� B7�+�C. "��� &����
���� 	��	 	�� �� 0� �	�	�� �
� �	
����� ��

���	�� N � 1�
� ������� 
����	
&�	� ��
���� �����?������ 
�
 	�� �����	��� �
 	�� 
�
� ��
	��. *	 	�� 	��� �

����
 ���A �	 ��� I��	 ���� ���&� �� �����
����1�� ���	��������� B�!!���C 	��	
	�� ���� ���������	 �� 
�
. B7�+�C �� ����

��	. "�� 
����� �� 	�� ����� ����
�
 ����	
��� �� 
�
� ��
	�. "��� ����� 	� � 
������ �
����� ���	� &���� �'��	�
&� �� ?���	�� �����
. * �	
��� &���
�������� �� 	�� 
����	 ��� ��������	��
���������� �� 	�� ����	
� B�!!���C &���� ��� ���� 	� �

������ ���������	�. "��
����	
���� �	
��	�
� �
 	�� ?���	���&��� ���	��A ���	���A �� 	&� ����������� ���
���� ��	 ������ �� &�. "��
�
�
�A 	�� 
������ �
����� ���	� �� ������
	��	

����	��� �� 
���	�1��� ���
� ����� �� <�. � �
 ����
 ���. "��� ��1�� �� ���� 	��
����
	���	� 	� ��	�
���� 	�� �� ���� &��	� 
�
 	�� <
�	 	���: "�� 0� ����
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�
 �� ��	���� 

�� ��	6 	� �5	2 �J ����
���� 	� 	�� ?���	���&��� ����
����	
&���� �����
�� 
�1�
���� 	� 	�� �������	�� �����
���� 

�� ��	! 	� �5	7 �J
�� ����� �����	� 	���
� B758�C. "�� 0� �	�	�� �� �� �
� 	��
�
�
� ��	 �	
�����
��

���	��.
*
	�
 	�� �����
���� �
 ����
 ���A ���� ��

��	���� ��1� ���� ���� �����

�� 	�� ��
� ����
�	� &�
� �
����	�� �� ���	. 0.�. "�� ����	
�� �������� 	� �
�� ��� ���� 
��������� ����� �� ��1�
�� 
���	�	���� �
 	�� 	�����������������	
�����
����	�. �� 	��� <
�	 &�
�A 	�� 	�������� �����
�	��� &�� ���� ����� �� 	��
�1���
�	��� 
�	� �� �����
�� &�	� �� �������	��� ?��
	> ���
��������. "�� ���
	
�
 	�� ; 5
 ���� 	� ��&�
 ������� ���
�� &�� 
���� 	� �� �� ��
�����	 &�	� 	��
	
����	��� 

�� 	�� <
�	 	� 	�� ������ ��������
. D�&�1�
A 	�� 	�������� ��'�
�
��������� �� &��	��
 ����	
�	� �
 ����
��	� ���	� �
� ���� B62+�C ��� 	��
���
	 �
 ; 5
 �� ��
� �
������� 
���	�� 	� � 	
����	��� 

�� 	�� 0� � 	� 	�� 0� 3
�	
��	�
� &�	� ������������ ����
������ �
 	�� �� ����
. "��� ����
������
�	�
	� �	 !.4 �� ��� �� ��
���� ������	�� 
�
 � ��. "��� 
������
�	��� ����
��	 ������ 	�� ��	��
�� �����
 �
 ����
� ��� 	�� ���������	 �
 	�� ?���	���
&��� ����� ����� 	��� �	 ������� ���� �� 	�� ��	��
�� �����
 �
 ����
�. "��
�	�	�� ���
 �
 �������� 	� ; �� <�. 3 �
 ����
 ��� ��� 	��	�	�1��� ���� ������
K��	�

��� �	�	��K ������� 	��� ����� ���	��
 �� ��������� �� �� �	�	�� ��
 ��
��
��	 	
����	���� �
 	�� ; ����	
�	�. "��� �
� ��& �������
�� 	� �� �����
��	
	
����	���� �
 	�� ������� 	��� ���� ���	 �	��
 ����� ��������� �� ����. 0.�.
"��� ���������	 
������ ������	��	 &�	� 	�� ����
1�	��� ���� �� <�. 3 �
 ����

��� 	��	 ������
 ����� �����
 
�
 �.� �� *�9;���!# �� &���.



������� 


�	���������� �� �������

�	���
��

��� ,-���/* 0
������ 
	 1
�������� �2����3

�	 �� � ��	�
�� &��� 	� ��� 	�� ����
����� ������ &�	� ?���	�>�	��� �� 	&��
����������� <��� 	� �����
� 	�� ��������������� ���� ��� <�� ��	 &��	��
 	��
������	� 
�
 ����	
�� ���		�
���A ���<�����	A ��� ?���	�>�	��� &��� ���� 
�

�����	
��	�
�� �	 ��

���� �� &���.

-������� 	�������� ���
������ �-"�# ��� 	���� 	�� ���� ���&��� 	��	 ���
������	��� �� �� -"� 	�� �� � �������� &�� 	� �

���� �	��� ��	� �����	
��	�
��.
-�������A 	�� ����	
���� ?���	�>�	��� �'��	� 
����	��� 

�� 	�� �����	
��	�
���
����� ���� �� ������ �� �� 	�� ���� ���	
����	. ���. 5.� ���&� 	�� 
������	�
��� K?���	�� ��

���K 

�� 
�
�. B73(3A�!!!��C. "�� -"� �� ����	
�����������
	���� 	� � ��

��� �	�	� �� � ���� ���� ��� �
 (�����# 	�� ����	�<��	��� �

&���� �� ��
� (� �� ���	��������� �� ���&� �� <�. 5.�. "�� ����	
��� �������
��� 	��� ��

��� �	�	� ����
�� ���		�
��� �	 	�� ����
��� �� �	���A ��� �����
�� �� ��	�

�
���� ��		�
� �
 �	������ ����	
�� &�1��.

/� ������
����1�� ���	���������A �� ������
�� ����	��� �����1����	� 
���	��
	� �����	
��	�
�� ��1� ���� ��������� 	� ��	�. "�� ��	��� �
 ������
����1��
���	��������� ��� 
����1� 	�� ����	
�� &�1� 1��	�
 & ��� �� ���� 
�?��
�� �
��
����� 
���	�	��� �
 	�� 
�����	�1� �����	
��	�
� �	 	�� ��

���. "��� �����
������
����1�� ���	��������� �	����� 	�� ����1��
 �
 	�� ����	
�� &��
��� -"�
������ � �����	� �
 �	�	�� �
 � 	����
����. /� ����� �
 ������
����1�� ���	���
�������A �	 �� �������� 	� ���	������� ����	
��� &�	� �����	�� ��
����� 	� � ��1��
���	
��	��� �	 	�� ��

��� 

�� 	���� &�	� � K�������K 	
�I��	�
�. -������� ���
��
� 	
�1���A ���	��������� �� � �������� �
��� 
�?��
�� � ��
	��� �
�� �����	�
�
 �����	
��	�
�� �� �
��
 	� ��	��� � ��Æ����	 �������	�������
���� 
�	��.

"�� �������	 ��

��� 	� 
��<�� 	��� 
�?��
����	 �� � ��
� �	����� ��

���A ���
1������ ;���!# ��

���� ��1� ���� �	����� �� ����
 �J. ���. 5.3 ���&� ��� �

	�� ������� ���� �� ����
 �J. D��	�
������A �	����� ��	�� ��

���� &�
� �	���
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5! ������	 �� ������������ �� ������
 ��	�����

a b

����
� 5.�: KG���	�� ��

���K 

�� 
�
. B�!!!��C. -"� �
���� ��

�����	�	�
����	
��� �
 (� ���<��� &�	��� � �����	
��	�
� �
 ����
��� �� �	���.

��� ������� �
 	���
 ��	���	�� �
���
	��� ��� ������
����1�� ���	��������� &��
������� ��
�� ��. �	 &�� ���&� 	��	 �	����� *�����# &�	� ����#�	�

���� ��1�
������
 ����	
� 
�
 �������� ����� 	�� 	�

������
��� ��
��	��� �� 

�� � E�	
*�����# �
��	�� B47D�C. ��
. B47D�C ��� ��	 �������
 	�� ����1��
 �
 ��������
��

����������>�� �	�	��. "�� <
�	 	��� 	��	 � ����1��
 ��'�
��	 

�� 	�� 	�

����
�
���	�	��� �
 
�
. B47D�C &�� 
���
	��A &�� &��� ����	
��� &�
� 
���� ��	�����
��
��� 	�� ���
���

��� �
 1������ (�����# B66-�C. "�� ����� 
�
 	�� ����������
�
 
�
. B66-�C &�� 	�� &�1��	�
 ���������� �
 ��1�
�� ���	��������� ��
�������
���
 	� 	�� �	��� &���� ���&�� �� �
���	�	��� �
 ��&# �����
����� 
���	�1� 	� 	��
���
���

���. "�� ���	 
���
����� 
����	� &�
� 	�� <����� �
 � �&�	���1�
 

��
	�

����������>�� 	� ���
���

������	����� ����1��
 
�
 � ��
	��� �	�� &��	� 
�

1������ (�����# ��

���� B�!!!F�C ��� ��	�
�� ?���	�>�	��� �� 1������ *�����#
B�!!���C. "�� 
���
���� 
����	 �
 ��	�
�� ?���	�>�	��� �� ������
����1�� ����
	���������A ����
��	�� �� 	&� ����
�	� ���
���� B�!!���CA &�� �� �&��	�� 
����	
����� -"� ����	
������ ��� ��
���� ���� ���� 	� ������	
�	� ���<�����	 ���
?���	�>�	��� �
 ��

��� �	�	� ����	
��� �� 1������ *�����# B76/�C.

*�� �
 	�� ���1� ���	��������� ��� -"� ����
� ������� 	�� ���� ��

���
�	�	� &���� ����	� �� 
�� ����� ��	��� ����� 	�� B���C ��

��� ��
���. �	 �� �����
	���� 
�
�

�� 	� �� 	�� K����� ��

��� �	�	�K. "��� �	�	� ��	���� ���
��	������
���� ��&� 	� !.5 �J &���� ����	� 	�� ���� �	
��	�
� �'��	� ��� ��� ��������
����
1� ���9�
 
�?��
�� ���� ���
�� 
�����	���.

"�� ��	�1�	��� 
�
 	�� �
����	 ����
����	 �� 	&�
���: ��
�	��A &� &��	 	�
����
�	��� ����
 &���� �����	��� ��������������� ����1��
 ����
� ��� ����

&���� �����	��� 	&������������� ����1��
. "&� ������	���� ��1� ���� ����
�� ������	��� &�	� 	�� ��	� 

�� 	�� ����� ��

��� �	�	� �� 1������ (� ���
*�: �� 
�
. B�!!!F�C 	�� �	�� &��	� 
�
 &���� 	�� 	
����	��� 

�� �	���������>��
	� ���
���

����������>�� ����1��
 ����
�A �.4 ��A &�� �����
�� 	� 	������
���		�
��� ����	�� ��	 � ���������� ����� ��	 �� �
����	��. �� 
�
. B�!!�F�CA �
��
� �
����� 
�������� &�� ��1�� ����� �� 	�� �
�I��	��� �
 	�� ���<���� ����
���� ��� ��	� 	�� ���
���

��� ��� �	� ����	��� �� 	�� &����
��	���.

"�� ����
���	� �
 	���� ������	���� ��� ���� �� 	��	�� �� � �
����
 �����
��������� ��'�
��	 ���	���. ;�	� 1������ ;���!# ��

����A &� ����� ���� ����



��
� !"��
$ �������� �	 ����������� �������% 5�

����
� 5.�: $ 1�. & �����
���� 

�� � (�����# ��

��� �	�	� ����� �� ���	���
������� ��	� B63+�C. "��� �	�	� �� �
���� �� <�. 5.�.

	��� 	��	 ���� 	�� ��	��	��� �
 ��
1��� �� �
��	���� 	�����	�� 
�
 �����	
��	�
�
�
�&	� ����� ;���!# �� � 1�
��	��� ����	
�	� 
�
 ���	����� �
�&	� �
 ��	���. ��

	�� 	��� �����A ����	
��� ��������� ��

��� �	�	�� �	 �	����� ��

���� ��� ��
�������
�� � 
��
����	�	��� �
 ����	
��� �� �����	
��	�
��. ��� �
���
	��� �

;���!# ��� 	���
 
��� 
�
 ?���	���&��� �	�	�� ��1� ���� ��������� �� ���	. 5.�A
��� 	��� ��� �� ��	��	����� ����
	��	 
�
 	�� ����
1�	��� �
 ����	
���� �	�	�� �	
	�� �	���. *������� 	��	 ����	
�� ?���	�>�	��� �� �����	
��	�
�� �� �	�����
����	
�	�� &��� 
��� �� 	�� ���<�����	 �����	���� �
�1���� �� 	�� ����	
�	�A
��

�����	�	� ���<�����	 &��� �� ������1� 
�
 	�� 	����
��� �
 	�� ����	
����
�
���
	��� �
 �����	
��	�
��.

"�� ����
����	 ����
���� ����� ����� �� 	�� ��
��	���� ��
����� ��� ��
����
������
 	� 	�� �	���. "�� ����
 ������ &�	� � �����
���� �
 ��
��� ��������
����	
� �
 E�	 ;���!# B<�. �� �
 ����
 �JA ��		��C &�	� ;�33�# B<�. �� �

����
 �JA 
�� ����	
��C &�	� 	�� 
����	 	��	 � ��& ���� K-K �����
� �	 !.6 �J
	�� ��& ������� ���
�� �� ;�33�# &��
� K	�� ��&K ����� 	��	 K-K �����
� ������
�
 	�� 
�
������ ���.

(����
���� �
 � ��
�� �����
 �
 ��	� ���&� 	��	 	��� �� 	�� 
����	 �
 �
�������� �
 ��� ���� ��	&��� 5 ��� 2 �J. "��� ���� �� �
������ � ��

���
�	�	� �
 
�������� ����	 �' 

�� 	�� ;���!# ���� ���� ��� �
 ���
�����	���
	�� ���� �����. B"��� �� 	�� 	������ ���� �
 � "����	��� ��

��� �	�	� ��	 ��	
����	�<�� �� ;���!#.C �	� ����	�<��	��� ��� ��1� ���� �����
�� �� 	�� ���	 ��
	�� ���
��	�� 1�����	� �
 	������ ���	�����	��� ����� �
 ; �
���� 0 	� 2 �J.#

�� &������A 	�� 	&� ����� �
� ���
	�� �� � 1���� ��

�������� 	� 

�
QQ

�
&���� ��

�?��� 	� 	�� ��
������	� �
 	�� ����
��		��� �
 �	��� �<�. 5 �
 ����
 �J#. "���



5� ������	 �� ������������ �� ������
 ��	�����

Structure of W(331)

Microsurface
normal

Macrosurface
normal

Terrace surface:
bcc(110)

width: 3a = 0.948 nm

unit cell: 6a = 1.9 nm

����
� 5.3: �����	
� �
 ;�33�# &�	� ���!#��
���	�� 	�

����.

�� ���<
��� �� ����
����	� �� ;�00�# &�	� � �!�
��� ��
������	� �� 	�� �$$%
��������� � ���
	 �� 



�
QQ�#. �
�� 	�� �����
���� �
 ��
� 	��� 	&� �
������


�
 ;�00�# �,��
  !	5!*�
# �� <�. 5 �
 ����
 �J �	 �� ��������� 	��	 	��
�'��	 �� 
�	��
 � ��
������	� 	��� � ����		���: "�� ��
������	� , 
���	�� 	� 	��
��� �
 	�� �	�� ��		��� 	�
����

,  ���" 5	�	�	

&��
� " �� 	�� �	�� &��	�. "��� �� ��	����� 

�� � ����	
��	��� �
 	�� 
����
����
��

��� ��		���A ��� ���	��
 ������ 
�������� �� 	����� 	�� ����
�	��� �� &�
����� ��	&��� 	�� ���	�
� �
 	�� <
�	 ��� ������ /
������� >��� 
�
 E�	 ;���!#A

QQ
�
 5	!*�
A ��� 
���	��� �	 	� 	�� �����
�� ��
������	� �� 	�� �$$%:

,��
  
�

2
QQ

�
 !	22*�


,��
  
�

�!
QQ

�
 !	5!*�


"��� �� 	�� ���� ��
������	� 
���
����� &��	��
 	�� �'��	 �� �� �
����� �����

�'��	 �� 	�� 
����	�� >��� ������ �
 � �
�� ����� �'��	 �� 	�� ������� ���	�
�
�
 �?. �.5.�. "�� ��'�
���� ��	&��� 	�� 	&� �� ��1����. �� 	�� 	�
����	�� �����
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� !"��
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����
� 5.5: (����
���� �
 ��&# �����
����� 
�
 ���
���

��� ��# ��� ���
���
�

��� ��# �
���	�	��� �
 	�� ����	
���� &�1� 
���	���.

�
 ���	��������� ����	. �.5#A , ��	�
� ��
���� �� 	�� <
�	 �	�� �� ���� �� ���	����
�	�	� ����
��		��� �'��	 �� �
����	 &��
��� �	 �� ���� ��
	 �
 	�� 	��
� �	�� �� ����
���		�
��� �	 	�� ����
��		��� ����
� ��
��� 	�� ���	��������� �
�����. "��� ��
	�� ������ ?���	��� 	� �� ���
�<�� �� ����
 �J.

"����� 	� �������� 

�� 	�� ���� �����A 	�� 	�

������
��� ��
��	��� ��
���&� &�	� ���� ����
���A ��1�� �� 	�� ��&��	 ���� �� <�. 3� ���  ��0 �J#
��� <�. 5 ���  �!0A ��!A ��� ��0 �J# �
 ����
 �J. �	 �� ���� 	��	 	�� 
��	�
��
K-K ��� K-�K �
� ����	 �����	
������ �
���� 	�� B��!C ���
���

��� ��
���. ��
<��. 3 ��� 5 �
 ����
 �JA &

�
�� ��
���� 
���	�� 	� 	�� ���
���

��� 	�
����

�?. �.3.3. "��
�
�
�A 	�� ����	��� �
 	�� ���
���

��� ��
��� ������� �� 	��
���	�� ���
��A ��� 
�
 �����	�� ���	�� ���
���� �
 0!A 2�.0A ��� �!0 �JA 	��
B33�C ���
���

��� ��
��� �� ��1�� �� <�. 5�. �	 �� ��1���� 	��	 ������
 K-K ��

K-�K �
� 
���	�� 	� 	�� ���
���

���. "��� ����� 	��	 �����	��� K�K 
�	��
 	���
�����	��� K�K �
 <�. 5.5 �������.

"�� �����?����� �� 	��	 	�� ����	
�� &�1� 
���	��� �� ��	 	&���������������
��	����� ��
��� 	�� �	�� ����
��		���. "��� ����� 	�� 
���	�	��� �
 	�� ����
K-K ��� ���� �� � <��� �	�	� �'��	. *��������	 	� � <�����	�	� ���		�
��� �'��	
�� ������ �����
	�� �� 	�� �
�������� ��	����	� ����1��
 &��� 	�� ���
�� ��
�������. "�� ��	�A ���&� �� <�. 3 �
 ����
 �JA 
�1���� 	��	 	��� ����1��

�� ������
 
�
 	�� ���	��������� ����
����	 ��� 
�
 �$$%. ;��� ���� ���
��
������ �����
���� ��� �� ����
1�� �� ���	��������� ���  2�	0 �J#A 	��
� ��
�
��	������ ���� ���� ��� �� 	�� �$$%.

�	 ������ �� ���	����� 	��	 �� 	�� ����
��	��� �
 	�� <�����	�	� �'��	A 	��
�
�� � �
����� &�	� 	�� ����	��� �
 	�� ����	 �����. "� 
����>� 	��� �
�����A
&� 	��� ����� ��1��	��� �
 	�� ���� ���� ���� &���� ��
�� 	�� ���
���

���
��
��� 
�
 �!0A ��!A ��� ��0 �J ���	�� ���
��. �	 �� ���� 	��	 �� �������� �

	�� ��& 
��	�
�� ����
� ����� 	�� ���
���

��� ��
���A 
�
 ���� �
 	�� ���	��
���
���� �	�����. "��� ����� 	�� �
������ �
� ���
	�� �� � 


	
, &���� �� ��	

����	���� 	� 	�� ������� �����	��� �?. �.5.�. "� 
����>� 	���A ��� ��� �������

���� K-K �� E�	 ;���!# �<�. 5� �
 ����
 �J# �� ���	��� �	�	� ��� 	
� 	� ����
���
�	� ��������
���� �� �?. �.5.�.

"��
�
�
�A � ��& ����� &��� �� 
�?��
�� 	� ����
�	��� ���	��������� ��	�


�� �	����� ;���!#. -��� ����
��	��� ���	 ���� ������� &�� ���� K-K �� �
�
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��	�� �� <�����	�	� �'��	� ��� �	��
� �
� ��	. "�� �
���
 ����
��	��� �� 	�� ���
��1�� �� D��>��
 
�
 �$$% �
 �	����� ��

���� B42��C. -���		��� �� 	�� �$$%
����
� 
�
 	�� ��	������ �����	��� �
 ���		�
��� 

�� �������
��� ���
���

����.
"��� �� 	�� 8�����	 �
 	�� ���� /
������� >��� �
 ; 

�� &���� ���� K-K �� ����	
�'. "�� ���� ���� ����A ���	���A �	��� 

�� 	�� Q�����	 ��� �� ��	 ����	.
���	 ��	 ��	 ����	A 	�� 
�������� �
 
�
. B�!!���C ������ �� 	��	��. ��
.

B�!!���C ��<��� �� �����	��� 
�
 ��������������� ����1��
 �
 	�� ����� ��

���
�	�	� �� 1������ (�����# 	��	 	�� ��	�' ����� �
 	�� ��

��� �� ����� ������ 	��	
	�� ���
���

��� �
�I��	�� ���� ��� ���� ��	 ����� �� �� 	�� ��

��� �	�	�. ��
.
B�!!���C 
���	�� 	�� ��>� �
 	�� ���� ��� ��
����� 	� 	�� ��

���A &���A 	� 	��
����	��� �
 	�� ��� �� 	�� &����
��	���A &���� �� 	�� �
����	 ���� �� 	�� 8�����	A
&�  �	5 *

�
. �	 �� �
��	������ � 
�	�	��� �
 	�� ��� ��1�� �� &��� �
���� 	��
���	�
 �
 	�� ���� /
������� >���A QA &�	� 	�� ��� 	� <�� 	�� ����� � &��
� 	��
�
�I��	�� ��� 1�������. ��
 (�����#A 	��� ������� ��
���� 
�
 	�� ����� �����
�
 4Æ. ��
 	�� �
����	 ���� �����

�  	���
�+����+�#	 5	�	�

�
 &� �1����	� +��� ���
 	�� ���
��	�� ������ �
 	�� ���A �. �.A �	 0 �J ����&
�
A &� ��	��� +���  !	5� *

�
 ��� �  �2Æ. "��� ����� 	��	 
�
 �
��	��� ��	
�� ���� 	��� �2ÆA 	�� &�1� 
���	��� 
�
 ��

��� �	�	� ����	
��� �� 	�� ��� &����

����� ���
���

��� ������>�� �
 ���������������.
"��� ����� 1������ ;���!# ��� 	�� ��

��� �	�	� K-K ����	�<�� �
� 1�
� &���

���	�� 
�
 
�	�
� �	����� �
 ��	�
�� ?���	�>�	��� �'��	�. ��
��1�
A ����	
��� ��
�����	
��	�
�� 	� �� �
�&� �� 	�� &��� ����<	 

�� 	�� ���� ���������������
���<�����	 �����	����. -����
	 
�
 	�� ��	��� 	��	 ��������������� ���<���
���	 �� 
�	��
 	�� 
��� 	��� 	�� �����	��� ����� 
����	�� ���� 

�� -"�. ��
.
B�!!3D�C �����>�� 	�� ����	
���� �	
��	�
� �
 ����1����� &��� 	�

���� �� 1������
(�����# ��� ��1��	���	�� 	�� ���������� �
 	&������������� ����
��		��� �'��	�.
"�� ��	��
� ����
1� 	��	 �������
�	��� &���� 
�
��
�� ��� ���� ��	�
�
�	�� ��
��� 	� ��� 
�
��	��� ������ �� 	�� �	�� ����
��		��� �
� ���	��� � ����� �
���
	�
�
 	�� ���
���

��� B�!!3D�C.

��� #


��
��� (
 �
� (� 4�	��

�� ����
 JA &� ��1� �� 

�� � ����� �	����� ��

��� 	� ��������� �	�� ����
�	���.
"�� ����� �
������� �
 �	�� ����
�	��� �� 	�� �	���E�& �
�&	� ���� 
�
 ��	��
����
��	�� �� ��	�� ����	
�	��. "��� �
�&	� ���� ��� ���� ������	
�	��A �.
�.A 
�
 (�9�����!# B67��C ��� ��� ��� ���� 	� �
��	� � ������	� �	���� &�
� �

�� ����
��	� �	 	�� �	�� �����. * �	
��� �'��	 �� 	�� ����	
���� �	
��	�
� ���	
����
 
�
 	�� �����	���� &�
� ��� 	� ������� �������
 �	���A ��� �	 ������ ��
�������� 	� ���	������� 	�� �����	���� &�
� 

�� 	�� ������	� ��������
. "��
������	� ��������
 ����� �� 
��
����	�� �� � �� �	
���� &���� ��� �� �
���
��
�� 	�� ���� �	����� ����	
�	�.
"�� <
�	 ������	
�	��� �
 � ��'�
��	 ����	
���� �	
�	�
� 
�
 � �����	����

&�
� ��� � ������	� ��������
 &�� ��

�
��� �� ��1�
�� ���	��������� �� 
�
.



���� ���������� �� ��
 �� !�	�� 50

����
� 5.0: �����	
� �
 !.�� �� (�9�	�774#.

����
� 5.2: -"� 	����
��� �
 �	�774#. "�� ��

��� ��� � 2.50Æ �����	 �����

���	�1� 	� 	�� ����# ��

���. �����	���� ������ �
 (� ����
�	� 	�� �	 �	��
�����. "�� ��1�
��� �� !.�3 ��. "�� �	�� &��	� ��� ��	�
����� ������� �� �!.�
*. �
�� 
�
. B�!!!��C.

B75D�C 
�
 (� �� ;�33�#. *� ���
�� ���
	 �� !.3 �J ��	&��� �� ����
��� (�
����� ��

��������� 	� 


�
�� (� ��� 	�� 
��� ��������
 ��1�
��� &�� 
����

B75D�C. "� ����	�
� 	�� ����� ���	
���	���A ��'�
���� ����	
� ��� 	� �� ����.
;���� 	�� 
����	� �����
 �
������A 	�� ����	�<��	��� 
����� ��
���� �� ��'�
����
����	
�A ��� 	�� �����
���� 	� 


�
�� (� �� E�	 ;���!# ��'�
�� 

�� ����	�1�

���	
���	���� �� ��'�
���� ����	
�.

"�� ���� �
 ����
 J �� 	� ��� � ����	
�	� 
�
 &���� 	�� ����� �
�&	� ��
���
��	�
�>�� �	 �	���� 
�����	���. -�������A �����	�� ��� ��������	�� ������
����� �� �����
��.

*	 	�� $�� ��������A �
�&	� �
 �	���� ������ �
 (�A *�A ��� (� �� �	�774#
��� ���� ���
��	�
�>�� &�	� D� �	�� ���		�
��� ��� -"� B�!!!��A�!!!��C. *
�������
�	��� &�	� 	�� $�� ������� �� ����
����	 �� 	�� ���� �	�774# ����
�	
�	� ���
��	�
�>�� �� 
�
�. B�!!!��A�!!!��C &�	� �	� ������ 
�����
 �	�� ����
�
��		��� &�	� � �����	 ����� �
 2	50Æ ��� �!.� * 	�

��� &��	� �<�. � �
 ����
 JA
<��. 5.0 ��� 5.2#. -���	
�����������A 	�� �	 ����	
�	� �'�
� ��

��	 �����	����

�
 ��	�
������ 	�� ����	
���� �
���
	��� �
 ����
��	�� ��� �����	
��	�
��. "��

����� �� 	�� ����1��
 �
 	�� ���	�����>�	��� �
��� ���	��� &�	� 	�� ���	�� ���
�
��A �����	�� 
�
 	�� �	���� ���� �� <�. 5.4�. "�� 1������ ���� �
 �	 �� 
�
���
�� 0� ����	
��� 	�� �
��� ���	��� �
 &���� ������� � (����
 ������� �
����
�!! �J ���	�� ���
��. "����� ��	� ������� 	�� �
��� ���	��� 
�
 (� 3� ��� (�
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����
� 5.4: *�����
����1�� ���	��������� ����	
� �
 !.�� �� (�9�	�774# �	
���	�� ���
���� �
 5! �J ��� �54 �J ��#. "�� �������	�� �	���� ���	�����>�	���
�
��� ���	��� 
�
 �	 0� B60,�C 1�
��� �	
����� ��	&��� 	���� ���
���� ��#.

3� �
��	���A �	 �� ���� 	��	 (� ��� (� �
� 
�1�
�� ���1� �!! �J. "�� �'��	 ��
���
����1�.

���. 5.4 �������� 	�� ���� ��& (� ��1�
���A !.�� �� �<�. 5.0# �	 5! �J
��� �54 �J ���	�� ���
��. ;���� �	 5! �JA ����	
� &�	� ��� &�	���	 	�� (�
�	��� �
� ����	����A �	 �54 �J ��	���� �������� 

�� (� ��� �� ���	���������.
��
 ��	����	� 
������ �	 	�� ;9H ������	�
 �������� �	 /$--, �A <�. 3 �

����
 J ���&� ����	
� �	 ��  ��� �J &���� �'�
� ��
�
��
 0� ����
������ ��	
��		�
 �	�	��	��� 	��� �54 �J. �	 �� ���&� 

�� 	�� ���
��	�
�>�	��� 	��	 !.��
�� ��

������� 	� �� �	���� ����� �
 (� �
 (� �	 ���� �	�� ���� �
 	�� �	�774#.
/���& !.� �� (�A �	 ��� �� ����
1�� 	��	 � ������ (� 3� �	�	� ��1����� �	 �.3
�J ������� ���
��. *� � ����� ��	��A (� ���� ��	 ���	
���	� ��� � �	�	�� ���

�
. *��1� !.�4 ��A 	�� (� 3� �	�	�� ���
	 	� �����
 ������� ���
��. "��� ���
	

�E��	� 	�� ������ �� ������������	� ��� 	� ��	
� (� �������
�.

"�� ����1��
 �� ����&��	 ��'�
��	 
�
 (�. ���. 3� �
 ����
 J ���&� 	��	
����& !.5 ��A ����	
�� ��	����	� �
�&� �	 	&� ���
�� ����	����: � �	5 �J ���
� !	3 �J. "��� �� ����	�<�� �� 	�� �����	�� �������� ����		��� ��	&��� ��I�
�	��
��� ����
�	������ �	�	�� �
 	�� (� ��� �� �	
��� ������	��� 
�
 	�� �
������ �

�	 ����	 � ����� �����	�� �����	 �
 	�� (� ����� �� �	�774#.

;�	� ���
������ ��1�
��� �	 �� ����
1�� 	��	 	�� ���
�� ����
�	��� ��	&���
	���� 	&� 
��	�
�� ���
����� �����	��. "��� �� ��		�
 ���� 

�� 	�� ����	
�� �� <�.
5 �
 �
 ����
 J &��
� 	�� ����� �	 ����	
�� ��� ���� ���	
��	��. "�� ��������
����		��� �
 	�� (� ������ �� &�	� � �	� �J ��
��
 	��� 	�� ��� �����
�� 
�

��������
 (� &���� �� ��	&��� �.5 ��� �.7 �J B7�(�A7!-�C ��� 
�
 �������� (�
<��� ��.5 �J B75*�C#. "��� ����1��
 
�E��	�A �� � ���� ���	�
�A 	�� ��

�&���
�
 ����	
���� ����� 
�
 
������ ������������	� 
����&�� �� �� ���
���� �� 	��
�������� ����		���. -	�
	��� ��	 

�� 	�� �	��A �	 ����� 	��	 	�� �����	��
�����	 �
 (� �3%� ���<��
�	���# �
 3 $� �� �������	�1��� 
������ �� ������
(� �������
� ��&� 	� 	�� (� ���� 1���� �
 �.4 $�.

"�� ���<
��	��� �
 	�� ���������	 	� � ���
 �
 �������� ����	 �	�	�� &����
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����
� 5.6: �����	�� ��
����
 ��
�� ����
���� �����
����	 

�� 
�
. B�!!!��C.
F�������������� 
�

������	��� �� �
�1�� 
�
 	�� <
�	 	���. "�� �
��	�� ���
���	 �
 	�� ������ �	���� ����� �� �	
����� �������� &�	� 
�����	 	� 	�� ��� �

	�� ��������
 ��� �
 ���� (�.


�?��
� �����
����1�� ���	���������. ;� ��1� ������ 	�� ������ 	� � �!! + ��	
��� ��	 ����
1� ��� ���� ����
�>�	��� ������	��� 	��	 	�� 
�

������	�� �
��
���
	����
�	�
� �� �� ����& �!! +. "��� �	�	����	 �� ����	�� 	� �����	�>�	���
���� �� �����A ��
����� ��� ��
���������
 	� 	�� �	�� ��
��	���. ��
 �����	
����

������A �� ��	��
 ����� �����	�>�	��� ����� ��	 �� 	��	��.

*
	�
 	���� �	�����A �����
����� �	 ��. ��1� 1�
�<�� 
�

������	�� �
��

����& �  �0 + ����� �����	�� ��
����
 ��
�� ����
���� �	 	�� $-�� B�!!���C.
���. 5.6 ���&� 	�� 
����	 
�
 	�� ������ �	���� �����A 	�� ��������
 ��� 	����
(�9�	�774#. "�� ����������	 �
 	�� �����	�� �����	 &�� 
���� 	� �� ����
�	
����
 
�
 	�� �
��	�� �����	 &���� &�� &�	���  �!	26�!	!0# $� <1� 	����
��
��
 	��� 
�
 ���� (�. "�� �����	�>�	��� 
����&� � �	
��� �������� �����	
���
&�	� � �������	��� ����1��
 �� 	�� ����� ��
���������
 	� 	�� &�
� ���� &�	� �
������� �	 53Æ. "�� �����	
��� �
�1���� �� 	�� �	�774# ����	
�	� �� ��1������
��Æ����	 	� �
��	� ��������������� 
�

������	��� &����A �� 	�� �	��
 ����A ��
��	 �������� �� ���� �
 	&������������� ���	
���� D�������
� ������A ����
����
	� ��
��� ��� ;����
 B22��C.

��� (�	5

 
�

��	����

�� ����
 J�A &� �������� 	�� 	
����	��� 	� 	�� 
��� ��������
 ��1�
��� �� 	��
�
 � 
�����
 �	�� ��		���. �� ���	. 5.� 	�� 
����� 
�
 &���� ����	
�� �	�	�� ���&
��������������� ������>�	��� &�� ��
���� ���
����� �� &������ ��� �� ���
��
&�	� 
�����	 	� 	�� �	����� �
 
�� ����� ��	�� ����# 1������� �� 	�� ��	�
�	�
�
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Structure of Ni(771)

Ni
a

Ni7a

Ni3.5a

macrosurface
normal

microsurface
normal

Terrace surface:
fcc(110)

width: 3.5a = 1.23 nm

unit cell: 7a = 2.46 nm

����
� 5.7: �����	
� ��� �$$% �
 8��44�#.

&���� �
� ����	�� 

�� �
 	� !.5 �J N 	�� ��		�� �
 	�� ��

��� �	�	� ����.
$��
��	������A ����	 � �J &�
� 
������ 	�
���� 	�� ��� �����	���� �� 1������
;���!# �� ����
 �JA ��� �� 	�� �
����	 ����	�
 �	 ����� �� �		���	�� 	� ������
	�� �	�� ���
��	�
 ��	� 	�� ������	� �������� 1������ ���� �
 � �����	����
�1�
����
.

*� �1�
����
A �
������ ���������
 �
����	�# &�� ������ ������� ��	�
����

������� �� �
����	� �� �� &��� 	��	 	�� ����	
���� �	
��	�
� �� �������
�� 	&��
����������� �1�� �� 	�� ����. �
����	�>�	��� �
 8� ��� �� �����1�� �� � ��	���	��

���	��� ��1��1��� 	�� ���	��� �
 8� ����
 � ��
	��� �
����
� �
 ���!�� ���
 �

��
�������	������ ����� ���� �
�������. "�� ����	
���� �	
��	�
� �
 �
������ ��
E�	 8� ��� ��
���� ���� �	����� �� ������
����1�� ���	��������� ��� ��
1�� ��

�
�
���� 
�
 	�� ��

��	 ����
����	. "�� �������� &��	� �
 	�� 1������ ����
�� � �! �J.

"�� ����
����	 ������	�A ���� 	�� ��� �� ���	. 5.�A �
 	�� ��������������
���������� �
 ���	��������� ����	
� 
�
 &�1��	�
� ��
����� ��� ��
���������

	� 	�� �	��� �
 �	
����. * ���	�� ���
�� �
 0! �J &�� ������ 
�
 &���� 	��
8��44�# ����	
�	� �������� 
��	�
����� ����	
� ����
	 

�� 	�� 1�����	� �
 �
#
��
��� 	�� &���� 
���� �
 ������ �
����	�� ��
�. ��
 	��� 
�����A �	 �� ��	 ������
	� �
����� ��� ��'�
���� ����	
�. "�� ����	
�� �����>�
 �-����	� -$-�!! 	���#
������� ��
����� ��	��	��� ��� 
�����	 �
 � 
���� �
 �������� ������ � 4Æ &���.
"��
�
�
�A ������ 
�	�	��� �
 	�� ����� ��	&��� �����>�
 ��� ������ �� ����	��
	� ������� ���
��
��	� 
����� &�	� ��Æ����	 �1�
��� 
�
 1�
�<��	��� ��
�����.
"�� ����<	 ��� �� ���� �� <�. 5.�! &���� ���&� 	�� ����
 
���� �
 	�� 1������
���� ����
����� 	�� �
������ ���	�	��. ��
 &�1��	�
� ��
����� 	� 	�� �	
����A �
������ ���������� �����
���� �
 ���	�	�� �� ����. �� 	�� ��
���������
 ��
��	���A
�� ���	
��	A 	��
� �
� 	&� ������� �
 ������
 ��	����	� ���
	�� ������	 ���� �	��

�� &������. "��� ��	� 

�� ����
 J� ����	�	�	�� 	�� <
�	 ����
1�	��� �
 � ����	



���� ��	&�� ������	���� 57

����
� 5.�!: *�����
����1�� ���	��������� ����	
� 
�
 ��
��� �����	
���� ��
8��44�#. * �������� �
 	�� ���� �����
���� ����
� 
�
 &�1��	�
� ��
���������

	� 	�� �	
����. "�� �	�� ����
��		��� �� ������� ��	� 	�� ��	�
� �
������ ����
�	
��	�
�.

�����
���� ��� 	� � �	�� ����
��		��� 	���	��
 &�	� 	�� ����������	�� ���������
����		��� �
 	�� ����� ��

��� �	�	� ���
 �
 �� 1������ (�����# B�!!���C &����
��A ��� 	� 	�� ����	�� ���
�� 
���� �
 !V!.5 �JA �
 ����
 ���
�	�.

"�� 
����	� ��	����� ��� 
�
	��
 �� �����>�� &�	� 	�� ���� �
 	�� ��&#
�����
����� ���		�� �� <��. 3 ��� 5 �
 ����
 J�. �	 �� ���� 	��	 ,  ���" ��

��<���� &�	� "  ��	3 * ����� 	�� �	�� &��	� �
 8��44�#. ���� �� ���	. 5.�A 	���

����� 	�� ?���	��� 
�
 �� ���	���� �
 � <�����	�	� �'��	 �� �
����.

"�� �
�����	�	��� �� 
�1�
 �
 �� ������������ <�����	�	� �'��	 �� �����
�� 	&� ����
1�	����: ��
�	��A ��� �
 	�� 	&� �����
����� �� ���	�
�� �
���� 	��
	�

��� ��
���A �. �.A 	�� B��!C���
��	���A �� ���� �� <�. 5 �
 ����
 J�. "���
����� � ����1��
 ���� �� <�. 5.5�. *� ���	�����	�	� ����
��		��� �'��	 
�?��
��
�	���
���� �
 	�� ����	
��� ��
��� 	�� �	���A ��� 	�� &�1� 
���	��� ���	 	��
�
�
�
�� � /���� &�1� �
 	�� ���
���

���. 8� ������	��� 
�
 ���� ����1��
A �������
�����	�� �� <�. 5.5�A ��� �� 
����. -�������A 	��
� �����
 ���� �� ��� �

	�� �����
�����A ���	 ����
�� ���� �	 �,  P�	! *�
 �� <�. 5 �
 ����
 J�.
"��� ��� ����� �� ��� 	� /
��� 
�E��	��� �	 	�� �	�� ����
��		���. D�&�1�
A



0! ������	 �� ������������ �� ������
 ��	�����

	��	��� 	�� �����
���� 
�
 1�
���� ���	�� ���
���� �
������ � ��'�
��	 
����	.
"�� �����
���� �� 	��	 
�
 �� ����	
���� ���	�� &���� �� �
 ������������	� 	&�
��
 ��&�
#A ��&# �����
����� �����
�� 
�
 ��'�
��	 ���	�� ���
���� ���	 ��
����	���� ����
���� 	� �?. �.5.3. ;���� 	�� ����� ��

��	�� ��	�� ��	&��� 5!
��� 7! �J ���	�� ���
�� �<�. 0� �
 ����
 J�#A 	�� ��� �������� � ���
	 &�	�
���	�� ���
�� ���� �

�&� �� <�. 0�#. "��� �� ������	��� 
�
 � <�����	�	� �'��	
���
��� ���� ������
�	� 	� 	�� 1�������� �
 �
���� -� �� ���	. 5.�.



������� �

�	���������� ��

��������������

�������	
�	���

��� ���
��
��	�6�� 7��
����4�	� ������

;��� 
������1� 
�
��� ��	 ��	&��� ����
��	� �	���A 	��� ��� ���� 	� 	�� 
�
�
��	��� �
 � ����
�	
��	�
�. �
 	�� ����	
�	� ��������� � 
��	������
 ��

��� ���	
���� ���� ���!#A �
��
��� ��	� ������ �����
� ��������. -��� � ���	�� ��� ����
���
��	�
�>�� 
�
 *�98����!# ����� -"� B70��C. *	 ��& *� ��1�
����A 	�� 
�
�
��	��� �
 � *�98� ��

��� ����� �� ����
1��A �1�� 	����� *� �� ���������� &�	�
���� 8� �	 
��� 	����
�	�
�. *	 � �
�	���� *� ��1�
��� �
 !.5 ��A � K����������K
����� ����
�	��� �� ����
1�� ��
��� &���� !.�2 �� *� K���K ��	 �
 	�� �������
��

��� ����
 ��� 
�
� *� ������ ����� 	�� B!!�C���
��	���. "���� ������ ��1�
� ���
��	�
��	�� ����	������ ����
�	
��	�
� �
 ��	�
��	��� *� ����
� ��� 	
���
�
&���� �� �

����� �� � >��>�� �����. "��� �� ���� �� <�. 0.�.

"�� ��	�1�	��� 
�
 	�� &�
� &�� 	�� 
��	 	��	 � ��� ����������� �����
����

�
 �� �	���� &�
� ��� ��1�
 ���� �����
�� ��
�
�. "�� ���� 
�
�
����� &�
� �
����� �	����� (���!!# ��

��� ��!Æ �����	 ��� � �! * 	�

��� &��	�# &��
� &�

����1�� ��1�
�� ���	��������� ��� ���&� 	�� �����
���� �
 �� ��������	��	���
������� ��

��� �	�	� B75F�C. "��� �����
���� &�� E�	 ��
���������
 	� 	�� �	���
��� ��
������ �� 	�� ��
����� ��
��	���.

* �����
����	 �
 	�� ��������������� �����
���� �
 � ��	����� &�
� ���A ��
	�� �	��
 ����A ���� 
���
	�� ���	��
 
�
 	�� ���������� ��
 
�
 	�� ��������
�	�	�� ��� �	 &�� �������� 	��	 	�� ����
���� �
 �1������� �	����� ����	
�	��
&�� ����Æ����	. "�� ���
��
����>�� �
�&	� �
 *�98����!# �
������ � �������
��	�� ��	 1�
� ����
��	 �����	
���� �	
��	�
�. *� �� ���	. 5.3A 	�� 8� ��1��
� 
���	�1��� 
��	�
����� ���	��������� ����	
�� �	 ���
��
��	� ���	�� ���
����
��� �� 	��
�
�
� ����	
����������� &��� ���	�� �� ����	
�	� 
�
 ?���	�� &�
��.

0�



0�������	 '� ������������ �� ������	������
 ������	����	��

����
� 0.�: -"� ���
��	�
�>�	��� �
 *� ������ �� 8����!# �
	�
 
�
. B70��C. "��
������ ������� � >��>�� �	
��	�
� ��� �
� 
�
��� �� ����������. "�� ��'�
��	
������� �� 	�� ��
	����� ���� ������	 �
 � *��8� ��

��� ����� ��� 	�� 8� �	���

������� �� 	�� ��������A 
�����	�1���.

*� �� ����� ��	�
��� �'�
� 	�� ���������	� 	� �	��� ��	� �����
����� �
 &�����
�����
��1� ��	 ��	���� 0� �	�	�� ��� �
 �	
����� �����
��1� ��	 &��� 2�� �	�	��
��� ��	� ��� �� ���� 	� �
��� ����� 	�� 
����	�.

���. � �
 ����
 J�� ���&� 	�� 	�������� ���������� �
 ���	��������� ����	
�
�� ��
��� ��������. F�� ��� ���	������� 	�
�� �	���� &���� ��
�� 1�
� &��� &�	�
	�� -"� ���
��	�
�>�	��� �
 
�
. B70��C: -	��� � �� 	�� ��

��� �������� ��� ���&�
	&� ���
��	�
��	�� *� 0� �����. �	 �� ���&� 	��	 � ��
	��� �����	 �
 *� �	���
�	��� ������� �	 ��� �	����A 	��
�
�
� &� ���	 �����	 	���� ����� 	� ���	
���	�
	� 	�� ����	
� ���� 
�
 �����
 *� ��1�
����. -	��� �� �� 	�� K����������K ����
���
���1� !.5 ��. *� ����	����� *� 0� 
��	�
� �
�&� �	 ��&�
 ������� ���
�� ���
������� ���
� ��� ��	���� �	 !.2 ��. *	 	��� ��1�
���A 	��
� �����
� ���� �
��& ���� �� 	�� 
���� �
 �� �	�	�� �� ��
��� �� <�. �. "�� ����1��
 �
 	���
���� &��� �� �	����� 	� �
��	�
 ��	���. -	��� ��� �� 	�� ����������� �
 	�� *�
����
��	�� ������� <����� 	� 	�
�������������� �
�&	�.

����. 0.� ��� 0.3 ���& 	�� �����
����	 �
������� ��� 	�� 
����	A 
������
	�1���A 
�
 *� ������ 
�
��� �	 !.2 ��. �	 �� ���� 	��	 
�
 &�1��	�
� ��
��������
��
 	� 	�� ������ 	�� �����
�1�� ���� �	��� �	 ����	��	 ������� ���
�� &��
���
�	 ���&� � ��
������ �����
���� �� 	�� ��
����� ��
��	���. "��� �� 	�� ����1��

�����	�� 
�
 � ��������������� ?���	�� &�
�.

�	 &�� ��	 �������	��� ����
 &�� ���� �
�������� ��������������� �����
�
���� ����
� 
�
 �� �	�	�� &���� ��� ������ ��� &�	� 	���� �
 	�� 8� ����	
�	�. "�
	��� ���A � <
�	��
�������� ���� �	
��	�
� �������	��� ��� ���� ������	�� �� ��

�������
�	�
� 

�� WX�����. "�� 
����	 �� 	��	 � ���� ���� ��� �� 	�� ���
�� 
����
�
 	�� �� ���� �
 	�� ������ ������� 	�� ����	
�� ���<�����	 ��
���������
 	�
	�� ��

���.



'�
� ���������	���
 ��������!�	� ������ 03

����
� 0.�: �����
����	 �
 ��������������� �����
���� �� ������
����1�� ����
	���������.

*� ��	�
��	��� �����?����� ����	� ��� 	� 	�� 
��	 	��	 ���� ���� ���� ��
8� �
� ���� ����
�>��: /� ������� 	� �����	�� ?���	���&��� ���	��� �� 	&��
����������A ��� ����� �����	 � ���� ����
�>�	��� ���� 
�
 	�� ����	
��� �� 	�� *�
������ �� 8����!#.

-����
����1�� ���	��������� �	�6Æ �'���
��� ��������A &��
� 	�� ?���	���
&�
� ���� �� �	
���A 
�1���� ������ � ����
�	� ���� ����
�>�	��� �<�. 5 �
 ����

J��#. "��� ����
�>�	���A 	�� ���� �
 &���� ��
��� &�	� 	�� �������	���A ���� ��	
���� 	��	 	�� *� ����� �� �����	�� ��	 	��	 	�� ���<�����	 �
 �� ����	
��� ��
	�� *� ����� ������� �� 	���
 ����. *���
������A ��I�
�	������ ����	
��� ���
�����
 ���		�
 ��	� 	�� 8� ����	
�	� &���� ����
�	������ ����	
��� �
� �	
����

���<��� 	� 	�� ��������������� ������. "��� �� 	� �� ���� �� 
��� ������� 	�
	�� �����	�� ?���	���&��� ���	��� �� 	&������������ ���� (�9(�9(���!!# �<�.
�.0#.

"�� ���	 ����
1�	��� �����
�� 	�� �
�������� ���� �� 	�� ����	
� �
�����6ÆA
��� P6Æ. "��� �
�������� 
�������� � ����		��� ��	� 	&� �����. "�� �������	
�������	��� �� � ������	��� 	� 	�� >��>�� �	
��	�
� �
 ����
� ��� 	
���
� �����
	�� ������. "�� ��
������	� �� 3 8� ��		��� ����	��	� &���� ����� �� ��	
�
�
�	���� ����	 �� �����	�� 
�
 �6	3Æ 
�
 �����
����	� �	 �� �J ���	�� ���
��.
"�� ��
�����	 &�	� 	��� ��	���	��� ����� �	 1�
� ������ 	��	 	�� �
�������� �

����		��� �� ������ ������ �� /
��� 
�E��	��� �	 	��� ����	������ ����
��		���.

��
����� 	� 	�� �������	��� �
 ��
 &�
�A � ������ ����
1�	��� �
 � ����
����������� �����
���� �
 ?���	�� &�
�� ��� ���� ��������� B77-�C. �� 
�
.
B77-�CA *� ������ &�
� ������	�� �� �	����� -�. "�� ��	��
� �
 
�
. B77-�C
����
1� � ��������������� �����
���� ��� � ����		��� ��	� 	&� ����� �� &���. ��
���	
��	 	� ��A 	��� ������ 	�� ����	 ����� 	� 	�� �����
����� �
 ������ ��� �����
?������
	�����A 
�����	�1���. "�� ����
�	��� ��	� ���� ��� ���
�� ����	�	���� ��
�����	�� 
�
 �	
��	�� ��������������� ��	��� �� 	�� 

���&�
� �
 "��������
��		����
 	���
�. �� ��	�
 �	����� �
 *�9-�A 	�� ����		��� ��� ���� 	
���� ���� 	�



05������	 '� ������������ �� ������	������
 ������	����	��

����
� 0.3: F�������������� �����
���� �
 *� ������ �� 8����!#.

���1��	����� �
���� �
 � ���
 �
 ������� ��� ��	�������� �	�	�� B�!!���A�!!3*�C.

��� �
 ������� 8�����8 �
 �������* +�',-��./

"��
� �� ��� ��
���	�
 &���� ��� ��	 ���� �����
�� ��	 �� 	�� ���� �	
��	�
�
�����
����	� �
 ��������������� ���	���A ������ 	�� ����
��		��� ����	��	. ��
������� 	� 	�� 	�������� ���������� �
 	&������������� <���A 1�
���� 	�� �����
��� ��	&��� ������ ������ ���� 	� ����
1���� �'��	� �� 	�� ����	
���� �	
��	�
�.
;���� ����
�	�� ������ ������ ������� ��������������� ����1��
A 	�� �����
�
���� ��� ������ ���
�������� ��
� 	&������������� &��� 	�� ������ �
� ��1��
	���	��
 ���
������ 	�� �1�
��� �
 &�1� 
���	����.
�
 ���<�����	 �
 ����	
��� ��	&��� ������ ��� �� �����1��A �������� 	��

����������� ����
�	��� &��� ����
� ?���	�>�	��� �����	����. "�� ����	
�� ���	
���& ���
��	�
��	�� ?���	���&��� ����� �� � 
���	��� �
 �����������
 ��1�
���.
;���� 	�� ������� �
 *� ������ �� 8����!# ��� 	� � ��
	��� ��	��	 �� 1�
���

�� 	�� ��1�
���A � ���	�� &�	� � �	
����
 
������1� ��	�
��	��� &�� ������ 
�

	�� �
����	 ����
����	. ;��� 
�
� ��
	�� ���� �� �
� ����
��� �� ;���!#A
���
�� 	
���
�
 

�� 	�� �� 	� 	�� ; ����
�. "��� ���
�� 	
���
�
 ����� 	� 	��

�
��	��� �
 � �	
��� ������ �
���	�� ��
���������
 	� 	�� ��
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��A �. �.A 
���������� 
�
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��� �
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���	��� �
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Gd 4f

����
� 0.5: *�����
����1�� ���	��������� ����	
� �� ��
��� �������� �

��9;���!#. "�� ����	
�� ����� ������� �	
����� �� 	�� �����������
 
���� �

�� ��1�
���.

�� 	�� ��	�
�� ��
��	���A 	�� �	
����� 
������1� ������������� ��	�
��	��� ������
� ��
��� �
 ����
�	
��	�
�� �
 �����������
 
�
� ��
	��. "���� �	
��	�
�� ��1�
���� ���
��	�
�>�� �� �$$% ��� *���
 ����	
�� ����	
������ �� 
�
. B62+�C.
*�	����� 
�
. B62+�C �� 1�
� ��	�����A ��	 ��� �
 	�� �	
��	�
�� ����	�<�� ����� ��
�
����	�� �� �
������ �$$% ���	�
��A �������� ��� 	� 	�� �����	������ �
������
�
 ��
� 	��� ��� ����
�	
��	�
�. "��
�
�
�A 	�� ���<
��	��� �
 	�� �	
��	�
��
������ �� -"� &�� 1�
� ����
	��	 B74��C. *� �
����	��A �� 	� � ��1�
��� �

!.4 ��A 	�� �� �	��� 
�
� ������ ����� B��!C &���� ���
���� ���� �	��
 &�	�
���
������ �� ������	���. "�� ��	�
�	���� ������� ����� 	�� ������A �. �.A 	���

��		��� ����	��	A 
������ 	��
��� ����	��	. "��� �� ���&� �� <�. � �
 ����

J���.

��
 	�� ���	��������� ����
����	A 	�� ���� ��� �
���
	��� �
 	�� ;���!#



02������	 '� ������������ �� ������	������
 ������	����	��

����	
�	� �
� �������<�� �� <�. 3.0: /�	&��� � ��� 2.3 �J ������� ���
��
�� �1��������	
� ���� ���� ��� ��	���� &���� �� 
���������� 
�
 ���<�����	
��� ?���	�>�	��� �� 	�����
 <��� �
 �� �����
 ���#A *� B73+�A�!!�-�CA ��� *�
B�!!�-�C.

�� <�. 0.5 	�� �� 	�������� ���������� �� ���&� �� 	� �.53 ��. *	 	��
��		��A 	�� ����� ;���!# ����	
�� �	 2�.0 �J ���	�� ���
�� �� ���&�A ���&�


�� ���	. 5.�. ��
 	�� ���� ��1�
��� &��� 	�� <
�	 �� ������	��� �� &�	������


�� 	�� �
�&	� �
 	�� �� 5
 ���� �	 6.3 �JA �������
� �����
 �	 0.5 ���
�.3 �J. "�� �������
 �	 0.5 �J ��1�� 	�&�
�� �
 &�	� ���
������ ��1�
���.
�
��	������ �1�
� �����	��� �	�� �� <�. 0.5 �
��	�� � ������	��� ��& ����	
��.
-��� ����1��
 ��� �
�1������ ���� ���� ���� 
�
 ��������
 ��1�
��� ���
����	�
�� 	&������������� ?���	���&��� ���	���. "�� �������	�� ����
�	
��	�
�� �
�
������� �� <�. 0.5 �� 	� 0�� 
�
 &���� 	�� ��	�
�	���� ������� ����� 	�� ������
�	��� 
������ ����	��	. ��
 ��1�
���� ���1� !.4 ��A 	�� �� ��		��� �������
����� ������A ��� 	�� �� 5
 ���� ��������1��� ���
	�. ;� �������� 	��	 �	� <���
����	��� �	 6.!0 �J ��
�� 	�� ������	��� �
 	�� ��������
.

-�����
 �� �� ���	. 5.�A &� 	
� 	� ������� 	�� 
���	�1� ���	
���	��� 

�� 	��
���	��� 	� 	�� ����	
� �� �
��
 	� ������ 	�� ��& 
��	�
��. ��
� ��
	�� ����
�� � ��
	�����
 ��	�&�� ��� 	� 	�� ������>�	��� �
 	�� �����������# 5
 �
��	��.
"�� ��	��� �� 
������	 ����	�	��� �
 � �� 5� ��
� ����	
�� ��	� �� ����������
�� 5
 �	�	�. "�� ����� �
 	�� 5� ��
� ���� ����� 	� �������� �������� 

��
�������� �� 5
 ��� 0� �	�	��. "�� ����������	 �
 	�� �� 5
 �������� �� �� �

��	�
 �
 �!. ;� ��1� ������ 	&� ���	�� ���
����A �50 ��� �54 �JA ����& 	��
������� �
 	�� 
�������� �� �57 �J#. "���� ���	�� ���
���� �
� 
���������
����� 	� ���� �	��
 �� �
��
 ��	 	� ������ 	�� �����	���� 
�
 ��
��	 	
����	����
�
 	�� ; 	�� ���� ��� �	��� 
���� 	� �� ����������	 �
 	�� �� 5
 �� � 
��	�

�
 3.4.

���. 3 �
 ����
 J��� ���&� 	�� 
����	. ��
 ���� ������	��� �	��A ����	
� �	
2�.0A �50A ��� �54 �J �
� �
����	��. "�� �
�� ��	&��� 	�� ����	
� �	 �50 ���
�54 �J ��

������� 	� 	�� �� 0� ��
	��� �����	� �
 �	�	��. �	 �� ���� 	��	 ����
�
 	�� ��& 
��	�
�� ��
��� �� 	���� �� <�. 0.5 �� ��� 	� ��.

�
 	�� �	
��	�
�� �
� ��� 	� 	�� ; ����	
�	�A 	��� ��� �	��� �� ��	��
 ���	����
�
 <�����	�	� �'��	�. �	 �����	 �� ������ 	��	 	�� �����
���� �
 	�� ����	
� ��
<�. 0.5 ���
� � 
����������� �
 ��&# ���� �����
�����. D�& ����
	��	 <����
�	�	� ���		�
��� �'��	� �	 ��������������� ����
��		���� �
�A ��� ��
���� ����
���&� �� ���	. 5.3 
�
 �
������98��44�# ��� �� ���	. 5.� 
�
 ;�33�# ��� ;�00�#
&��
� 	�� &����������� �� 	�� ��
��	��� ��
���������
 	� 	�� �	��� &�� �	�����.

"�� ���������	� 
�
 ����
��		��� ������� �'��	� 	� ���	
���	� 	� 	�� ����	
�
�� ��
��� �������� �� ���&� �� <�. 5 �
 ����
 J���. * �
��� ���	��� 	�
����
	�� �
��	�� �� ���&�. "�� Q�����	 �� 	�� ���	�
 �
 	�� ��

��� /
������� >���

�
 ;���!#. "�� QQ
�
��
��	���� �
� ���?��1����	 �� � 
��	������
 ���!# ��

���

��		���A �� &� ��<�� 	�� ��
��	��� �� B!!�C &���� �� ��
���������
 	� 	�� ��
������A �. �.A 	�� ��
��	��� ����� &���� 	�� ��	�
����� ������� ���
����� &�	�
��1�
���. ��
 � <�	�	���� 5� � �	
��	�
�A <�. 5� ���&� 
����
���� ��		��� 
���.
��
 � ����	 �� 	�� 
����
���� ����
��		���A ����
�	�� �� ,
 

�� QA 	�� $&���
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����
� �� �
�&�. �	 ��	�
���	� 	�� 
�� 	�
���� Q ��� 	��
�
�
� 	�� �����	�� ����	
��� ���	
���	� 	� 	�� ��
������������ ����	
��. "��� �� �?��1����	 	� �?. �.5.�.
��
 ���
������ �� ��1�
���A ��
� �. �.A � ��� �	
��	�
�A <�. 5� ���&� 	��	 ��&
����	� 

�� � ��
��
 1��	�
 ,	 ��� ���	
���	�. �� 	��� &��A 	�� ���� �	
��	�
�
�
 	�� ; �� ���	���	������ ������� �� ����
��		��� ������� 1��	�
� ,.
"��
� �� �� ��	�
��	��� 	��	 
�
 	�� 1�����	� �
 	��� ��	�
�
�	�	���: H������A

	�� ���� �	
��	�
� ����� �� �������� ��
��	��� �� �����
�� �� ��������������	
���	��������� �� 	��	��� ��	��
 	�� ������ �
 	�� ����	
�� �����>�
 �� � &��
	��	 	�� �������� ����� � �� ������� ��� 	�� &�1� 1��	�
 ��������	 ��
����� 	�
	�� ��

��� �� ��	����� ����
���� 	� �?. �.5.3. �
 	�� �����1�
��� ����������
������� 	�� ���� �	
��	�
� �
 	�� ;���!# ����	
�	� ����� 	�� �������� B!!�C�
��
��	��� �	�� ��
��	��� ��
���������
 	� 	�� ������#A 	�� ����� ;���!# ���	
���& � ������
 ����� ���������� ����� B!!�C.
"�� 
����	 �� ���&� �� <�. 0 �
 ����
 J���. "�� �� ��1�
��� ����������


����&� 	�� ����� ���������� 1�
� ������� �� 	�� ���
�� 
���� �
 	�� ��� �� 	�
2.3 �J ������� ���
��#. $�	
� �	
��	�
�� �� 	�� �� ��1�
��� ���������� �
�
���� 	�� ��� ������
� �8�����	 �
 	�� ���� /
������� >���# �	 2.3 �JA &���� �� �
��
��	 	
����	��� ��� �������� 

�� �� 5
 �	 6.3 �J. /����� 	�� 0� 3 �	
��	�
�
�	 !.4 ��A �	��
 ������� �
������� ���� � 
��� ��������� �	��
 ��
��	���� 	���
B!!�CA 	��
�
�
� ��1��	���� ����
 	��
� ���� ��	
� ����� 
�
 !.44 ��� !.66 ��
&���� &�
� ��	 ��������.
*�� �� ���A <�. 0 �
 ����
 J��� ��� �� �������
�� � 	��	���� ������� �
 	��

������� �
������� �� ������
����1�� ���	��������� B25+�A63;�C. -��� �'��	�
&��� ��&��� �� �
����	 &��� 	
���� 	� ��	�
���� 	�� ����	
���� �	
��	�
� ���

���	������	� �
 
����	�� �����	
��	�
�� �	 ��

����.
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������� �

��
��������� �� �� ����

��� �������	
�	���

��� 9	
� 6�	
 �
 �4
 ����
��

�

�� ���	�. 3.3 ��� 0.� &� ��� 	�� ����
	���	� 	� &�	���� 	�� ����1��
 �
 ��	�
��������>�� 0�2� ����	
��� ��� ������>�� 5
 ����	
��� �
 �� &��� 	�� ����������
���	� �� ���
����� 

�� >�
� 	� 	&�. ����
� 0.5 ���&�� 	��	 
�
 5
 ����	
��� ����
� �����������
�� ���
	 ����
�. "��� �� ��	���� ��
� 	��� � 
���� ��1����	 �

	�� �� ���
�� ��1��� �� � 
����	 �
 � 
����	
���	��� �
 	�� 0�2� 1������ ���� ���
�� �� 	��� 
�����	 ������
 	� � ��
����1�� ���
	. "��� �� 
���� �� ��
�����	 &�	�
	�� &�������&� �	�������� ���	����	 ���
��	�
 �
 	�� �� 5
 ��1�� &���� ��� ��

����1�� �� ���	��������� �	 ��& 	����
�	�
� B75��C.

"�� 3� ��1�� �
 �� ���	��� �� �� ��	�
�����	� ���� �� �
������� ����
���� ��
���� 	���
�. D�&�1�
A &� �����1�
�� ��
���� � �	
��� ��1��	��� �� 	�� �����	��
�������� ����		��� �� � 
��	�
 �
 	&� ��	&��� ����
����	 ��� 	���
� 
�
 !.0
�� ��� � �# ��9(���!!# B74��C ��� �1�� 	�� �����
���� �
 � ���	���������
��	����	� �� 	�� 1������ ���� �
 	��� ���	�� B74��C. "��� �� ������	�1� �
 �	
���
����	
�� ��

���	���. /������ 	�� ����	
�	�� &���� �����
	 	�� >�
�������������
�� �

�������	�A �. �.A (���!!# ��� 8���!!#A ��1� <���� ��� �����	 <���� �
�
��	���A 
�����	�1���A ��

���	��� �'��	� ����� � ����	
��� �
� ���� ��������
�� 	���� ����	
�	��. F�� �����?����� �� 	��	 (� B47��C ��� 8� B6!$�C �������
��

���	��� ��	����	�� �� 	���
 1������ ����� �� &���. "�� ��	����	�� �
 �� ��� (�
�����
 �	 ������
 ������� ���
���� B74��C &���� ����� �� ���������	 ��Æ���	
�� 1��& �
 	�� ��& ������	
�	��� �
 !.0 �� �� 
�
 &���� 	��� �'��	 ����
� ���
	�� ��

����������� ����� ���	
���	��� 	� 	�� ���	��������� ������.

���	��������� 

�� ��
� ��1��� �� ������	 �����<� ��� �� ���� �� ����
 �) ��
� �
��� �
 ��	
� ����	
�� ������>�	��� ��� 	� 	�� ��&������������ �

�������	 �

��. ��
�	 �
 ���A 	�� �����	
���� �	
��	�
� �� ���
��	�
�>��. /� ������� 	� 	��
��� � �# ��

��� ����� �	
��	�
�� ����	�<�� 
�
 !.0 �� �� �� (���!!# B73;�CA
8���!!# B73;�CA ��� (����!# B76��CA &� ������	�� �� �� 8����!# ��� ����
1��

07



2!������	 �� ������������ �� �� ����� ��
 ������	����	��

	�� 
�
��	��� �
 � ����
 ��� � �# ����
�	
��	�
� �� �$$% �� ��������� �� <�.
�� �
 ����
 �). �F�
 ���������	 �
 	�� ���� �# �	
��	�
� 	� �� �
��
�� ��

���
����� ��� ���� 
���� ���<
��� �� � 
����	 ��
�� ��'
��	��� �	��� �
 ��98����!#
B�!!5%�C.# "�� �	
��	�
� ����
1�� �	 �.� �� ������ ��

������� 	� � ��

���	��
�� ��������
 �� 	�� 8� ������� ���� ��

���	�� ��������
� ��1� ���� 
����

�
 ��98���!!# �� &��� B73;�C.
"��� ?����	�	�1� �	
��	�
�� ���
��	�
�>�	��� �� �$$% ������� �� 	� 	��� 	��

������������	� 

�� >�
� 	� 	&� ��� 	� 	�
�� �� �����?���	 ������	��� �
 ��
�� 8����!#. "��� �� ���� �� <�. � �
 ����
 �). "�� �� �� ��
� ��1�� &�	� �
������
��	 ����		��� �
 �� �J ������� 	�� ����
1�	��� �
 ��	����	� �	
��	�
�� ���
	� �
��� ����� 	���
 �����
���� 
�
 	�� ��
�	 ��� ����	 �����. ���. � �
 ����

�) ���&� 
�
 	�� ���� �# �	
��	�
� ��	���� ��	����	�� 	��	 ��������� 	�� ��
�	
��� ����	 ����� �	 0 �J �����
 ������� ���
����. "�� �'��	 �� ��
���� ����
&����
 
�
 	�� �� ��������
A ��� 
�
 	�����
 ����
� ��
����1�� ����	
� 	������
�
 3� 	
����	��� ��	��� &�	���	 ��	����	�� �
� �����
��.
*� �������� ��	��� ��	������ 
�
 ��	�� ���	��� �� �������. *� 	�� ��	�

�	
����� ������	�� 	��	 	�� �������� ������>�	��� �
 �� � ����	
��� �� 	�� >�
��
����������� �����	
���� �

�������	 ������ 	�� ��	����	�A � ������>�� ����� ��
�������. "��� ����� �� 
���� �� 	�� ���<��
�	������	�
��	��� ������ �� � �����
����	�
 �
 �	���. �	 ��� ���� 1�
� �������
�� �� 	�� ����
��	��� �
 3� 	
����	���
��	�� ��������� ���� ������ B76��C. "�� ����	�
 ����� �� 1�
� E������ ��� ���
����
��� 	�
�������������� �
 ��&�
 ����������� ��	�
��	��� �
�1����A ��&�1�
A
	��	 	�� ����� �	
��	�
� �
 	�� 3� 	
����	������	�� ��� ��� 	�� ��	�
��	��� &�	�
�	� ������ �	��� ��	�
����� 	�� ����	
���� �	
��	�
� 
�	��
 	��� 	�� �����
����
��
������	� �
 	�� �����.
*� �������� �
 	�� ����	
� ����� �� 	�� ���<��
�	������	�
��	��� ����� ���

��&� �� 	� ��	�
���� ����� ��
���	�
� &���� ��� ?���	�
� 	�� �������� �����
	
�� ������>�	���. "���� �
� 	�� (������ ��	�
��	��� ���
�� ,�� ����� 3�
����	
��� �� 	�� ��A &���� ���� ��	 1�
� 1�
� ���� 
�
 �� �� ������ �� 3 �J ��
�����
�� 	� � �! �J �� 	�� ��� �����#A ��� 	�� ��
���	�
� 
�
 	�� ���
���>�	���
��	&��� �� 3� ��� 8� 3�A 	�� ���
���	
���
�
 ���
�� S �� �J# ��� 	�� 	
���
�

��	��
�� " ��.� �J# ����
����� 	�� ������� ��	&��� 8� 3� ��� �� 3� �
��	���.
*� ����
	��	 
����	 �� 	��	 S � ,�� &���� �����A �� 	�� ��
� ��1�� 
�E��	� 	��
�
��
 �
 ���
�� ��1��� �� 	�� 1������ ����A 	��	 	�� ���� ���� �	 ��&�
 �������
���
�� ��

������� 	� � �� ��" �
������	�	� ���<��
�	���A �. �.A 	�� 	
���
�

�
 ��� ����	
�� 

�� � �������
��� 8� � �
��	�� �" ������� ����	�� � ������ ����#
	� 	�� �� � �
��	��A ��� 	�� ��	����	� ���� �	 �����
 ������� ���
�� 	� � ��
�
�� �� ���<��
�	���. "�� 
����	 �
 	�� ������ ����� ��� ���� �� ��	�
�
�	��
�� � ����
�	��� ��	� � ����
��	 ��� �� ������
��	 ��
	 �
 	�� ����	
�� �� 	��
����� �
 ���	. �.4.
��
��1�
A 	&� 	����� ��� �� ���
��� 

�� � �����
���� 	� (� �� ����	
�	�:

���. 5 �
 ����
 �) �����
�� !.0 �� ��� � �# �� �� 8����!# ��� (���!!#
����	
�	��: "�� ��	����	� ���� �� ��
� ��	���� �� (�. "��� 
�E��	� 	�� 
������
��	�
��	��� �
 � 3� 	
����	��� ��	�� �1�
����
 &�	� 	�� ����	
�	� �
 	�� ����	
�	�
�� � ����� ��	�� �� ��������� �� ���	. 3.�. "�� 
��	 	��	 	�� ������������	� ���
�� 	���� 
�
 ��9(���!!# �� � ������
 &�� �� 
�
 ��98����!# �� ���� 

�� 	��



��
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����
� 2.�: ���	�����	
�� ����	
� �
 	�� �� �� ��
� ��1�� 
�
 1�
���� ��1�
����
�
 �� �� (���!!#. "�� ������������	� ������� 

�� >�
� 
�
 	�� ��� � �#
�	
��	�
� �
���� ���
���������
 ��1�
��� 	� 	&� 
�
 	�� ��������
 ��� 	�
��

�
 	�����
 <���. * ���	��������� ��	����	� �	 � 0 �J �����
 ������� ���
�� ���
	� �������� ������>�	��� �����
� 
�
 	�� ���� �# �	
��	�
�.

����������� <�. 2.�.

-�������A ��� ��� ��� �� ��& 
�
 	���� 
����	� 
�
 �� �	 	�� ��

��� ��'�



�� 	���� �
 ����	�� ������. �� �� (� �� � 
����� ���������� ���	�� B6!��CA
��� �	 ��� �� ���� 	� �����
� ��������������� �� �	 	�� (� ��

��� ��� ��
	�� (� ����. -�1�
�� ���(� ������ ��1� ���� �
���
�� �� ��	� �� ���������	���
��� <�. 2.� ���&� 	��	 
�
 �������	 ������	
�	���� ��.0L# 	��
� �� �� ������
��
�	
��� ��

���	��� ��	����	� �� �� <�. 2.�. "��� ���&� 	��	 	�� �
���
�	��� �

�� �� >�
������������� �����	
��	�
� �

�������	 �	 	�� ��

��� ����� ������
	� ��

���	��� �'��	� ��	 
������ �� ����	��� �� 	�� 1�����. �	 �� ���	
��	�1� 	�
��� 	��	 	�� ����	��� ��� ����� �
 	�� ���� ���� 
������ ���
�����	��� 	��
���� 
�
 !.3 �� ���� �# ��9(���!!# ��� (����.0L. "��� �� �� ���� &�	� �	�
���������	 	� � ��" ���<��
�	��� &���� 
�E��	� 	�� �
������ �
 (� �������
�.
"�� �� ���<��
�	��� �������� 	� 	�� ��	����	� ���	A ���	���A �� ������	�� 	�
	�� ��

��� ��	�.

*��	��
 ���	�� ������ �
��E� �� ���	����� ������� �	 �
����	� ���	��
 &��
�
 ��	��	��� 	�� ��E����� �
 
������ ������������	� �� 	�� �� � �	�	��. "��
�	��� &�� ��	�1�	�� �� ��
 ����
����	� �� 	�� �������	����� ���	����9����!!#
&��
� &� 
���� � 
�

������	�� �� ����
 ������� ��	���
����� 	� 	�� �� B74�3C.
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����
� 2.�: -��� �� <�. 2.� ��	 
�
 �� �� 	�� ���� �
 (�. Y�
�������������
�� ����	�� �� (� ��.0L# ���� ��	 ���� 	� � ������
�� �	
��� ��	����	� �� �	 	��
��

��� �<�. 2.�#.

"��� ���� �
 	�� �������� &�� �� ��
�����	 &�	� 	�� ��	�
�	�
� B70��A74%�A�
74%�A76��C ��	 � ��
����� �������� ��� ���� ���� 
���
	�� B74*�A74*�C. "��
��
����� �������� ��� ���� 
���	�� 	� 	�� ����
��
 ��

��� �	
��	�
� �
 ����!!#
�
�&� �� 	��� <�� �� ��F��!!# B74*�A74*�C. �	 �� �� 
��	 ������ 	��	 �� ��
�
��

�
��
 �
 	�� ����	
�	� ��

��� ����� 	� ��	�
��'����� &���� �� 	�
� ������ ��
��	���
����� �������� ����� �� ����	�� �� �� �� ���&� 	� ������ ��	���
�����. ��
����
 ) &� 
���� 	��	 �� �
�&� ���	������� �� � ���� �# �	
��	�
� �� �����!#
&���� �� 	�� ������������ ��

��� �
 	�� ��� �	
��	�
�. "�� �������� ���� 
�

�� �� �����!# �<��. � ��� � �
 ����
 )# �� �����	 �� 	� !.3 ��A 	��� ��
�����
&�	� ����� ��	 �����	�� �����	 ��� 1�������� ���1� � ��.

�� 	�� ���� ��1�
��� 
����A 	�� �
������� 
�	��A �. �.A &�	� 	�� ��������	�
�
�
 ���	. �.7A 	�� 
�	��

�
��

�$� P $�# :
�
��

�$� P $�#A ��������1��� ���
����� &�	�

��1�
���. * ������
 ����1��
 ��� ��
���� ���� ����
1�� 
�
 ��9(���!!# B75F�C.
�	 ��� ���� ���&� �� 
�
. B66"�C 	��	 ��������� �	�	�� ��1� � ��
��
 ������
��	
�
������� 
�	�� 	��� ��&����� �	�	�� �
 ������
��	 ����		��� �� 	�� 1������ ����
��� �� ������	��. "��� ����� 	��	 	�� ����1��
 ���� �� <�. � �
 ����
 )

�E��	� � ��������1� ���
���� �
 	�� ����� �����	�� �����	 �
 �� &�	� ���
������
��1�
��� ��� 	� ���
���>�	��� &�	� �������
��� �� � �	�	��. "�� �'��	 �� ��
��
�� ������� 	�� �� �� ���<��
�	��� ��� 	�� ������	 ���� �����	 �
 0$� ��
	�� �	�� ��� �� �1�
��� �
 ���� !.20$� ��
 �	�� �� 	�� ���� �	
��	�
� �
 ��



���� ���������	���
 ������ �� �!� ��
 ��	�� 
��������� 23

��. ��
 �	��
 3� ������	� 	�� �'��	 �� ��	�
���� ��	 	��	 ��
�� ��	 �����
���
�����	���� (� ������ 	� 	�� ��������
 ��� ���� �� <�. 5.6 B�!!!��C � ������

�'��	 ��� �� ����.

* ��
�
����� �'��	 &�� 
���� �� ����
 ). $�����	��� 	� ����� �����	� �

������ �!.0 �# 
�1�
��� 	�� ����� �������� 

�� ��
����� 	� ��	���
�����. ��
	&� �������	���� 	��	 �����	�������� ����
�� &�	� ����
 ) � 
�1�
��� �
 	��
�����	�� �������� �
 �� &�� ����
1�� �� &���A ������ 
�
 ������ ����
�	��� ��
��9(���!!# B76F�C ��� 
�
 
������� ��� ����
�	��� �� ��9����!!# B76*�C. "��
�1����	��� �
 	�� �
������� 
�	�� ����� 	� ����
�	��� 	��� �'��	. ���. 5 �
 ����

) ���&� 	��	 	�� �
������� 
�	�� ���
����� �	
����� &�	� ������ ����
�	���
������	��� 	��	 �����>�� �����������
 �� �� �
 �� ���<��
�	���. "�� 
�1�
���
�
 	�� ����� �������� 

�� ��
����� 	� ��	���
����� ����
�A ��&�1�
A 
�
 ��&�

������ ����� �!.0 �# 	��� 	�� �����>�	��� ���� �� � �#. "��� ����	� 	�&�
�� �
�������� ����
 
��

�������	 �
 	�� �� ���
�	��� �����	
� ������� �� ������.
8�1�
	������A 	�� �
����� �
 �������������� 
�1�
��� �
 	�� ����� ��� ���(�
�������� ��� �� ���	� �
 ��	����1� 	���
�	���� �'�
	� ��	 ���� ���1�� 	� ��	�
B�!!5��C.

��� ���
��
��	�6�� ������ �
 �4
 �
� ��	�� ���
��
��

�

"�� ��& �1�
��� �����	�� �����	 �
 !.20$� ��
 �	�� �� ���� ���� ���&� 	��	
	�� <1� ����	
�� ����� �
 �� �
� ��	 ������� ��
����� �� 	�� �����. �
 	�� ��������
������>�	��� �
 �� � �	�	�� �� 	�� >�
������������� �

�������	� �
 ���	. 2.� ��
��� 	� 	�� ���
 <�����A �	 
�?��
�� ����� ��������	A �. �.A 
��� ���� ����
�>�	��� �

�� � �	�	�� �
 0$�.

"��� ��� ��
��	� �� �
���� �� �����
����1�� ���	��������� �
�1���� �����

���� 
�

������	�� �
��
 ����	�. "���A �� 	�
�A 
�?��
�� � 
������	 �����	��
>�	��� ����� 	�� ��	��� ���� ��	 	���
�	� ��	�
��� �����	�� <����. *��
	 

��
�����������
� �� ��

���� ��� 	���
 ���	���� �����	�� �	
��	�
� ����	. 2.�# 	���
�� ���� �����1����� �� ��������� &��
� ��
��	 ����� �������
� �
� �1�����.

"�� �� ��������	��� ��-� �� 
�

������	�� ����& 060 +A ��� � 	���
�	����
�����	�� �����	 �
 3.0$� B60(�CA ��� ���	����� �
�&	� �� ��*�����# ��� ����
��1������ B70*�C. ���. � �
 ����
 )� ���&� �����
����1�� 1������ ���� ����	
�
�� ��
��� �������� 
�
 	&� ���	�� ���
���� ��

��������� 	� 	�� *�����	 ���  
�0	6 �J# ��� 	�� Q�����	 ���  36	� �J# �
 	�� 8�*��	��� �
��	�� �	
��	�
�
�����	 �� <�. ��#. "�� ����	�� �	 	�� *�����	 ���&� �����
 ���� ����
�>�	���
	��� �	 	�� Q�����	 �������� ��� 	� ����&��	 ��
��
 �
����� ���	� �
���� �!
�J ����	�� ���
�� &���� ��1�� ��

��� ����

��	���� ������
 ����	
�� &����	. "��
���� ���� �	 ��	6 �J �� �
 ��I�
�	� ����. "��� �� ���� 	�� ��&�
 ������
� 
�
 	��
�������� ����		��� ����� ���� �������� �	�	�� ��� �� �
����. "���
� �
����	�
� ����		��� �
 �.2 �J ��� �� ���
�� ����	��� �
 ��	3 �J. �	 �� ��	 �������� 	�
�������� �� 	�� �����
���� &�	� &� ��	&��� * ��� Q A �. �.A &�	� 	�� ���	��
���
��A ������� 	�� �
����	�� �����
���� �� ����� �	�� 
��� ����� ���	 ���� �
 	��



25������	 �� ������������ �� �� ����� ��
 ������	����	��

����
� 2.3: -	
��	�
� �
 ��-��!!!�# �
	�
 ��������� 	� �6!Æ( ��# ��� �0!Æ(
��# &��
� � �� � �	
��	�
� �����
�.

8�*����		��� �� ��
�� ����� B!!!�C#. "�� ����
�	������ ���� ������ �
��� �


��	&��� * ��� Q ��� 	�� ������� �� ��	����	� �	 �
 ���� �� <�. � �
 ����
 )�
����� �� ��� 	� 	�� �����
����. *�� �� ���A 	��
� �� �� ��
�� ��1��	��� ��	&��� 	��
�������� ��
	 �
 	�� ����������������	� �������	���� �����
 )� ��� 
�
. B60(�C#
��� 	�� �����
����1�� ����
����	.

"�� ���� �	
��	�
� �� <�. 3 �
 ����
 )� ������	�� �� ��	�
��	��� 
��	�
�.
���	��� �
 � 
���� ����		��� ��	&��� ��I�
�	� ��� ����
�	� ���� 	��
� �� � ����
��� 
�
 ��I�
�	� ���� &���� ���� ��	 ����	 
�
 ����
�	� ����. "��� �� �������
	�� ���-� ������� �	�	�� �������# �
� ���� �� ���
��A ��� ���� 	� � �����
�������� ����		��� ��	 �����	 �� 
���� �������� 
�
 ����
�	� ����. "��
�
�
�
	�� ����
�	������ ���� ��	���� ��� 	�� &�� �� 	� �
��� �
 ���
 Q ��� ������
�� 	��� &�� 	�� ���� ��� 
�
 ����
�	� ����. ��
 ����	
���� �������	���� ����
���������
�>�� ���� ���� �
� 1�
� ��	�
��	��� &��� 	��� �����
 �	 �
. �� 	���
���� 	�� ����� ������� � ���
 ��	�� &���� �� ��<��� �� � ��	�� 
�
 ��� ���� ���
� ����������	�
 �
 ������	�
 
�
 	�� �	��
 ���� B63%�C. "��� ���	�� �
���
	� ���
�� 
�
 ���� ���� ���&� 
�
 	�� �� ��
�1���	� �����-
�����F� �� ���� 
����1��
���	��������� B76��C. "�� ����
1�	��� ���� ���1� ����� ��-� �� ��	�
��	���
����� ���	�� ���	 ��	 ��	 ����	 ������� �
 �	� �	
��	�
�� �����	�����	� &�	�
��*� ��� 	�� 
���	��� 	� 	�� D�����
 �������� 8���-� �
����	�� 	� �� ���

��	����� B63%�C ��	 ��	 ���<
��� �� �����
����1�� ����
����	� B�!!�Y�C.

;��� �
���
��� 	�� ��

��� �
 ��-��!!!�#A &� ����
1� 	��	 	�� ��� �	
���
	�
� �� �$$% 	�
�� ��	� � ��� �	
��	�
� 
�
 ��������� �
���� �0!Æ( �<�. 2.3#.
���. 2.5� ���&� 	�� �����
����1�� ����	
�� 

�� 	�� � � � ��

��� ��	�
�
�	��
�� 	�� ����� �
 ���� 	
����	����. ���. 2.5� ���&� 	�� ����	
�� �
	�
 ���������
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	� � �0!Æ( ��� ��� �#�
�
��	���. *� ����
��	 ������ �� 	�� �����
���� �
 ��
��	����1� ��	
� ���� �.2 �J ����& �
A &���� ��� ���� ������� --. "�� ��	����
����� ��1� 	�� 	���
�	���� ���� ���� ��� &���� �����
� ����� Q�* ��� �� 	���
�'��	�1� �	 QA 	�� ���	�
 �
 	�� ��

��� /
������� >���. "�� ��� ����	� ���� 
�

��I�
�	� ���� ��� ��	���� 

�� �!	27 �J �U� �	 395 Q*# 	� ��	2� �J �Q��#
���� <�. 3 �
 ����
 )�#. "�� ���� ������� -- �	 ��	2 �J �����
� ������ ��	
����� 	� 	�� ��
��
 �
 	��� ���. "��� ��
��
 ��A ��&�1�
A ��<��� �� Q��A &����
�� 
�
 �&�� �� �������A �� 	��	 	�� ���
��	 ��I�
�	������ �������� �����	�� ��
	�� ����� �
 	�� ���� ���� �	
��	�
� �� 	�� ��� ��
��� �� <�. 2.5� �	 �3	! �J.
�
�� 	��� �
�����	 �	 ������� ��1���� 	��	 	�� ���� -- �����	 �� ���������


�� 	�� ���� �	
��	�
� �
 ���� ��-�.

;� ��1� 	��	�� 	�� ���������� �
 	�� ����	
� �� ��� ����
�	���. * 

�����
�
���
�� ������ ��� ���� ������� 	� � ����� �����	 �
 ������ �!.�0 �# �	 ��&�

	����
�	�
� �� �3! +#. "�� ������� ��� 	� ������ ����
�	��� ����. 3�# �
�
	�� 
����&���: ��# F������
�1�� �������� �����
� ��	&��� �0 ��� �2 �J �� 	��
����	
�. ���# "�� 
��	�
�� �������� 	� ���� ��-� ������ �
�������. ����# "��
���� -- �	 ��	2 �J �� 
������ �� ��	����	�. "��� �		����	��� �
 -- �� �	
����

	��� 	�� ��� �
 	�� ��I�
�	������ ���� �	 �3	! �J &���� &� ��1� �������� 	�
� ���� ���	��� �	�	�. "��� ���� ��

��� �����	�1�	� �� ��	�
�
�	�� �� 
�1�
 �
 ��
���������	 �
 -- �� ��

��� �	�	�. �� ����	���A �� �� �
���� �������	��� �
 	��
���� �	
��	�
� ��� ���� ��

�
��� �� ��
 �������
�	�
� B�!!5��C. �����	� 
�

	�� ���� �
 	�
����	��� �� � �� ��������
 ���& ��

��� �	�	� &�	� ����	�� 	��
���� ���
�� ��� ���� �� �� ����
����	. �-�� Q �� ���. 2.0.# "��� �� � 
���
�����

����	. "�
����	��� �� �� -� ��������
 ���� ��	 ��1� 	�� ��

��� �	�	�.

�� ����������A 	�� �������������	 ����	
���� �	
��	�
� �
 ��-��!!!�# �� ����
�	��	����� ����<�� �� ���������. "��� ���&� 	��	 �1�� �
 � ���� ��� �� �
����	��
�� 	�� ���� ���� �	
��	�
�A 	&������������� �	�	�� �� 	���� ���� ��� ���	�
� 	���
�
���
	�. "��� ����� 
�
 ��	�

���� �� 	�� ���� &�� �� 
�
 	�� ��

��� ��� &���
�� ����
	��	 
�
 ���� �	 	�� ��
�� ���
�� &��
� �	 ��� �'��	 ���
 ��	������	�.

��� ��	

� �����	

 �
		�����

 �
 5�� #
 1���

�� 	�� �
����	 ���	��� &� ������	� ��
 ����
���� �� �� �

�1��� �	 	�
�� ������
�����. ����
����A ��&# �����
����� �
 	�� �����	�� 	
����	��� ��	��� �����
��
�� ������
����1�� ���	��������� ��1� ���� ��	�
�
�	�� �� 	�� ��	�
�	�
� �� ���&�
��� ���� �1�
��� ��
�����	 &�	� 	�� ���
�� �����1����� �������	�� 
�
 	�� �
����
�	�	� �� 	�� ����� �
 �����	� 
���	����� 	���
� ��� 	�� ����� �����# �����	� ���
�
�����	��� B77��C. 8�1�
	������A ���� ��1��	���� �
� ����
��	. ��
 (
 ���
��A ���
�� ����	���� &�	� 
�����	 	� 	�� ��
�� ��1�� ��1� ���� 
���� 	� �� ����	
�!L ������
 �� ����
����	 	��� �� 	���
�. �����	� 

�� (� ��� ������	� ��
��

��1��	���� ��	 	�� �����	 �
 ��	� �� ��	 ����Æ����	 	� �������� 	��� ?���	���.
��
 8� 	�� ���� ��

�&��� �� ���	��������� �� ����	��	���. ��	��� �
 	���
�	����
�1�
 ����
����	�� ���
�� ����	���� ��	&��� �.3 ��� �.0 ��1� ���� ��	�����. ��

8�A 	�� �������� ����		���� �	 ����������	
� ����	� �
 	�� /
������� >��� �
�
������
 	��� �������	�� �� � 
��	�
 �
 	&� B77��C. "�� 2 �J ��	����	� ���� ��



22������	 �� ������������ �� �� ����� ��
 ������	����	��

���	��������� ����	
� �
 ��
� ��1��� B40D�C ��� �� 	�� 1������ ���� B44��C ��
� ����
 ������	��� �
 �	
��� ��

���	��� �'��	� �� 8�. F� 	�� �	��
 ����A 	�� 2
�J ��

���	��� ��	����	� ���	����� 
���
	�� 
�
 �� B6�-�C ��� 	�
��� ��	 	� �� ��
��&��	�� ���	�����	��� �'��	 B64��C ��� 	�� ����	
� ���&� �� 
�
. B64��C �
�
� 
�
�
���� 
�
 ����� �����
��	������ �� <���.
"��
� �
� �� ������
����1�� ���	��������� �	����� �
 �� B77��C. "�� 
�����

�� �
������ 	��	 �� ��� � 1�
� ��������	�� �	
��	�
� �� 	�� ����. "�� 
����
	����
�	�
� ����� �� 	�� ���� ����� �� � 4�4Æ(# &�	� 06 �	��� �� 	�� ���	 ����
��� � ��		��� ����	��	 �
 6.7 *. *���� 	�� �����	����
�	�
� ������A 	�� -������
��� �! �	��� ��
 ���	 ����A ��� 	�� .� ��� Æ������� 
�
� 
�� ��� ��� ��		����A

�����	�1���. "�� -� ��� .������� ��1� ���� ��	����� �	 
��� 	����
�	�
�
�
	�
 �������� ��� ?�������� B77��C.
;� ��1� ����
	���� 	&� ������
����1�� ���	��������� �	����� �� ��������

���	����� �� <���. "�� <
�	 ��� &�� �� 
�� ����!!# �
�&� �� (��*���!!#
����
���� 	� 	�� ���
��	�
�>�	��� �� 
�
. B77-�C ��� �� �	��� ����������� B�!!5/�C.
"�� ������ ��� 
����&�� 	�� ����
1�	��� �
 ���	����� �
�&	� �
 � 
�& ��������
�
�
 �� �� �����!# �� ���	. 2.�. *� 	�� �������� �����!# <�� �
 ����
 ) ��� ����
�
�&� �� ;���!#A &� ��1������ � ��	��� 	� �
�& �0V3! �� �� ���	�������
�� ;���!# �� ���	��������� &���� ������ � ����
 ��� � �# ��		�
� �
 �0 ��
��� �����!# �� <�. �� �
 ����
 )��. "�� ������ �
��	������ �
���
	� �������
&���������	 �	����� 1�
���� &� �� �������� 	�� ���	�� ���
�� �� ���&� 
�

(� �� <�. �.5 
�
 ��
��� ����	
�� �������� ��� &� �� �������� 	�� ��������
����� �	 <��� ���	�� ���
�� ����
���� 	� �?. �.5.3. "�� 
����	� �
� ���&�
�� <��. �� ��� �� �
 ����
 )��A 
�����	�1���. �� <�. �� 	��
� �����
� � �
���
��������
��1� ���� �	 ��	4 �J ��� � ���� &�	� � ����� ��	 ����
 �����
���� ���

�
. "�� ��	��	��� �� <�. �� �� 	�� ���� ��	 	�� �����
���� ���
 �
 �����
�
�1�� ��
� ����
��. "��� ����1��
 �� �����
�� 	� � ����� �����	� �������	���
B66��C 	�� 
����	� �
 &���� ��1� ���� �������� �� <�. �. �� 	�� �������	��� 	��
��		��� ����	��	 �
 ��� �� �� 1�
��� �� � ��
�� ����� �� 	��	 �1�� �	���������
�����	�� �����	� �
 �� 	� 5.7$� �
� 
������. "�� �����
���� ���&� 	��	
	�� ���
�� ����	��� �
 	�� ���� ���� �� 	�� ����
����	 ���	4 �J# �� �	
�����
����
�	���	�� �� 	�� �������	��� 
�
 	�� ����
����	�
��� ��		��� ����	��	� B
�  
3	�0 * ����
���� 	� 	�� �

�& �� <�. �C. ;��� ������	��� 	�� �����
����
��	&��� ����
����	 ��� 	���
�A &� ��1� 	� ��	� 	�� 
����&���: "�� ���
��
�����1���� 8�

	 �	 	�� 8�����	 �� �����	�� �����
 	��� �	 Q ��	 �	 �����	 ��
����
1�� �� 	�� ����
����	 �� ��
��� �������� ���� T	 �� 	��. �.2.�#. "��

����	� �
 
�
. B66��C 
�
 ��	
��� ��		��� ����	��	�A �� 	�� �	��
 ����A ��� ����
��	 ������� 	�� ����
����	�� ��	� ����� �	 5.7$� 	�� ����
�	������ �	�	�� �
�

���� ���������� ��� 	��
� �
� �� �	�	�� �
����	�� 	� ������� 	�� ���� �	 �


���� �� 	�� ����
����	.
*� ��	�
��	�1� �������	��� ����� �� ����� �����	� 	���
� ����� ��1��� ��

���

�'��	�. "��
� �� � ���� �	
��	�
� �������	��� &���� �
����	� ��
�� �����	�
�	 	�� 	�� ��

��� �	���� ����
 �
 ��� �����!# B75*�C. "�� ��
�� �����	�
��

������ 	� � ��
�� �������� ����		��� &���� ����� ������� 	�� ���� �	 ��	4
�J. "&� �
�����	� ���	
����	 	��� ����: <
�	��A 
�
 ���	�� ���
���� 

�� 2 �J
	� �2! �J �� ��

��������
 ��
�1�� ���� ���	 ���& �� ��	����	� 1�
��	��� �� 	��
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����	
� ��� 	� 	�� �������� ���� �<�. �.�# &���� �� ��	 ����
1��. -�������A �	
���	 �� �����	�1� 	� ����
��	�� ���� ������. 8� ������ �'��	 �� 	�� ��	4 �J
���� �� ��&�1�
 ���� �� <�. 2.2.
"��� ���&� 	��	 ����	
�� ��

���	��� �� �� �	
��� �� 	�� ���� �
 �� 	��	 �1��

�� 	�
�� ���������� 	�� 	
���
�
 �
 ����	
�� &����	 

�� 	�� ����
��	 	� 	��
������
��	 ��
	 �
 	�� ����	
�� �� �� ��
�� 	��	 	�� ������
��	 ��
	 ������	��
�1�
 	�� �����
���� ?������
	���� ����� �� 	�� ����	
�.
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����
� 2.5: -����
����1�� ���	��������� �
 ��-��!!!�#. "�� ����	
�� �	 	��
*�����	 �
 	�� ���� /
������� >��� ��# ���&� 	�� �����	�� �������� ����		��� �

���� �� �	�	��: S����� ����������#� �	6 �JR S������-� �������# �	4�!	3
�J. *
	�
 ��������� � ��I�
�	������ ��

��� �	�	� �--# �����
� ������ �
 � ����
���� ��� �
 	�� ���� ���� ��#. "�� ��

��� �	�	� �� �����	1� 	� ������ ����
�	���
��#.
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����
� 2.0: ��&# ���� �����
���� 
�
 ��I�
�	� ���� �������	�� 

�� <
�	 �
�����
���� 
�
 � � � � ���	�
����	�� ��-��!!!�# ��

��� B�!!5��C. * ��

��� �	�	�
�
 ��I�
�	� ���� �� �
����	�� �	 ��	4 �J ������ �
 � ���� ���� ��� �
 	�� ����
���� �� ��

��	 ��
�����	 &�	� 	�� ����
����	.
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����
� 2.2: F����� ���������� �
 ��� �����!# �	 1�
���� ���	�� ���
����. "��
���� �	 ��	4 �J �� ��	 ��� 	� � ��

��� �	�	�.



4!������	 �� ������������ �� �� ����� ��
 ������	����	��



������� 


�	�����

�� � ��
��� �
 �������	���� &� ��1� ���&� ��& 	�� ������������	� �
 	�� ����
������ ��		�
 �'��	� 	�� ����	
���� �	�	��. "��� �� ������	
�	�� 
�
 ��	���
�����	�� �����	
��	�
�� &���� �
� ���� ���� ��1��	���	�� 	��� ��

���������
����������	�
 �	
��	�
��. "�� ��	���� &� ��1� ������� �� ��
 ����
����	��
�	����� &�
� ������
����1�� ���	���������A ��1�
�� ���	���������A �����
����1��
���	���������A ��
����1�� ���	���������A ��
�� ����
�	���A ��� �����	�� ��
���
��
 ��
�� ����
���� �� ����
�	���. "�� ������� &�
� 	��� <�� ����
�� �	
��	�
��
&���� ���	 �� �
���
�� �
 ����. �� 
��	A �������
���� �'�
	 ��� ���� ��	� 	�� �

���� �
���
�	��� ��� ���
��	�
�>�	��� �
 	���� �����	
��	�
�� ��	�
����.

��
 �	���
��	 ����	
���� �	�	��A 	�� �1���	��� 

�� 	�� 	&������������� �����
����
 	� � <�� &�	� 	�
�������������� ����	
���� �	
��	�
� &�� ������	
�	��.
G���	���&��� �	�	�� �� 	&������������� <��� ��� 	�� ��E����� �
 � ��� ����

�� 	��� &�
� �	�����. "�� ?���	�>�	��� �
 1����������� �	�	�� �� � 
�
� ��
	�
��� �������� �������	���� &�
� ������	
�	��.
"�� 	
����	��� 

�� ������������	� 	&� 	� ��� &�� ����
	���� �� �	�����

;A �	A ��� 8� ��

���� ��� ��	�
��	��� �'��	� &�
� 
���� 
�
 	�� ����� �	���A
	���� ����
�	�� �� �����	���� ������ ��� �� � 
������������
 ��1�
��� �
 �����
�	
����. -��
��
����>�� �����	���� *� ������ �� 8����!# �
����� � 	
��� ����
����������� �����
���� ��� ����1� ����������� 	� 	�� �	�	�� �� 	&�������������
��� ���	��� ��������� � ���������
�>�	��� �
 	�� ��������	�� ?���	���&�
�
�	�	��. "�� �
���
�	��� �
 �����	���� �� ������ �� ;���!# ������ ����� 	�
�	
��� ������� �'��	� &���� ������ �� 	�� ����� ����
�	��� �� � ���
��	�
��	��
&��.

"�� ��E����� �
 	�� ������������	� �� �� 3� �	�	�� �� ���� 
�
 1�
���� ����
	���. �� ���
��
����>�� >�
������������� �� �

�������	� �� ��	�� ����	
�	��A
	�� ����	
�� ��

���	��� �� �������� �� ���� � &�� 	��	 ���	��������� ��	����	��
�����
. "�� ����
�	��� ��	� ���� ���� ��� ��	����	� �� ��	 �� �	���� �
���
	�
�
 	�� �� ��	 ������� �� 	�� �	���� ��1�
�����	. (����?���	��A 	�� ���� �����
	
�� ��

���	��� �����1�
�� �� 	�
�� ����������� �� ����
��	� �	���
 �� � ��'�
��	
&��. "�� ���	��������� ����	
�� ���&� � �	
��� ������
��	 ���	
���	���. �	
���&� �� &�1��1��	�
 ���������� �� ���	
��	 	� � ��

�& ?������
	���� ����

4�



4� ������	 �� �����	�

����
1�� �	 	�� ��
�� ���
��.
"�� ���� 
����	� 

�� 	�� �
����	 &�
� ��� �� �����
�>�� �� 	�� 
����&���


�
�:


 "�� ����	
���� �	
��	�
� �
 3��	
����	������	�� <��� �� ��������	�� ����
�	
�	�� �� ��Æ����	�� ��������� 

�� 	�� ����	
�	� 	� �� ��	�
����� ������
�� �	� ������������	�.


 G���	���&��� �	�	�� �� ��� 	
�����
 �	
��	�
�� �
� �	
����� ��E������ ��
� �����	�� ��� ����
. ����� ���
	� �
 �6!Æ �
� �������� ��� ?���	���&���
�	�	�� ��� ��	��� ��
��� 	�� ��	�

��� ��	&��� � �����	�� ��� �������
��	�� ����
. "��� �������� &�� 	�� �����
���� �������	�
������	�� ��������
���� ��	 ���� ������ �� 	�� 	�������� �
 	�� ��������	�� ��	 ���� �
 	��
�����	�� ����
.


 J����������� �	�	�� �
 
�
� ��
	�� ��� �� ���<��� ��� ?���	�>�� �� 	&�
���������� &���� �'�
� � ���?�� &�� 	� ��	�
���� 	�� ���� ���� �	
��	�
�
��������� �����	�� �
�������� �'��	�. �	���
��	 �� 0� �	�	�� ����1�
�� �
����	�� �� �����������	� 	���
� ��� �
� ��	 �	
����� ��

���	��.


 -	����� 	����	�� �
��	��� ���� 	� ��������������� �����	
��� �'��	� ��
��&# �����
����� �� ����
1�� �� ���	���������. F�������������� ���<���
���	 �
 ��

�����	�	� ����	
��� �	 	�

���� �� 	�� 
��� &��� ���� ���� �
�
�
����	. -���
��		��� �'��	� �� 	�� ���� �����
���� �
� ��� 	� <�����	�	�
����	
�� ��'
��	���. "��� �
� �
����	 �
 �����	 ��������� �� 	�� �����
�
 	�� &�1� 
���	��� �� 	�� ���	��� �	�	�.


 "�� �����	� �
 �	�	�� �
 �����	���� ������ ��� �Æ����	�� �� �����
��
�� ���	��������� �	 ����	�	��� ���
���� ���
 	�� (����
 ������� �
 	��
1������ �
��	��� �
 	�� ����	
�	�. "�� �����	� �
 �	�	�� �
 �����	����
������ �
 �����	�� 	
����	��� ��	��� ���&� ��	������	� ��� �����	���.
"�� ����������������	� ��� �� ����
1�� 	�
���� �� �������� �����	��
�������� ����		���.


 ��
 �����	
���� �
 ��������
 �
����	� �� �	����� ����	
�	�� ����	
��� �
�
������>�� �� 	�� �	
����. "�� ����
��		��� ��
������	� ����� 	� � ��������
�
 	�� ���� �����
����. "�� �'��	� �
� ��� 	� 	�� ���	�����	�� <��� �	�	�
���� 
�
 ��

��� �	�	�� �� ����� �	����� 	����	�� ��	 ����
 �1�
 	�� &����
1������ ���� &��	�.


 *� �� 8����!# &�� 	�� <
�	 ������� �
 � ��������������� ����	
���� �	
���
	�
� 
�
 � ��	��������	�� ���	��. F���������������	� �� �����
	�� ��
���� ���� �� 8�. "�� ���� ���� ������ � ���� ����
�>�	��� �� 	�� *�
?���	���&�
� �	�	�� �� �� ��������� &�� �� �� 	&������������� ?���	���
&��� �	
��	�
��. �����	������ ��������������� ����
��		��� �'��	� ��� ��
����
1�� �� &���.


 ��9;���!# 
�
�� �� ����	�� ����
��		��� �
 ������ &���� ��� �'��	�1���
�� ���� 	� �
��� 	�� ; ���� �	
��	�
�. "��
�
�
�A 	�� �� ��1�
���
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���������� �
 ��
��� �������� ����	
� �� �?��1����	 	� 	�� �������� �����
���������� 
�
 ����� ;���!#.


 "�� ��

���	��� ����� 3� ����	
��� �� �� ��� �� �������� �� ���
��
����>��
>�
������������� �����	
��	�
�� ���� 	��	 ��	����	�� �����
 �� ��
����1��
���	��������� ����	
�. "���
 ��������
���� �� 	�
�������������� ��
<��� ������	�� 	�� ��'�
��	 �������� ��

������� �
 �� �	��� ��	 ��	
	��	 ��

���	��� �'��	� �
� &��� �� 	�� �� ����. F��� 	�� �	�����>�	���
�
 ��������
��	������ �� <��� ����&� 	�� 
����&��� ����
1�	����: /������
���
���� ��� �����
����� �� ��	 ��
�� &�	� ����� �����	� �������	����. "��
������� �
 � ���� �����
���� �	 �����
 ������� ���
���� ������	�� � �	
���
������
��	 ���	
���	��� 	� 	�� ����	
�. "��� ����	�<�� ���� �� �� 	��
������ �	
����� ��

���	�� 	
����	��� ��	�� ������� 8�.

;� �� ��	 &��	 	� ����� &�	���	 ���	������ ����� 	��	 	
���� ��� ������
������ ��	��� ������� ���	�� ��������� ���� ����
�	��� �
 ���� ��� ���
�� �����
	�	���� �
 	�� ����	
�� B23��A45��A6�D�C. "���� �'��	� �
� ��	 ��	 ��	��������

�
 �����	
��	�
�� �� 	��� �
� ��

��	�� �
���
�� B77-�A�!!���A�!!3*�C ���
�	 �� ������ 	��	 �� �
��
 	� ����
1� 	���A ����������	�
 ����	
�	�� &�	� ��
��
���� ���� ���	 �� ����. "�� ��	��� �
 ������
����1�� ���	��������� ��� 	��
��	��	��� 	� �����1�
 	���� �'��	�A ��� �	 �� ����� 	��	 	�� �&�
����� �
 	�� ����
������ 
���
	�� �� 	�� ��

��	 &�
� &��� ���� 	� �		��� 	��� ��� ���� �	��

��	�
��	��� �
������ �
 ��������������� ������� �������
���� �� 	�� 
�	�
�.
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������� �

�
�������������

"�� ��

��	 &�
� �� ����� �� � ��
�� 1�
��	� �
 ���	��� 	�� ��	����1� �
 ����

�
���
�	��� �
 &���� ��� 	� �� ���
���A ��1������A �
 �	 ����	 �����1�
��. "�
�
����	 �������
�� ��� ��
�� ����
����	�� �'��	�A � ��� ?���	�	� �
 ��	� ��� 	�
�� �����
��A �����>��A ��� ���������. � �� ������ �����	�� 	� �� ����
1���

�
�
. ;. ����	 ��� �� �	��
 �������
�	�
� 

�� ����
����	 ��� 	���
� J.
+. *�������A D. *������A +. -. *�A �. /�������
A -. /�X����A (. (�
����A
*. %�������
A ;. $��
��
�	A *. ��I���
�A �. �����
�����A -. *. ��
�1���1A
�. W. D������A ". +�����A *. +���>���A 8. +�����
�A *. +���
�A �. +�X�����A
-. ���������A ". ��>���&�A (. �������A �. J. �
������1�A *. �. -�����A +.
-������A �. -��
��A ��� *. J�
������1.
*���� �� ���������� �	 /$--, &��� � 	���� 
�
 	���
 �	
��� ��� ������

�����	�� ���������	 �
 &���� � ��1� ���� �
�<	��� �1�
 ���� ���
�A � &��	
	� ���	��� �� ��
	�����
 (. D���&��A (�. W���A �. �����	�A ��� �. ������
�	.
%�
��� 	�� ���
�� �
 	�� ���	 ������ � ��I���� 	�� �����	���	� �
 H��1�
��	�
�
 "����A ���	�� ���	�
�A 8*�-" 8�
�A ��	�������� H��1�
��	�A D�
������
H��1�
��	�A �/� ". W. ;�	��� �����
�� (��	�
A $��		
�A ��� �*)���. "�� ���
��
����	�� &�
� 	��
� &�� �����
	�� �� �� �1�� ��
��
 �����
 �
 ������ &����
�
� ���������� 	� ���	 ��
�.
-����
	 �� /�/� �!0+-���*9!# ��� %�� ��*�!5�9��� ��� 532�H-��394309!�

�# �� �
�	�
���� �����&������.
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Evolution of the electronic structure in epitaxial Co, Ni, and Cu films

C. Pampuch and O. Rader
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R. Kläsges and C. Carbone
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Recently, electronic structure and band width of the system 1.2 monolayers Ni/Cu~100! have been found to
be Ni-bulk-like @Mankeyet al., Phys. Rev. Lett.78, 1146~1997!#. Therefore, we have traced the development
of the electronic structure with thickness for various 3d transition metals using angle-resolved photoemission.
All studied systems show similar behavior. We find, in contrast to the previous report, a very different
electronic structure for the monolayer and for bulk. Moreover, our measured binding energies support the
results of local-density calculations which obtain strong narrowing of the 3d band width of 1 monolayer
Ni/Cu~100! as compared to bulk Ni.

DOI: 10.1103/PhysRevB.63.153409 PACS number~s!: 73.21.2b, 79.60.Dp
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Low-dimensional materials have been attracting both
perimental and theoretical interest due their peculiar phys
properties which can differ significantly from those of ma
rials with higher dimensionality. So-called finite-size effec
occur when a structure is restricted in one dimension, this
e.g., the case when the thickness of a film decreases dow
atomic dimensions corresponding to a transition from thr
dimensional to two-dimensional behavior. In this case
electronic band width becomes narrower due to an ato
coordination reduced with respect to the one of the bu
This can be quantified asW}An in the tight-binding model,
where W is the valence band width andn the number of
nearest neighbors, and has been confirmed in countless
culations of the electronic structure of crystal surfaces, fr
standing monolayers, and monolayers on weakly interac
substrates such as noble metals.

A well-established method to experimentally investiga
the electronic structure of bulk systems, surfaces, and
films is angle-resolved photoemission.1 Mankeyet al.2 have
recently employed angle-resolved photoemission to study
electronic structure of Ni/Cu~100! films. Reference 2 report
that electronic structure and band width of atomically thin
films @1.2 monolayer~ML ! on Cu~100!# do not differ from
those of bulk Ni.2 This finding is based on angle-integrate
photoemission spectra and on photoelectron angular distr
tion patterns for a narrow energy window around the Fe
energy obtained with a display-type analyzer.3 It has been
interpreted as a hybridization and charge-transfer effect
tween Ni and Cu through which the Ni monolayer develo
the characteristics of a bulk electronic structure.2 Similar be-
havior has also been observed in atomically thin Cu/Ni~100!
and Co/Cu~100! films.2

We are not aware of any corroboration or rejection of t
surprising finding, with the exception of an x-ray-absorpti
study which notes that from absorption spectra 1 ML an
ML Ni/Cu~100! can be well distinguished as the density
unoccupied 3d states is by 20% larger for 1 ML than for
ML.4 Band theory has early on predicted for 1 ML N
Cu~100! a reduced magnetic moment5–7 (0.37mB in Ref. 5;
0.24mB in Ref. 7; the bulk Ni value is 0.59mB in Ref. 8!,
0163-1829/2001/63~15!/153409~4!/$20.00 63 153487
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which can be explained by band narrowing.7 The develop-
ment of the band structure of Ni/Cu~100! with thickness has
been studied and quantized states have been identified u
at least 15-ML Ni by inverse photoemission,9 but no system-
atic study has been reported for occupied states. We h
therefore reinvestigated the development of the electro
structure in epitaxial Co, Ni, and Cu films by angle-resolv
photoemission. In this paper we show that the electro
structure of atomically thin films is not bulklike, in contra
to the result of Ref. 2. In addition, the angle-resolved spec
allow us to trace the evolution of the electronic structu
with thickness.

Angle-resolved photoemission experiments have b
performed at the TGM 5 undulator beamline at the BESS
storage ring in Berlin. The synchrotron light was incident
an angle of about 30° for normal-electron-emission geo
etry. This leads to a mixed (s and p) light-polarization ge-
ometry. A 90° spherical analyzer with an energy resolut
of about 200 meV at an angular acceptance of 1° has b
used. The spectra for different thicknesses were taken at
mal emission with a photon energy of 43 eV because
correponds for the present fcc materials to theG point along
@100# for binding energies nearEF .

The Cu~100! crystal has been prepared by sputtering a
annealing (600 °C) cycles. The base pressure of the vac
system was 1310210 mbar. The various overlayers hav
been producedin situ by e2-beam evaporation onto Cu~100!
at room temperature. The pressure rose to a maximum
310210 mbar during the Co, Ni, and Cu evaporation
Evaporation rates have been measured with a quartz-cr
microbalance, and the quartz reading was used for thickn
calibration. The materials were deposited at a typical rate
0.5– 1 Å/min. All systems show epitaxial growth at roo
temperature, but the growth modes of the various syste
differ in detail: Between fcc Co and Cu there is only a sm
lattice mismatch. Reflection high-energy electron diffracti
oscillations have been observed up to 40 ML f
Co/Cu~100!.10 Scanning tunneling microscopy~STM! ~Refs.
11–13! shows that the growth occurs in a layer-by-lay
mode of high quality above 2 ML up to at least 15 ML
©2001 The American Physical Society09-1
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BRIEF REPORTS PHYSICAL REVIEW B 63 153409
Below 2 ML nominal coverage, a substantial amount of
multaneous bilayer growth has been reported,12,14 but its ex-
tent is still under discussion.13 In an STM study of
Ni/Cu~100!,15 nearly perfect submonolayer growth and ve
good layer-by-layer growth up to 3.4 ML has been report
There are indications for subsurface growth of the first
monolayer on Cu~100! at room temperature from x-ray pho
toemission and CO adsorption behavior16 and from low-
energy electron diffraction~LEED! ~Ref. 17! supported by
recent first-principles total-energy calculations.18 Cu grows
on Co/Cu~100! ~Ref. 10! and on Ni/Cu~100! ~Ref. 19! in an
epitaxial layer-by-layer mode. Therefore, we have use
ML Ni/Cu~100! and 10 ML Co/Cu~100! as Ni~100! and
Co~100! substrates, respectively. In the present work,
surface order has been checked by LEED. A sharpp(1
31) LEED pattern and low background intensity have be
observed in all preparation stages for all systems@0–8 ML
Ni/Cu~100!, 0–2.8 ML Cu/Ni~100!, 0–10 ML Co/Cu~100!,
and 0–2.6 ML Cu/Co~100!# confirming good structural orde
in the topmost surface layer.

The spectra in Fig. 1 reveal the dependence of the
electronic structure on the overlayer thickness. We sh
complete valence-band spectra of Cu~100! and of 0.4, 1.2,
and 6 ML Ni/Cu~100! at arbitrary normalization. Regions o
Ni3d and Cu3d emission can easily be distinguished as
pure Cu spectrum shows at 43-eV photon energy no fea
between 2 eV and the Fermi level. Cu3d emission occurs
between 2 and 4 eV. The peak at 2.7-eV binding ene
originates from theD1 band (G12), and the second peak a
3.4-eV binding energy from theD5 band (G258 ). The shoulder

FIG. 1. Angle-resolved photoemission spectra of the vale
band. Normal-emission spectra in the vicinity of the Brillouin-zo
center of Cu~100! and selected coverages of Ni/Cu~100!.
1534088
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at 2-eV binding energy is due to Cu4s,p emission.
In the spectrum of 0.4 ML Ni, a single peak is observed

0.3-eV binding energy. At larger thickness of 1.2 ML, a se
ond peak appears at 0.8-eV binding energy. For the 6-ML
film, two peaks derived from Ni3d states are observed at 0
and 1.2-eV binding energy. Only a very weak feature due
emission from the Cu3d band is seen between 2 and 4-e
binding energy. This is a clear indication that the Cu su
strate is covered almost completely by 6-ML Ni.

For a more detailed discussion we turn to Fig. 2, wh
displays the energy region of the 3d photoemission of Co,
Ni, and Cu films for smaller thickness intervals. The pea
marked in Fig. 1 and Fig. 2~a! contain contributions from
both spin directions. They are not resolved since the
change splitting in Ni is small~experimentally 0.15 eV for
bulk D1, near theG point20!. Energy positions obtained for 1
ML are 0.3 and 0.75 eV. The energy positions agree w
published photoemission measurements on 1 and 2 ML
Cu~100! at normal emission.21 The present work goes be
yond Ref. 21 in the sense that larger thicknesses are rea
in Fig. 2~a! and that the spectra have been measured nea
G point. Therefore, we can observe that energy positi
close to those of bulk states are already reached at 3 ML.
Ni bulk band structure has an extremum in binding energy
a photon energy of 44 eV corresponding to theG point for
3d-derived states. The peak at 0.4-eV binding energy
3–10 ML originates from theD1 band (G12) and the feature
at 1.2-eV binding energy originates from theD5 band (G258 ).

Figure 2~b! shows the case of fcc Co/Cu~100!. The bulk
exchange splitting of fcc Co is large-experimentally 1.55
at G258 ~Ref. 22!. Still, we observe one peak less than in F
2~a!. This is due to the following reasons:~i! Co has a lower
number of 3d electrons than Ni which shifts energy position
upwards and~ii ! the majority-spin peak ofD5 (G258 ) is broad,
and it is difficult to determine its energy position even
spin-resolved spectroscopy. Therefore, the peak marke
Fig. 2~b! is of minority spin and develops intoG258

↓ @experi-
mentally at 0.9 eV~Ref. 22!#. For 1 ML, more than one pea
at 0.45 eV cannot be assigned with certainty. In case of s
stantial bilayer growth12–14 it can indeed be expected tha
distinction of 1 from 2 ML in the spectra becomes difficu

In Fig. 2~c!, we show Cu/Ni~100! and take advantage o
the comparatively narrow width of 3d peaks in Cu and of the
absence of exchange splitting. Below 1 ML, one peak is s
at 2.75 eV. Around 1 ML, peaks appear at 2.8 and 3.2
Based on calculations of Cu monolayers, e.g., Ref. 23,

higher-binding-energy peak is assigned toḠ1 and the lower-

binding-energy peak toḠ5. Towards larger thicknesses th
peaks move closer together until around 1.5 ML they can
be separated from each other at the present resolution.
ML, peak positions~3.35 and 2.95 eV! are not too far from
the ones of bulk Cu@3.6 and 2.9 eV from pure Cu~100! at the
top of Fig. 2~c!#. Note that the order of odd- and even
symmetry states is reversed for monolayer and for bulk, t
the mutual approach of peaks around 1.5 ML likely mark
crossing over of states. It is possible that for Ni/Cu~100! and
Co/Cu~100! this is not observed very well due to a tenden

e
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FIG. 2. Spectra showing the energy range
3d emission in detail. All systems show simila
behavior with film thickness.
or
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for bilayer growth below 2 ML thickness as observed f
Co/Cu~100! and a possible tendency for subsurface grow
of Ni/Cu~100!.

The situation in Fig. 2~d! for Cu/Co~100! is similar. Spec-
tra resemble the ones of Ref. 24, Fig. 4, measured at 50
photon energy. Binding energies in Fig. 2~d! are 2.75 eV for
thicknesses below 1 ML and 2.8 and 3.25 eV at 1 ML. T
merging of peaks between 1 and 2 ML is somewhat l
1534089
h

V

e
s

pronounced than for Cu/Ni~100! in Fig. 2~c!. Measured en-
ergy positions have been summarized in Table I.

We want to discuss the relevance of the present data
assessing the band width of Ni/Cu~100!. All calculations find
a substantial narrowing of the 3d band width for the Ni
monolayer. It has been quantified as being by 30% narro
for the free Ni~100! monolayer.26 Also on Cu~100!, 1 ML Ni
has with a FWHM of just 1.6 eV5 a very narrow 3d band,6
TABLE I. Peak positions determined in the experiment~binding energies in eV!.

Thickness Ni/Cu~100! Co/Cu~100! Cu/Ni~100! Cu/Co~100!

1 ML 0.75 (Ḡ1), 0.3 (Ḡ5) 0.3 (Ḡ1
↓) 3.2 (Ḡ1), 2.8 (Ḡ5) 3.25 (Ḡ1), 2.8 (Ḡ5)

Bulk 1.2 (G258 ), 0.4 (G12) 0.8 (G258
↓) 3.6 (G258 ), 2.9 (G12) 3.6 (G258 ), 2.9 (G12)
9-3
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which is also narrower than the density of states of the in
rior Cu planes.7 We can compare our measured peak po
tions to the energy eigenvalues given in Refs. 5 and 7.

lowest measureable states in normal emission areḠ1 at 0.75
eV for 1 ML and G258 at 1.15 eV for 6 ML. Experimenta
literature values forG258 range from 1.1 to 1.2 eV.25 Due to
the particularly strong electron correlation in Ni, these valu
are much closer to the Fermi energy than energy eigenva
from local-density theory, which range forG258 from 1.97 to
2.15 eV ~Ref. 25!. This correlation effect has to be consi
ered in addition to the finite-size effect we are discuss

here. Local-density theory gives forḠ1
↑ of 1 ML Ni/Cu~100!

1.13 eV~Ref. 7! and 1.16 eV~Ref. 5! ~minority-spin values

are not given in Ref. 7!. If we assume the same effect onḠ1

as onG258 , we expect from photoemission a value arou

0.65 eV forḠ1. This is very near to our experimental valu
of 0.75 eV. Thus, the behavior of the deepest measure

state atḠ andG with thickness, which changes from 0.75
1.15 eV from 1 to 6 ML in our experiment, is obviously we
described by the theoretical change from 1.1 to 2 eV wh
electron correlation is taken into account. In this way,
experimental data corroborate local-density theory, wh
rtz

N

v.

ry
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obtains strong narrowing of the 3d band width in 1 ML
Ni/Cu~100! with respect to bulk Ni.

We conclude that the electronic structure of all films stu
ied reveals a strong dependence on thickness, including
Cu~100!. All systems show similar behavior with respect
the evolution of the electronic structure with thicknes

States are probed simultaneously atḠ for monolayers andG
for thicker layers, and by comparison to local-density theo
it is concluded that the band width increases substantiall
going from monolayer to bulk. This corroborates the vie
that the dimensionality of transition-metal noble-metal ov
layer systems mainly determines the character of the e
tronic states. Compared to this, the effect of hybridizat
should be negligible.

The results presented for the occupied electronic struc
indicate that the electronic structure at the Fermi energy m
also be different for the monolayer and thicker layers. T
holds even more as the strong changes that the unoccu
electronic structure of Ni/Cu~100! undergoes with thicknes
have already been observed.9 The difference in conclusion
between Ref. 2 and the present work might be connecte
differences in thickness calibration. We see from Fig. 2~a!
~e.g., the spectrum of 2.3 ML! that this difference does no
need to be large. An underestimation of the thickness by
monolayer in Ref. 2 might be sufficient to explain the diffe
ences in conclusion.
nd
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Quantization of electronic states in a rare-earth film: GdÕW„110…
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2Institute of Physics, St. Petersburg State University, St. Petersburg 198904, Russia
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A variety of distinct peaks occurs in photoemission spectra of ultrathin Gd on W~110! depending on the
overlayer thickness, in particular a series of sharp peaks inside of a symmetry gap of the W band structure. Our
phase-accumulation analysis assigns these structures to quantum-well states hitherto undetected in rare earths.
This is of considerable importance since valence electrons mediate the magnetic coupling and determine the
magnetic structure of rare-earth metals. As a first example of its impact, we demonstrate how the new quantum-
well data help to resolve a current controversy concerning the nature of the Gd electronic structure.

DOI: 10.1103/PhysRevB.64.201406 PACS number~s!: 73.21.Fg, 71.20.Eh, 79.60.2i
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There are several examples for the interplay of localiz
magnetic moments with delocalized conduction electrons
a spin-glass material, typically a solution of a magneticd
transition metal in a noble-metal host, the magnetic coup
between the localized magnetic moments is being medi
by s,p conduction electrons of the host metal. Th
Ruderman-Kittel-Kasuya-Yosida~RKKY ! interaction is
long-ranging and oscillatory with respect to the sign of t
magnetic interaction. The one-dimensional rendering of s
a system consists of two ferromagnetic layers separated
noble metal spacer, and indeed these systems display l
range oscillations of their magnetizations.1 In the course of
studies of magnetic coupling phenomena in trilayers a
multilayers the behavior of thes,p electrons in question
could for the first time be observed directly as peaks w
thickness-dependent energies and Fermi level crossing
direct and inverse photoemission spectra.2–4 It is possible to
observe these states because they are the result of ele
confinement in a two-dimensional overlayer between
ferromagnet–noble-metal interface and a noble-met
vacuum interface and can be described as two-dimensi
quantum-well states. Due to the larges,p band width they
can be observed for thick noble-metal overlayers and re
sent an impressive visualization of the RKKY interaction.2–7

Meanwhile, quantum-well-state formation has been incor
rated into interlayer-coupling theory8 and photoemission
spectra are now being used to measure fractions of mo
layer thicknesses, oscillation periods, interface phase sh
lifetimes, and Fermi surface dimensions with extrem
precision.7

A role analogous to the one ofs,p electrons in a spin
glass is being played bys,d electrons in rare-earth metal
The localized 4f orbitals and magnetic moments interact v
the itinerant 5d6s electrons. Although there is no atom
disorder like in the spin-glasses, this interaction gives rise
a variety of complicated magnetic structures. Among ra
earth metals, Gd is the only simple bulk ferromagnet (TC
5293 K), it has a half-filled 4f shell and is trivalent
(5d16s2). Photoemission studies of the Gd band struct
led to different conclusions.9–11 Strong deviations betwee
measurements and calculated bands have been attribut
lifetime broadening9,11 and to strong electron correlation.10

Interestingly, the first systems for which oscillatory magne
interlayer coupling has been observed are Gd/Y and D
0163-1829/2001/64~20!/201406~4!/$20.00 64 201499
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multilayers, and many more rare-earth systems have b
established in the meantime like Gd/Dy and Dy/Lu.12 In
view of the large number of photoemission studies on t
and ultrathin rare-earth films, it is remarkable that quantu
well-state formation has to date remained undetected in r
earth materials. The only systematic thickness depend
study published suggests no interesting structure in vale
band photoemission from 2 to 10 Å Gd/W~110!.13 The iden-
tification of quantum-well states of thes,d electrons in rare-
earth films could represent an important step in
description of the interlayer coupling and of the magne
structure of superlattices, alloys and of the pure rare-e
metals in general. Through the analogy of RKKY interacti
in three dimensions and quantum-well state formation in t
dimensions it is possible to introducevia the quantum-well
thickness the distance as parameter and study the RK
interaction with spin-resolved or magnetic dichroism sp
troscopy. As a first application we show how the reduc
momentum broadening enables us to determine critical p
energies which are important for the question of strong c
relation effects of Gd valence electrons.

We have studied ultrathin epitaxial films of Gd o
W~110!. The W~110! substrate has been heated in oxyg
and flashedin situ for cleaning. The presence of a sha
p~131! low-energy electron diffraction~LEED! pattern and
absence of C1s and O1s photoemission intensity have bee
verified before overlayer deposition. Gd has been evapor
by electron-beam heating and deposited onto the substra
room temperature. An oscillating quartz has been used
calibration of the deposited thickness. The growth of Gd
W~110! at T5300 K occurs layer by layer up to 3 monolay
ers ~ML ! at room temperature14 ~for recent scanning tunnel
ing microscopy images see Ref. 15!. The spectra in the
present work have been measured at 300 K after annealin
650 K in order to improve crystallinity while keeping islan
formation at a limited level. Linearly polarized synchrotro
radiation from the U125/1-PGM undulator beamline16 at
BESSY II has been used for excitation of photoelectro
The surface-projected light-polarization vector was alo
@11̄0# leading to mixed (s1p) polarization. A VG Escalab
MK2 photoemission analyzer has been used at 1° angle r
lution in normal emission.

Figure 1 shows photoemission spectra taken at 62.5
photon energy and 300 K. The bottom displays a spectrum
©2001 The American Physical Society06-1
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the W~110! substrate. No C1s photoemission could be de
tected, therefore the peak at26 eV, which is also character
ized by corresponding dispersion with photon energy, is
signed to W 6s,p states (S5

1). Intensive emission from a
W5d surface resonance is seen around21.3 eV.17 Growth of
the Gd overlayer is at first seen from Gd4f emission cen-
tered around28.4 eV. This binding energy stays constant
to 1.0 ML and moves to28.2 eV at 2 ML. This behavior is
typical of shallow core levels of electroposive adsorbates
alkali metals.18 In the present context, the Gd4f shift indi-
cates completion of 1 ML and in this way serves for con
mation of the coverage given to the right-hand side of Fig
on the basis of the quartz calibration of the evaporator.

The 1-ML spectrum is dominated by a new peak in t
region22.2 to22.5 eV. In addition, a smaller peak at24.3
eV is only present for this coverage. These two peaks dis
pear at 1.5-ML deposition in favor of new peaks at24.5 and
23 eV. At 2.5 ML, a sharp peak appears at23.35 eV.~The
strong changes of the spectral shape occurring in the ra
between22 eV andEF will be the subject of a separat
publication.19! At 3 ML, a new sharp peak appears at22.95
eV and simultaneously the peak at lower energy shifts fr
24.5 to 24.6 eV. While the peak at22.95 eV grows

FIG. 1. Photoemission spectra of Gd/W~110! for various Gd
coverages. Quantum-well states appear below22 eV. Apart from
Gd4f all vertical lines are theoretical energy positions taken fr
Fig. 2 for 1, 2, 3, and 4 ML.
20140100
s-

e

-
1

p-

ge

~3.3-ML nominal thickness!, a small peak appears at23.7
eV, and the rest of the spectrum remains unchanged for
and 3.7 ML.

The W band structure displays an even-symmetry b
band gap from26.3 to 22.0 eV at the center of the~110!
surface Brillouin zone.17 As a result, the interaction of the
overlayer electronic structure with the substrate is reduc
and electron confinement and formation of quantized sta
can be expected. For details see Refs. 20–22 where this
been demonstrated for Ag and Au overlayers on W~110!.
Gd is well suited for quantum-well formation on W~110!
since, according to local-density calculations of the ba
structure,23 in the energy range of the W gap, theD1,2 bulk
bands of Gd 5d6s electrons appear between'22 and
24.9 eV.

However, attempts to measure this dispersion in pho
emission experiments on in bulk and bulklike films of G
met difficulties leading to a controversy as for the nature
the Gd electronic structure. In a pioneering work, Himp
and Reihl9 concluded that strong momentum broadening d
to reduced electron-mean-free paths in Gd leads to an
sence of bulk band dispersion in photoemission spec
Critical point energies delivered by Ref. 9 were very diffe
ent from calculated ones. Kimet al.10 studied the
temperature-dependent exchange splitting of theD2 band
and determine a dispersion of 0.4 to 0.5 eV, smaller b
factor of 2 than predicted by local-density calculations. T
discrepancy has been attributed to strong elect
correlation.10 Most recently, Maitiet al.11 assigned on the
basis of spin-resolved photoemission at 120 K a broad st
ture around22.5 eV to the A↓-point of the bulk Brillouin
zone reaching good agreement with the dispersion of lo
density theory for theD2

↓ band. The broad line shape of th
peak and the appearance of a second strong peak ar
21.4 eV at 120 K~21.8 eV at 300 K! present at all photon
energies have been explained using simulations on the b
of momentum broadening.11 According to Ref. 11, photo-
emission measurements are affected via a broadening ofk' ,
the electron wave vector perpendicular to the sample surf
leading to a distribution of direct photoemission transition
These appear as peak shapes smeared out plus extra
caused by high densities of states, in particular around21.5
eV. Ref. 11 demonstates this effect but falls short of de
mining critical point energies for the Gd valence band.

For a system quantized along the surface normal in su
way that the ground-state band is rendered discrete, broa
ing of k' does not affect the accuracy of photoemission m
surements of the electronic structure as long as quantum-
peaks are sufficiently separated in energy. In fact, the pe
observed in the present work are well distinguishable a
very sharp. Although the background shape is not kno
precisely enough for a peak fitting procedure, Fig. 1 sho
already that peak widths will be of the order of only 0.2 e
FWHM.

The standard method to derive the bulk band struct
from quantum-well data has been described in Ref. 7. T
method, however, requires larger film thicknesses, a fact
does not reconcile with the limited range14,15of layer growth
of Gd/W~110!. The way we pursued in the present work is
6-2
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analyze measured peak positions also based on the p
accumulation model which has been very successful in
scribing quantum-well states.24 We used a certain simplifica
tion of the model introduced in Ref. 20, where as the o
parameters the upper and lower edges of the valence
are demanded for determining quantum-well-state energ
These parametes can therefore be determined from com
son to the experiment to high accuracy.

In brief, the phase accumulation analysis is based on
Bohr–Sommerfeld quantization rule for the phases accu
lated under reflection~i! at the surface potential barrier (FB),
~ii ! at the energy gap in the substrate projected onto the
terface (FC), and ~iii ! during propagation of the electro
through the overlayer, where quantum-well states are form
as a result of electron confinement due to this reflection:

FB1FC12ka0N52pn, ~1!

wherek is the wave vector of an electron propagating in
overlayer of thicknessa0N (a0 is the interlayer spacing an
N the number of adsorbed layers!. The total phase accumu
lation must be an integral multiple of 2p. For the Gd/W~110!
system we have the following situation: Below22 eV is the
region of the Gd states ofD1,2 symmetry.23 We use oneD
band unfolded according to Ref. 9. As for the W band str
ture, the region between26.3 and22.0 eV is characterized

FIG. 2. Phase accumulation approximation for Gd/W~110!. Pre-
dicted energy positions~top! and graphical solutions~bottom! of the
quantum-well model for thicknesses of 1, 2, 3, 4, and 5 ML G
W~110!.
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by an energy gap forS5
1 states.17 This is the classical situa

tion for formation of quantum-well states in the overlay
due to practically total reflection of electron waves at the
surface and Gd/W-interface.

For FB and FC we use the formulas given in Ref. 24
but for the term 2ka0N we take, like in Ref. 20, the expres
sion used in the linear chain approximation25 and obtain

2ka0N52 arccosS 12
2E

EU2EL
D •N, ~2!

whereEU andEL are the upper and lower band edges in t
Gd. Equation ~2! has already proven appropriate durin
analysis of Ag and Au quantum-well states on W~110!.20 In
Fig. 2, these dependencies are shown for 1, 2, 3, 4, and 5
Gd: Intersections ofFB1FC22pn ~thick solid curves! with
22ka0N ~solid curves! give the graphical solutions of Eq
~1!, which are marked by ticks in Fig. 2~bottom! and by
squares in Fig. 2~top!. These are the same energies as th
used in Fig. 1. The good agreement with experiment c
roborates the quantum-well-derived nature of the featu
observed in this energy region. We determine theG42 point
as 21.8 eV and the bottom of the band,G11 ,

/

FIG. 3. Comparison for different photon energies for 3 M
nominal Gd coverage. Determination of the quantum-well peak
22.1 eV is possible from thehn545 eV data. Comparison to 1.
ML Ag/W ~110! shows that other sharp peaks~i. e., between21.4
eV andEF) are not derived from the Gd band structure and must
be included in the quantum-well analysis.
6-3
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which has never been determined, as24.6 eV. These room-
temperature values are in good agreement with those f
local density calculations.23

This indicates that momentum broadening is indeed
prime factor obstructing measurements of the band struc
in rare earths. Besides broad peak shapes, the appearan
an extra peak around21.8 eV at 300 K~21.4 eV at 120 K!
at all photon energies from 34 to 50 eV has been noted
consequence in Ref. 11. Figure 1 is not well suited for de
onstrating that this can also be overcome in our quant
well system because 62.5 eV corresponds to transitions
the hcpG point. It is crucial for our analysis to extract th
upper quantum-well energy from the data.~Towards the
middle of the band, agreement is certainly expected
worsen since the exact shape of the band is not include
our model.! To this end, Fig. 3 displays a spectrum measu
at 45 eV for comparison. The broad peak around21.5 to22
eV that appears forhn562.5 eV is absent for 45 eV. Instea
the upper quantum-well peak can be located at preci
22.1 eV. Note that the vertical lines in Fig. 3 mark the sa
theoretical energies for 3 and 4 ML as in Figs. 1 and
~Inclusion of results for 2 ML was not considered in view
the broad spectral shape seen in Fig. 1.! The peak at23.7 eV
could be assigned to a small amount of hydrogen conta
nation on the basis of the energy position~23.8 eV in
Ref. 26!.
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Figure 3 also shows why22.1 eV is the uppermos
quantum-well energy and the peaks at21.4, 21.0, and
20.65 eV are not included in the quantum-well analys
Local density bands suggest already that they are not du
Gd bulk bands.23 The clean W~110! spectrum~see bottom of
Fig. 1! gives no clue as to the origin of these states poss
due to dominating intensity from the surface resonance
21.3 eV. Therefore, we compare to data of 1.2 ML A
W~110!, hn562.5 eV, displaying the21.4 and 21.0 eV
peaks as well, which, therefore, cannot be assigned to G19

We conclude that quantum-well state formation has
the first time been observed in a rare-earth system. We s
that constraints caused by strong momentum broadenin
photoemission studies of the band structure of rare earths
lifted in the present quantum-well system. Correlation effe
on the valence band are negligible. Under these conditio
direct observation of the states that cause the RKKY inter
tion as a function of the interaction distance will in the futu
be extremely useful to understand how the electronic str
ture determines the magnetic structure of rare earths.

We thank R. Follath for expert support with the U12
beamline. We are grateful to C. Pampuch and G. Prudnik
for collaboration in part of this work. Part of this work ha
been performed in the framework of the RFFI project N
01-02-17287.
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Photoemission from Stepped W(110): Initial or Final State Effect?
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146802-1
The electronic structure of the (110)-oriented terraces of stepped W(331) and W(551) is compared to
the one of flat W(110) using angle-resolved photoemission. We identify a surface-localized state which
develops perpendicular to the steps into a repeated band structure with the periodicity of the step
superlattices. It is shown that a final-state diffraction process rather than an initial-state superlattice
effect is the origin of the observed behavior and why it does not affect the entire band structure.

DOI: 10.1103/PhysRevLett.93.146802 PACS numbers: 73.20.At, 79.60.Bm
Single-crystal surfaces that bear, due to a controlled
surface miscut, a regular superlattice of steps are envis-
aged as adequate templates for the growth of a large
number of identical nanostructures like quantum wires
and quantum stripes [1]. In this context, vicinal W(110)
has developed into an important stepped substrate and
controlled growth of nanostructures like stripes formed
of Fe has led to novel magnetic anisotropy and coupling
phenomena like perpendicular magnetization and dipolar
antiferromagnetism [2,3]. These new accomplishments in
nanomagnetism occur on a relatively large length scale
(e.g., 8 nm) and make use of magnetic dipole interac-
tions. They have not, so far, utilized size quantization of
electronic states as were found essential for the mag-
netic interlayer coupling in two-dimensional films [4].
Whether or not such effects will in the future be used
depends on the ability of the stepped substrate to support
quantization effects in the electronic structure. The
method of choice to test this is angle-resolved photo-
emission since it provides the electronic structure in-
cluding band dispersions [5]. The stepped surfaces most
extensively studied to date are the (111) vicinals of
fcc Cu and Au where surface state electrons in a narrow
bulk band gap at the L point are probed [6–11]. Different
types of behavior have been obtained: the wave func-
tions were either spread out over the macrosurface
[6,10,11] or localized at the microsurface [9], and a switch
over from two-dimensional to one-dimensional behavior
was observed at a step width of �17 �A [8]. Most recently,
we have analyzed data from carbon nanostripes on
stepped Ni(771) and observed intense final-state effects
due to so-called umklapp scattering at the superlattice of
steps and stripes [12] and similar effects occur also in the
data from vicinal Au(111) [13]. In the umklapp picture,
the photoelectron can undergo scattering at the surface
lattice when leaving the crystal and acquire an extra
reciprocal surface lattice vector Gk according to kk;vac �

kk;crystal �G which leads to observable effects especially
when the surface periodicity differs from the one of the
bulk [14].
0031-9007=04=93(14)=146802(4)$22.50 
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The aim of the present work is to clarify the presence
of one- or two-dimensional behavior and initial- or final-
state effects on stepped W(110). W is in principle well
suited since theory predicts a substantial portion of the
W density of states surface-localized [15] although the
identification of surface states in an experiment is often
complicated and has on W been achieved only for a small
number of cases. While experimental data are still
outstanding, theory went ahead predicting, e. g., that W
surface states will be responsible for the observed oscil-
latory stability conditions of W steps [16].

In this Letter, we will demonstrate strong superlattice
effects fulfilling the periodicity of the step superlattice.
By angle- and energy-dependent measurements in photo-
emission and in low-energy electron diffraction (LEED),
we show that the observed behavior is due to a final-state
diffraction effect at the step superlattice instead of a
superlattice bandstructure effect on the initial states. We
have chosen the (331) and (551) surfaces characterized by
terrace widths of three and five W lattice constants,
respectively, or 0.948 and 1.58 nm. Figure 1 shows the
surface atom arrangement for these surfaces and a com-
parison of the surface Brillouin zones of flat and stepped
W(110). The miscut angle amounts to 13� for W(331) and
8� for W(551) along the [001] direction leading to step
edges oriented along [110]. Our samples have been pre-
pared as usual [17] until LEED showed sharp 6� 1 and
10� 1 superstructures for W(331) and W(551), respec-
tively. Photoelectrons were excited with linearly polar-
ized synchrotron light at the U125/1 and UE56/1 PGM
beamlines [18] at BESSY. A spherical electron analyzer
has been used at 1� angle resolution and 50–150 meV
combined (photon and electron) energy resolution in a
vacuum of 2� 10�10 mbar.

Figure 2 displays angle-resolved photoemission spec-
tra of W(331) for kk vectors parallel (a) and perpendicu-
lar (b) to the step direction at 62.5 eV photon energy for
different polar angles. (We relate all polar angles � to the
[110] microsurface normal.) At the bottom, Fig. 2 shows
for the sake of comparison normal-emission spectra from
2004 The American Physical Society 146802-1



FIG. 2 (color online). Angle-dependent photoemission spec-
tra of W(331) parallel (a) and perpendicular (b) to the step
direction for 62.5 eV photon energy. The bottom of the band
labeled S appears 6� away from the microsurface normal.

2L331

[0 1]1

[001]

[0 1]1

[001]

(a)

(c)

W(331)

W(551)

Γ Γ’

Γ Γ’

2 /Lπ

4π/a
W(110)

W(331)

(b)
a

a

L331

2L551
L551

FIG. 1. Geometry of W(331) (a) and relation of its surface
Brillouin zone to the one of flat W(110) (b). The steps run
perpendicular to the [001] or �-H direction and are by a factor
of 5=3 wider on W(551) (c).
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flat W(110) measured in such a way as to ensure the same
measurement conditions as for the vicinals [i. e., the
E-vector of the light points along [011] in Fig. 2(a) and
along [001] in Fig. 2(b)]. Prominent features identified
earlier on W(110) are an intense surface-resonance (SR)
at 1.2 eV for � [17,19] and bulk emission from the top of
the �1 band which is sampled near the N point (N1) of the
bulk Brillouin zone when excited around 63 eV photon
energy. The comparable spectrum in the emission-angle
series from W(331) in Fig. 2, i. e., the one for emission
along the microsurface normal [110], is colored red. For
kk parallel to the steps [Fig. 2(a)], peak S is seen to
disperse symmetrically about the red spectrum. Surface-
resonance emission at 1.2 eV can in principle be assigned
by comparison to W(110) [19], but the small intensity on
the stepped surface suggests that bulk emission may
actually dominate the peak.

The [110]-normal-emission spectra display strong dif-
ferences: For W(331), the �1 band does not appear at 6 eV
as for W(110) but at 5.2 eV where states are forbidden in
bulk W due to the large gap (6.2 to 3.3 eV) for emission
along [110] [17,19].

The top panel of Fig. 4 indicates the presence of a
surface-resonance which has not yet been reported inside
or near this gap: The dispersion measured at 62.5 eVgives
only an indication for this since it comprises degenerate
146802-2
106
bulk and surface bands. At 110 eV photon energy, however,
the � point is reached and the bulk-derived emission
corresponds to the band bottom at 9 eV. No other emission
from W bulk states is expected in normal-emission in the
whole energy range from 9 eVup to the border of the band
gap at 3.3 eV. Nevertheless, a second dispersion has re-
mained at 5.8 eV and is identified with surface emission.
Its dispersion with kk follows closely the shape of the
bulk band gap according to the surface projection of the
bulk bands (solid line) calculated in Ref. [20].

Returning to Fig. 2, we note that in the direction
perpendicular to the steps, the 5.2 eV peak disperses
downwards and assumes a minimum energy of 6 eV up
the stairs at about 6� off normal, i. e., at this angle the
same energy is reached as for normal-emission on flat
W(110). Figure 3 allows for a better judgement of this
behavior: Figs. 3(a)–3(c) are a color-scale representation
of photoemission spectra at 50, 62.5, and 125 eV photon
energy for different polar emission angles perpendicular
to the steps. When changing the photon energy, we move
in terms of the W bulk band structure along the [110]- or
�-direction away from the N point (�63 eV) towards �
[19]. At 62.5 eV photon energy, we observe one branch S
with binding energy between 4 and 6 eV, shifted away
from the microsurface normal. At 50 eV, we observe addi-
146802-2
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terns of similar intensity behavior (d–f). The emission angle is
given with respect to the [110] microsurface normal.
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tionally a second branch at positive emission angles, S�.
At 125 eV, both branches S and S� are equally pronounced
and shifted approximately symmetrically with respect to
the microsurface normal.

Figure 4 allows us to determine the shift between the
two dispersions as 0:66 �A�1. For W(551) we observe even
more than two branches with a period of 0:40 �A�1. These
values correspond exactly to the periods of the superlat-
tice Brillouin zones of the two surfaces or, following a
simple reasoning, to the distance from � to �0 along [001]
for W (4:0 �A�1) divided by the six-fold and ten-fold
surface periodicities measured by LEED. In the
Brillouin zone picture, the electron is assumed to hop
across the steps and form Bloch waves along the macro-
surface. This is the simplest interpretation in which the
repetition of the band dispersion is due to band periodic-
ity in the repeated zone scheme of the step superlattice.
Such behavior would very well be compatible with our
identification of the feature S as surface-resonance. This
requires the wave function to be oriented parallel to the
macrosurface [6,8], which means that in order to be an
initial-state effect, the repeated E
kk� dispersions for
various photon energies must coincide when kk is related
to the macrosurface (i. e., kk � 0 corresponds to the
macrosurface normal) and deviate when kk is related to
the microsurface (kk � 0 at the microsurface normal).
Because of the large angles between macro- and micro-
surface of 13� for W(331) and 8� for W(551) the present
experiment can unambiguously distinguish between the
two cases. Both cases can be compared in a single figure
[see the W(331) data in Fig. 4(b)]: Good agreement is
reached for kk related to the microsurface. That a plot
relative to the macrosurface fails can be seen from the
macrosurface normals for photon energies of 50, 62.5, and
105 eV which were inserted into Fig. 4 and are clearly
separated. The one for 125 eV would appear outside of
the figure frame. This shows that in its initial-state the
electron occupying S remains localized at the one-
dimensional microsurface and that the repetition of
band S is not due to an initial-state effect.

In the LEED picture, the electron undergoes scatter-
ing in the final-state of the photoemission process. As
this concept gives the same periodicity as the initial-
state concept, we seek for further support for a final-
state interpretation. This is found in the intensities of
the two bands which vary strongly with photon en-
ergy so that at 62.5 eV the S� branch even vanishes
(Fig. 2). We have recorded LEED patterns in situ for
comparable primary electron energies and display them
in Fig. 3(d)–3(f) vis-à-vis the measured dispersions. The
LEED spots (dispersions) are split for 44 eV (50 eV) and
125 eV (125 eV), and for 62.5 eV (62.5 eV) almost all of
the intensity is concentrated in a single spot (band).

We want to discuss which model can appropriately
describe this effect. The present experiment allows us to
146802-3
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relate the measured dispersions to the direction of the
[110] microsurface normal given by the bulk-derived �1

band in Fig. 3(c) and in Fig. 4. This is also very clearly
seen in the original data of Fig. 2(b) where the peak at
�1:5 eV disperses around the microsurface normal. On
the basis of a description by umklapp scattering at the
step superlattice we expect a process according to
kk;vac � kk;crystal �G with G331 � 0:66 �A for W(331)
and G551 � 0:40 �A for W(551). Instead, if we identify
the dispersion of band S on flat W(110) with kk;crystal and
compare it with the dispersions on W(331) and W(551),
we observe kk;vac � kk;crystal �G=2 with the dispersion
for kk � 0 completely missing.

More appropriate is the description given for LEED
from stepped surfaces [21]. Figure 3(b) of Ref. [21] shows
how a single LEED spots splits up into two when the k
vector moves from the in-phase to the antiphase condi-
tion: The reciprocal lattice rods for scattering from a
stepped surface are perpendicular to the macrosurface
and therefore tilted with respect to the microsurface.
Because they pass through the � point of W, scattering
conditions remain unchanged there, but they separate at
the N point (antiphase). This explains why in our experi-
ment the dispersion S, which is located at the N point,
appears split and the band bottom at 9 eV, which is located
at the � point, remains single. As the photoemission
transition determines the primary beam for electron scat-
tering, it restricts the dispersions which appear repeated
to those at the N point. This applies to bulk and surface
bands but surface bands dominate the emission from the
N point in the present case. We believe that the location at
the N point in momentum space is the main cause of the
146802-3



FIG. 4 (color online). Dispersion for kk-vectors along 001 for
W(110) (a) and for W(331) (b) and W(551) (c) i. e., perpen-
dicular to the steps. kk is given relative to the [110] microsur-
face normal. The macrosurface normal n
h�� shifts strongly
between 50 and 105 eV (125 eV outside of the frame) and is
therefore not a reference for the repeated surface band S.
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repetition of the band structure and that the surface
localization is of secondary importance.

In conclusion, we identify a surface-localized feature
on W(110) and stepped W(331) and W(551) that shows
diffraction effects on a large intensity, energy, and mo-
mentum scale in agreement with the lateral superlattice
translation vector. The data do not reconcile with an
initial-state bandstructure effect of the superlattice but
can be explained on the basis of electron scattering from
stepped surfaces taking into account where in k space
the photoemission transition takes place. The result that
146802-4
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the repetition is a final-state effect and that the electron
wave function is localized at the microsurface is an
important prerequisite for tayloring electronic properties
in one-dimensional nanostructures grown on stepped
W substrates.
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and 436RUS113/735/0-1), common DFG-RFFI Project
No. 03-02-04-024, and the program ‘‘Surface and
Atomic Structures’’ (Russia).
*Corresponding author. Electronic address: rader@
bessy.de

[1] R. Notzel et al., Nature (London) 392, 56 (1998).
[2] J. Hauschild, U. Gradmann, and H.-J. Elmers, Appl. Phys.

Lett. 72, 3211 (1998).
[3] O. Pietzsch et al., Phys. Rev. Lett. 84, 5212 (2000).
[4] F. J. Himpsel et al., Adv. Phys. 47, 511 (1998).
[5] Angle-Resolved Photoemission, edited by S. D. Kevan

(Elsevier, Amsterdam, 1992).
[6] A. P. Shapiro, T. Miller, and T.-C. Chiang, Phys. Rev. B

38, 1779 (1988).
[7] X.Y. Wang, X. J. Shen, and R. M. Osgood, Jr., Phys.

Rev. B 56, 7665 (1997).
[8] J. E. Ortega et al., Phys. Rev. Lett. 84, 6110 (2000).
[9] A. Mugarza et al., Phys. Rev. Lett. 87, 107601 (2001).

[10] F. Baumberger, T. Greber, and J. Osterwalder, Phys.
Rev. B 64, 195411 (2001); F. Baumberger et al., Phys.
Rev. Lett. 92, 16803 (2004).

[11] K. Ogawa, K. Nakanishi, and H. Namba, Solid State
Commun. 125, 517 (2003).

[12] A. M. Shikin et al., Phys. Rev. Lett. 90, 256803 (2003).
[13] A. Mugarza et al., Phys. Rev. B 66, 245419 (2002).
[14] E. O. Kane, Phys. Rev. Lett. 12, 97 (1964); J. Anderson

and G. J. Lapeyre, Phys. Rev. Lett. 36, 376 (1976); D.
Westphal and A. Goldmann, Surf. Sci. 126, 253 (1983).

[15] N. E. Christensen and B. Feuerbacher, Phys. Rev. B 10,
2349 (1974).

[16] Wei Xu, J. B. Adams, and T. L. Einstein, Phys. Rev. B 54,
2910 (1996).

[17] A. M. Shikin et al., Phys. Rev. B 65, 075403 (2002).
[18] R. Follath, F. Senf, and W. Gudat, J. Synchrotron Radiat.

5, 769 (1998); M. R. Weiss et al., Nucl. Instrum. Methods
Phys. Res., Sect. A 467-468, 449 (2001).

[19] R. H. Gaylord and S. D. Kevan, Phys. Rev. B 36, 9337
(1987); J. Feydt et al., Phys. Rev. B 58, 14007 (1998).

[20] K.W. Kwak, M.Y. Chou, and N. Troullier, Phys. Rev. B
53, 13734 (1996).

[21] M. Henzler, Appl. Phys. 9, 11 (1976).
146802-4



Paper V

109



110



RAPID COMMUNICATIONS

PHYSICAL REVIEW B 15 FEBRUARY 2000-IIVOLUME 61, NUMBER 8
Electronic states and magnetism of monatomic Co and Cu wires
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The electronic structure of monatomic Cu and Co wires grown by step decoration of the vicinal Pt~997!
surface has been investigated by angle-resolved photoemission with synchrotron radiation. Sensitivity to the
small amount~'0.1 monolayer! of deposited material that forms the one-dimensional wires could be achieved
at photon energies close to the Pt 5d Cooper minimum, where the photoemission cross section of the substrate
valence band is strongly reduced. A single photoemission feature is associated with the 3d emission from the
Cu monatomic wire. A double-peaked 3d structure is instead observed for Co wires, suggesting the presence
of a one-dimensional exchange-split band and of local magnetic moments.
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The electronic structure and magnetic behavior of a m
terial can be significantly modified by reducing its dime
sions along one or more directions in space. Quantum-
effects give rise to electronic and magnetic properties
low-dimensional systems that have no counterpart in
bulk. The physical realization of these systems opens up
possibility of designing new kinds of materials~‘‘atomic en-
gineering of materials’’!. Nearly two-dimensional~2D! mag-
netic systems, such as ultrathin films and superlattices, h
recently been the aim of intensive investigations.1,2 How-
ever, very little is known so far about the electronic a
magnetic structure of systems with still lower dimensiona
because of difficulties in their preparation and character
tion.

The manipulation of single atoms and their displacem
on surfaces has been demonstrated by scanning tunn
microscopy~STM!. However, this technique does not perm
the preparation of nanostructured large-area samples, w
are required by standard methods for band structure dete
nation, such as angle-resolved photoemission. Large-
samples with a structuring on a nanometer scale, in partic
samples with monatomic chains, can be obtained by mole
lar beam epitaxy exploiting self-organization mechanisms
adatoms on suitable substrates.3 Examples of one-
dimensional systems grown by self-organization include
Pd, and Fe chains on Pd~110!,3,4 and Gd on W~110!.5,6 Dur-
ing the growth of Au on Ni~110!, the development of a Au
dimer-trimer chain structure has been observed.7 In this sys-
tem the one-dimensionality of the Au-induced states co
also directly be derived from their dispersion behavio8

However, no information about the magnetic properties
1D systems can be deduced in this case.

1D nanostructures can also be prepared by molec
beam epitaxy on stepped single-crystal surfaces that serv
a template for growing nanowires exploiting ste
decoration.9,10 Submonolayer amounts of Fe on a W~110!
surface with irregular atomic steps were found to be fer
PRB 610163-1829/2000/61~8!/5133~4!/$15.00 111
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magnetic down to an Fe coverage of 0.05 ML.11 Smooth and
coherent Fe stripes on W~110! still exhibited ferromagnetism
at a coverage of 0.5 ML with an average monolayer str
width of 20 atomic rows.12 On a vicinal Cu~111! substrate,
Fe stripes of 5–15 atom width and 1–2 atom height, with
corresponding coverage of 0.3 ML, were found to exhibi
time dependent remanent magnetization.13 Concerning the
electronic structure of 1D systems, a pioneering inverse p
toemission experiment has already been performed for Cu
W~331!,14 where the authors report on an electronic st
which has been interpreted as a ‘‘single-row-state.’’

Here we present, to the best of our knowledge the fi
measurements on the electronic and the magnetic prope
of a 1D system that approaches themonatomiclimit. The
ideal system for the investigation of 1D electronic and ma
netic properties with valence band photoemission is a se
parallel, equidistant, straight monatomic chains consisting
a magnetic element on a nonmagnetic substrate. The dist
between the chains has to be large enough to allow mo
intrachain and only weak interchain interaction, but a
small enough to ensure a sufficiently large contribution fro
the chains to the photoemission spectra. In these respects
vicinal Pt~997! surface represents an excellent substrate
supports the 1D growth of various elements, in particular
growth of monatomic Co and Cu wires,15 which are arranged
in an array of high regularity with a distance of 861 atomic
rows. As will be demonstrated here, the step density is h
enough to observe chain-induced electronic states in
angle-resolved photoemission experiment.

The characterization of single and multiple monatom
chain growth of Co and Cu on Pt~997! has been extensively
carried out at EPF-Lausanne by means of thermal ene
helium atom scattering~TEAS! and STM.15 Pt~997! is a vici-
nal surface cut 6.5° off normal with respect to the~111!
atomic plane. The angle miscut determines the average
separation which is 20.1 Å. Repulsive interactions betwe
adjacent steps suppress step meandering, resulting in
that run parallel to each other~see Fig. 1!. In order to obtain
samples with a regular step distribution, repeated cycles
R5133 ©2000 The American Physical Society
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sputtering and annealing to 850 K are performed in a U
environment~base pressure 1310210 mbar!, followed by a
few minutes exposure to 131027 mbar oxygen and by a
flash toT.1000 K to remove residual contaminants. Co
ing the sample to the deposition temperature has to be d
at a slow rate~,40 K/min! to prevent step bunching effect
The quality of the periodic pattern can be routinely check
by taking TEAS diffraction spectra or by low energy electr
diffraction ~LEED! measurements.

The growth of Co and Cu monatomic chains along the
step edges can be followed in real time by TEAS measu
ments in grazing incidence conditions.10,15 TEAS results
show that smooth monatomic row growth takes place ab
250 K and 150 K for Co and Cu, respectively. The depo
tion of 0.12 ML in the allowed range of temperatures resu
in the decoration of each step by a single monatomic r
The inset in Fig. 1 shows Co monatomic chains decoratin
steps after deposition at 250 K. Chains wider than o
atomic row can be obtained by increasing the coverage u
1 ML.

The angle-resolved photoemission measurements w
performed at the undulator beamline TGM-5 at BESSY. T
energy analysis of the photoemitted electrons was perfor
with a 90°-spherical electron energy analyzer with an ene
and angle resolution of 250 meV and61°, respectively. Un-
less specifically mentioned, all measurements have been
formed at room temperature. After repeated cycles of Ne-
sputtering and annealing, a very good LEED pattern w
sharp diffraction spots and a low background intensity c
firmed a high degree of structural order in the topmost s
face layers. In addition to thep(131) spots we found extra
spots that were induced by the step edges and stresse
high surface quality of the sample used in the photoemiss

FIG. 1. STM topograph (dz/dx mode! of the clean Pt~997! sur-
face. The terrace width distribution follows a Gaussian law with
average spacing of 20.1 Å@standard deviations52.9 Å ~Ref. 27!#.
The step edges appear as white lines. Step down direction is
the upper right to the lower left. The inset shows the decoration
the Pt steps by single monatomic Co chains~indicated by the ar-
rows!.
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experiment. The base pressure of 1310210 mbar rose to 4
310210 mbar as Co and Cu were deposited by electron be
evaporation. The thickness calibration was done by mean
a quartz crystal microbalance. A cross check with Aug
spectroscopy enabled us to make a direct comparison o
absolute amounts of deposited material between the sam
prepared at BESSY and the ones studied at EPF-Lausan

A serious problem for the determination of the electron
states of 1D monatomic chains by angle-resolved vale
band photoemission is the small amount of deposited m
rial ~'0.1 ML! and its weak contribution to the photoemi
sion spectra which makes the identification of chain-induc
states very difficult. It is therefore crucial to find experime
tal conditions that offer a high spectroscopical sensitivity
the chain-induced states. In fact, for an arbitrary choice
photon energy, nearly no changes in the photoemission s
tra could be found after the preparation of Cu or Co wir
This is demonstrated in Fig. 2~a!, which shows photoemis
sion spectra of the clean Pt~997! substrate and of 0.12 ML
Co on Pt~997!, taken at a photon energy of 40 eV. The se
sitivity for the small amount of deposited Co can be stron
enhanced, taking advantage of the Pt 5d Cooper minimum.
The atomic photoionization cross sections for 3d and 5d
transition metals are shown in the inset of Fig. 2. The cor
sponding cross section ratios in the solid state were foun
be of similar magnitude.17 Photoemission spectra of th
clean Pt substrate and with a coverage of 0.12 ML Co sh
indeed strong changes at a photon energy of 143 eV@Fig.
2~b!#.

n

m
f

FIG. 2. Photoemission spectra of clean Pt~997! and after the
deposition of 0.12 ML Co taken at photon energies of~a! 40 eV and
~b! 143 eV. The inset shows the atomic photoionization cross s
tions for 5d transition metals~e.g., Pt! and 3d transition metals
~e.g., Cu and Co! as a function of photon energy~Ref. 16!.
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In Fig. 3~a!, the changes of the electronic states with
creasing Cu thickness are displayed. At coverages below
ML, the development of a single Cu 3d state at a binding
energy of 2.3 eV already can be observed. No Cu-deri
electronic states can be found close to the Fermi level
cause the Cu 3d shell is filled and the photoemission cro
sections fors states are very small in this photon ener
range. Above a coverage of 0.17 ML, the Cu 3d states shift
to higher binding energy, and at 2.0 ML they have reache
value of 2.7 eV. These changes in the electronic structure
likely to reflect the changes in the dimensionality of the s
tem. The development from a 1D to a 2D system, as i
realized for the growth of Cu and Co on Pt~997!, will result
in different electronic configurations, that should lead to o
servable changes in the electronic structure. At a coverag
0.17 ML, where the wires are already completely formed a
the growth starts to become two-dimensional,15 the shift of
the Cu 3d states to higher binding energy begins to ta
place. For systems with 2D island or 3D cluster nucleat
instead, almost no changes in the electronic structure
typically be observed with increasing coverage in the s
monolayer regime,18,19 because for low coverages the ave
age atomic coordination is already quite similar to the co
dination in the monolayer or in the bulk, respectively.

FIG. 3. ~a! Photoemission spectra taken at a photon energy
122 eV displaying the development of Cu states on Pt~997! with
increasing coverage.~b! Photoemission spectra taken at a phot
energy of 122 eV displaying the development of Co states
Pt~997! after deposition of up to 0.40 ML Co.
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For Co the development of the electronic states with
creasing coverage also has been studied. The sequen
spectra in Fig. 3~b! was taken at a photon energy of 122 e
and close to normal emission~4° off normal!. It shows that
in the low-coverage region up to 0.4 ML, the changes of
electronic states related to the Co deposition clearly di
from the changes observed in the case of Cu. Here, clos
the Fermi level and at a binding energy of approximately
eV, new electronic states appear in the photoemission s
tra. With increasing Co deposition these structures beco
prominent in the spectra and their separation slightly
creases~see also Fig. 4!.

In order to make the chain-induced states more clea
visible, a difference spectrum between the spectrum at 0
ML Co and the Pt spectrum has been formed. The norm
ization of the spectra has been done by equalizing the am
tude of the Pt peak at a binding energy of approximatel
eV. The resulting spectrum is shown in Fig. 4 in comparis
with a spectrum of a Co monolayer. In contrast to the sin
feature found for the Cu chains, we find two peaks for the
chains located at binding energies of 0.3 eV and 2.4 eV.

We shall now discuss the presence of a single peak for
Cu chains and of two peaks for the Co chains. One co
assume that one of the two Co peaks represents a C
interface state or a 1D modified surface state. Since for
same geometric arrangement, the electronic structure of
and Cu is very similar and differs mainly in the energe
position of the bands, we could expect to observe Cu-Pt
terface states or 1D Cu states, as well. This is not the c
and therefore the double peak structure found for the
chains is likely to have amagneticorigin. In contrast to Cu,
that has a completely filled 3d shell, Co has a magneti
moment because its 3d shell is partially unoccupied. In the
electronic structure, this results in an exchange splitting
the Co 3d bands that probably leads to the photoemiss
features close to the Fermi level and at a binding energy
2.4 eV shown in Fig. 4. So the observation of a doub
peaked structure for the Co wires and of a single feature
the Cu wires strongly suggests the presence of a
exchange-split Co band and of local magnetic moments.

f

n

FIG. 4. Difference spectrum showing the Co chain-induc
states in comparison with a photoemission spectrum of a Co mo
layer ~not a difference spectrum! and schematic pictures of C
chains and a Co monolayer on Pt~997!.
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The comparison of the Co chain spectrum with the
monolayer spectrum displayed in Fig. 4 shows obvious
ferences for these two systems. In particular, the magnit
of the exchange splitting seems to be larger for the Co ch
than for the Co monolayer, although the exchange splitt
of the Co monolayer cannot be safely determined with
spin analysis. The broad feature close to the Fermi le
could consist of overlapping contributions from states of d
ferent spin character and symmetry. However, the positi
of the Co-induced states in Fig. 4 indicate that the excha
splitting of the monatomic Co chains is large~;2.1 eV!.
This value can be compared with typical values for thin
films ~1.4–1.9 eV!,20,21 and for bulk Co~'1.4 eV!.20,22 This
large number for the Co chains suggests that the corresp
ing local magnetic moments also have a considerable m
nitude compared to Co films and to bulk Co. This is in li
with recently performed self-consistent calculations for mo
atomic Co chains.23

An enhancement of the exchange splitting can be
plained in terms of the lowered dimensionality of the C
system. For a magnetic system it is well known that a red
tion of its dimensionality from 3D to 2D causes an enhan
ment of its magnetic moments. This effect is essentiall
consequence of the band narrowing due to the redu
atomic coordination in the 2D system. In the electronic str
ture, this results in a larger exchange splitting compared
the bulk. With the same argument, even larger magnetic
ments and a larger exchange splitting can be expected
1D system, and this is probably what we observe in the p
toemission spectra of the Co wires.

No in-plane spin polarization of the chain-induced ele
tronic states, neither parallel nor perpendicular to the cha
could be found with a high-energy Mott detector down
sample temperatures of 100 K. The absence of long-ra
ferromagnetic order for a 1D system is at this temperat
not surprising. From the theoretical point of view, a spon
neous magnetization with a nonvanishing net moment aT
.0 K is not allowed for an Ising chain with nearest neighb
exchange interaction.24 Even if the array of Co chains o
Pt~997! behaved unlike an Ising system and showed a lo
t
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range ferromagnetic order, its Curie temperature would p
sibly be lower than 100 K, because the reduction of the
mensionality of a magnetic system is followed by a reduct
of its ordering temperature. It is also possible that the e
magnetization direction of the Co stripes on Pt~997! is not
the in-plane direction, as in the case of Fe on step
W~110!,12 but the out-of-plane direction, which was not a
cessible in our experimental setup. For submonola
amounts of Co on a flat Pt~111! surface, the easy magnetiz
tion direction was found to be out-of-plane,25 and theoretica
investigations predict a change of the easy magnetiza
axis from in-line to out-of-plane, as a freestanding Co ch
is deposited on a Pd~110! surface.26 Also, Fe on a vicinal
Cu~111! surface exhibits an anisotropy perpendicular to
surface plane.13 This system also showed a time-depend
remanent magnetization, which indicates a superparam
netic behavior of the Fe stripes, where thermal fluctuati
are strong enough to destroy a remanent magnetization
pending on various parameters, i.e., coverage, anisotr
and sample temperature,13 the time scale for this demagne
zation process can change strongly. But even if the arra
Co chains on Pt~997! behaved like a superparamagnet,
sample temperature of 100 K would possibly be too high
keep up a remanent magnetization for at least 102– 103 sec-
onds to perform the spin analysis of the photoemitted e
trons.

In summary, a highly regular array of monatomic Cu a
Co wires has been prepared by step-edge decoration
vicinal Pt~997! surface. The electronic structure of these
systems has been investigated by angle-resolved photoe
sion with synchrotron radiation. A sufficiently high sensit
ity for the small amounts of deposited material~'0.1 ML!
could be achieved by taking advantage of the Pt 5d Cooper
minimum in the photoionization cross section. While a sin
photoemission feature is associated with the 3d emission of
the monatomic Cu wires, a 3d double-peak structure is in
stead observed for the Co wires. This finding indicates
presence of a 1D exchange-split band and of local magn
moments.
*Author to whom correspondence should be addressed.
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Carbon nanostripes of graphene structure prepared on the stepped Ni(771) surface have been studied
by angle-resolved photoemission. The electronic structure is anisotropic: parallel to the stripe direction,
a graphite-type dispersion is measured, whereas the perpendicular direction displays two entangled
band structures shifted in energy with respect to each other. These are experimentally identified as the
microsurface-centered band structure and its umklapp scattered image caused by the superlattice.

DOI: 10.1103/PhysRevLett.90.256803 PACS numbers: 73.22.–f, 79.60.Dp
induced or image-potential induced surface state in order
to probe the laterally structured surface. However, the

Angle-resolved photoemission spectra have been mea-
sured at the undulator beam lines I311 at MAXlab and
For a long time, surface science has dealt with the
production of ideal surfaces and the behavior of electrons
localized within the two dimensions given by the inter-
face between solid and vacuum. The idea to place obstruc-
tions on a surface that are capable of reflecting electrons
and can lead to their confinement has received increased
attention since a remarkable visualization of these effects
has been achieved by scanning tunneling spectroscopy
(STS) [1,2]. STS is able to select atoms near a single step,
and as it measures the local density of states, it can detect
the presence of standing electron waves. In order to study
the electronic interaction, the wave-vector-resolving
methods of direct or inverse photoemission are required.
Only with the help of these methods can one obtain
answers to the question how an electron interacts with
the step when it is moving parallel to it or when
it moves towards it or away from it. Angle-resolved direct
and inverse photoemission measure the global electronic
structure and in order to obtain a sizable signal require a
large number of identical and equally oriented steps.
Experiments have shown that the presence of single or
periodically repeated steps can cause in addition to
the step-localized standing waves [1,2] certain superlat-
tice effects [3–5] and a quantization [6] of the elec-
tronic spectrum. The experimental literature reports
four different types of dispersion for surface states in
the direction perpendicular to such step lattice: (i) a
single parabola centered around the normal of the micro-
surface (terrace) [7], (ii) a single parabola, but arranged
relative to the macrosurface normal [3,7], (iii) a repeated
band dispersion related to the step periodicity [4,5], and
(iv) quantum-well states with no dispersion [6].

It is astonishing that in spite of the principal difference
between STS on the one hand and direct, two-photon, and
inverse photoemission on the other hand, the states used
so far to study steps at clean crystal surfaces are basically
the same: Typically, the experiment picks a crystal-
0031-9007=03=90(25)=256803(4)$20.00
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L-centered Shockley surface state, which has been used
in all photoemission work to date, extends from EF down
to only 0.4 eV binding energy on Cu and Au. Our aim is to
overcome this constraint and try to impose the lateral
superstructure of a stepped substrate onto the whole
valence band of a monoatomic overlayer. Therefore, we
have prepared nanostripes of graphene (i.e., monolayer
graphite), a material which has a truly two-dimensional
electronic structure and allows us to probe a much larger
k-space range and an energy range by almost 2 orders of
magnitude wider than in previous photoemission work.

The graphene stripes were formed in situ on stepped
Ni(771) by cracking of propylene at a partial pressure of
1� 10�6 mbar and T � 500 �C sample temperature us-
ing a procedure elaborated previously for graphene on
Ni(111) [8,9]. Propylene cracking is a self-limited reac-
tion: as soon as the Ni surface is covered with a full
graphene sheet, the reaction stops because it can take
place only at a pure Ni surface. After additional annealing
at 450–500 �C in ultrahigh vacuum the system consists of
graphene stripes along the Ni terraces with finite width in
the perpendicular direction due to the limited size of the
terraces. As shown by scanning tunneling microscopy
[10], the Ni(771) surface is characterized by monoatomic
steps with a height of 1:24 
A and Ni(110)-oriented ter-
races with a width of � 12:3 
A which are conserved after
graphitization. Low-energy electron diffraction (LEED)
patterns measured in situ for the pure Ni(771) surface
[Fig. 1(a)] and after graphene stripe preparation [Figs. 1(b)
and 1(c)] display a well ordered structure. Besides the
step-derived �7� 1� superstructure, the LEED pattern
from graphene=Ni�771� shows graphite rings [Fig. 1(c)]
surrounding all principial spots of the Ni(110) structure.
This is characteristic of graphene on top of surfaces with
a nonhexagonal surface structure such as Ni(100) and
Ni(110) [11]. Base pressure during experiment was in
the upper 10�11 mbar range.
 2003 The American Physical Society 256803-1
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FIG. 2. Photoemission spectra at h� � 50 eV for kk parallel
(a) and perpendicular (b) to the nanostripe direction.

FIG. 1. Low-energy electron diffraction. The (7� 1) super-
structure of the clean Ni(771) (a) is preserved after preparation
of graphene nanostripes (b), which appear as circle sections (c).
The steps and stripes run along 	110
 which is close to the
vertical direction in the figure.
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U125/1-PGM at BESSY with linearly polarized light of
50 eV photon energy. Dispersions, i.e., polar angle scans
of photoemission spectra, parallel and perpendicular to
the step direction [110], have successively been measured
from the same sample after azimuthal rotation by 90�.

Figures 2(a) and 2(b) show a typical series of photo-
emission spectra for graphene=Ni�771� where the electron
emission angle is varied in the direction parallel (a) and
perpendicular (b) to the graphene nanostripes. Spectra of
clean Ni(771) (not shown) prove that practically all struc-
tures in the region 2 to 22 eV binding energy are graphene
derived. The dispersions with the macrosurface-projected
wave vector kk corresponding to Fig. 2 are presented
in Figs. 3 and 4, separately for �, �2;3, and �1 states.
Figures 3 and 4 summarize data from four different
preparations. Features with weak intensity are marked
by crosses. The dispersions measured in the direction
parallel to the nanostripes [Figs. 2(a) and 3] resemble
almost fully the ones obtained from graphene on flat
Ni(111) and can be assigned according to Refs. [9,12].
(The �2;3 states near � are too weak to be observed for
present symmetry conditions.) Compared to monocrys-
talline bulk graphite, the � and � branches are shifted
towards higher binding energies due to strong C�-Nid
interaction of the graphene sheet with the Ni substrate
(similar to graphene=Ni�111� in Refs. [9,12]). Figure 3
shows a critical point appearing at about kk � 1:55 
A�1,
a value which lies between the ones for M (1:4 
A�1) and
K (1:7 
A�1) of graphite, indicating that the orientation of
graphene hexagons relative to the steps is rotated in agree-
ment with the LEED pattern of Fig. 1(c).

The dispersions observed perpendicular to the stripes,
shown in Figs. 2(b) and 4, are very different. (i) Two
instead of one graphene-type band structure can be rec-
ognized for � and � states. Both band structures lead to
photoemission peaks of high intensity with the left-hand
one (in Fig. 4) somewhat more intense [see Fig. 2(b)]. The
left-hand branches of � and � states are shifted relative
to the macrosurface normal [771] by �6�. This value
(which has been determined in situ from the parallel
dispersion with the help of the azimuthal rotation) is
identical to the miscut angle between the Ni(771) macro-
256803-2
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surface and the Ni(110) terraces [10] and allows us to
ascribe the left-hand branches to (110)-microsurface-
centered states. Moreover, (ii) the right-hand band struc-
ture shows pronounced gaps for the �, �2, and �1 states,
which have no counterpart in the parallel dispersion data
[Figs. 2(a) and 3] or for graphene on flat Ni(111) or bulk
graphite [9,12]. The most pronounced gap in our data
appears at kk � 1:0 
A�1 in Fig. 4. (iii) Our data are
compatible with further gaps appearing at kk � 0 (flat
band at 9.2 eV binding energy), � 1:5 
A�1 (between
4.3 and 5 eV), and � 2:05 
A�1 (between 8.1 and
8.8 eV). (iv) A weak band between about 5 and 8 eV
binding energy appears periodic characteristic of back-
folding into the repeated Brillouin zone scheme of the
superlattice which could possibly be described by a one-
dimensional Kronig-Penney model for electrons on a
stepped surface [13].

The appearance of two band structures is an astonish-
ing, unprecedented observation. The assumption of a sec-
ond phase due to artifacts such as sputtering defects or
faceting is at variance with the STM characterization
[10]. It should be kept in mind that, in view of the
256803-2
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comparable photoemission intensity of the two branches,
any such artifact would have to involve a large portion of
the sample surface which does not reconcile with the
characterization of the macrosurface as (771) [14]. We
consider the two bands and additional parallel branches
an intrinsic property of the photoemission from a single
phase of graphene nanostripes.

In order to assign the band structures, we varied the
photon energy and plotted the dependence on the angle
[Fig. 5(a)] and the parallel wave vector relative to
the microsurface normal [Fig. 5(b)]. The coincidence of
the left-hand branch for all photon energies confirms the
assignment as microsurface-centered branch. The right-
hand branches also coincide and together with a third
branch (see h� � 90 eV) are shifted by a constant value
of G and 2G, respectively, where G � 2�=L and L �
12:3 
A is the terrace width. For each band structure
shifted by G we are dealing with the first Brillouin
zone branch only since graphite suppresses second-
Brillouin-zone emission [15]. In a superlattice as well
as in a simple lattice geometry, distinction of a periodic
band dispersion from umklapp effects during excitation
is usually difficult. The present data, however, give two
reasons why the right-hand branch cannot be assigned to
256803-3
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an initial-state superlattice effect: First is the obvious
shift to lower binding energy by 0.4–0.5 eV and 0.3–
0.4 eV for � and �1 branches, respectively. Second is
the fact that the band gap (we refer to � 1:0 
A�1 in
Fig. 4) is not a property of the initial-state band structure
of the superlattice since it does not appear at constant kk

as seen from Fig. 5(b). The right-hand branch must there-
fore be due to umklapp scattering with wave-vector
transfer of �k � 2�=L characteristic of the superlattice
structure. Umklapp scattering depends on the availability
of final states and this likely introduces the photon-
energy dependence of the band gap. For bulk graphite,
umklapp scattering contributes substantially to photo-
emission and its dependence on photon energy has been
measured [16]. During umklapp scattering the wave-
vector difference is transferred to collective excitations,
usually phonons. It is interesting to note in this context
that the phonon dispersion of graphite nanostripes on
Ni(771) as measured by electron energy loss spectroscopy
has indeed displayed strong superlattice effects in the
first study of its kind [8]. We caution, however, that a
256803-3
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simple identification of phonon excitation with the energy
shift measured in this work fails due to the different
energy scale and that further research efforts need to be
undertaken in this new and exciting field.

In summary, we prepared a regular array of carbon
nanostripes and observe an anisotropic dispersion with
two band structures in the direction perpendicular to the
stripes: a gapped and a microsurface-centered one. We
showed that umklapp scattering in the excited state
caused by the superlattice instead of a conventional super-
lattice effect of the ground state is the origin of this
behavior.

We are indebted to Professor K.-H. Rieder for helpful
discussions. This work was supported by DFG (RA 1041/
1-1). Part of this work was performed in the framework
of the programme ‘‘Fullerenes and Atomic Clusters.’’
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One-Dimensional Spin-Polarized Quantum-Wire States in Au on Ni(110)

C. Pampuch, O. Rader,* T. Kachel, and W. Gudat
BESSY, Albert-Einstein-Strasse 15, D-12489 Berlin, Germany

C. Carbone, R. Kläsges, G. Bihlmayer, S. Blügel, and W. Eberhardt
Institut für Festkörperforschung, Forschungszentrum Jülich, D-52425 Jülich, Germany

(Received 17 November 1999; revised manuscript received 27 April 2000)

Au chain structures have been prepared on Ni(110). Au6s, p-derived features in photoemission spec-
tra are identified as quantum-wire states due to their strong dispersion along the chains and absence
of dispersion perpendicular to the chains in agreement with our ab initio calculation of the electronic
structure. Spin analysis reveals that the states have minority-spin character showing that the confinement
of electrons in the chain structure depends on the electron spin.

PACS numbers: 73.20.Dx, 79.60.Dp
Research on quantum confinement in metallic hetero-
structures has intensified very much since the link was
found between long-range oscillatory magnetic coupling
phenomena in magnetic-nonmagnetic multilayers [1] on
the one hand and the periodic appearance of structures in
photoemission and inverse photoemission spectra on the
other hand [2]. The so-called “quantum-well model of
oscillatory magnetic coupling” is based on the confine-
ment of electrons in a metallic layer brought about by
spin-dependent band gaps in the neighboring layers. These
metallic quantum wells are similar to the ones known in
semiconductor structures; however, due to larger offsets
of the relative band gaps (several eV) a spatially narrower
confinement of electrons can be achieved. The model has
been supported by a number of subsequent experiments on
bilayers and trilayers revealing the layer-thickness depen-
dence, dispersion parallel to the film plane, spin character,
and a second, small period of the appearance of quantum-
well states [2–9].

As in these experiments confinement occurs only in the
direction perpendicular to the metal-metal interfaces giv-
ing rise to two-dimensional quantum-well states, it appears
challenging to attempt confinement also within the plane
with the aim of producing a quantum wire of atomic dimen-
sions. Research interest has been concentrating on steps as
natural one-dimensional structures at clean metal surfaces,
and these have therefore been studied first by photo-
electron spectroscopy. In this way, the one-dimensional
equivalent of surface states, i.e., step states, has been
identified in photoemission spectra [10,11]. A one-
dimensional dispersion could be shown for image-potential
states [12].

Deposited metals adsorb preferentially at steps. Taking
advantage of this, a growth method termed “step decora-
tion” has been used to grow quasi-one-dimensional struc-
tures. For Cu�W(110), a binding-energy shift in Cu3d
photoemission has been attributed to the formation of Cu
stripes [13]. Although much progress has been made
concerning the quality of such stripes, e.g., using scan-
ning tunneling microscopy (STM) [14], a one-dimensional
0031-9007�00�85(12)�2561(4)$15.00
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anisotropy of their electronic structure has never been
shown. The developments up to this point have been docu-
mented in more detail in Ref. [15].

We report in this Letter on a surface alloy that has
long-range one-dimensional geometry. By the so-called
“dealloying” phase separation during the growth of Au on
Ni(110), chains of impressive coherence and a narrow in-
terchain distance (a few surface lattice constants) are ob-
served by STM [16]. The structural characterization of
Ref. [16] reveals, in brief, that surface alloying of Au oc-
curs up to a coverage of 0.4 monolayers (ML). Above
0.4 ML, 42% of the Au atoms form dimer-trimer chains
out of a Au-Ni surface alloy as a result of a first-order
phase transition. These chains are oriented along the [001]
direction as seen from our model in Fig. 1. For increasing
coverage, the interchain distance decreases until 0.93 ML
are deposited [16]. We show below with photoemission
that Au�Ni(110) is the first example of a metal-on-metal
system where one dimensionality of the chains can be
seen from the measured angle dispersion. The characteris-
tic dispersion (strong parallel to the chain orientation and
absent perpendicular) is observed for Au5d and Au6s, p
states. Analogous to the case of spin-polarized quantum-
well states in multilayer structures, electrons of different
spin character are confined to a different degree.

FIG. 1. Geometry of Au�Ni(110) used for the ab initio
band structure calculation according to the structural model
of Ref. [16]. Au atoms (black) for dimer-trimer chains along
[001] on top of the Ni substrate atoms (white).
© 2000 The American Physical Society 2561
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Angle-resolved photoelectron spectra have been mea-
sured with a VG Escalab photoemission chamber at
1 3 10210 mbar with a combined energy resolution of
150 meV and an angle resolution of 2± using linearly
polarized synchrotron light from the 3m NIM-1 monochro-
mator at BESSY I. Spin-resolved photoemission at
300 meV and 2± resolution has been done at the TGM-1
monochromator. In both setups, light incidence angle
was about 30± with respect to the fixed analyzer direction
leading to mixed (s 1 p) polarization in normal emission.
Sample preparation was performed in situ according to
Ref. [16] using a quartz microbalance to adjust the Au
evaporation rate (0.1 ML�min) and, in addition, low-
energy electron diffraction. We conducted ab initio
calculations of the electronic structure for a dimer-trimer
chain on a p�3 3 4� Ni(110) surface as shown in Fig. 1
(for clarity, four unit cells are displayed). This structural
model has been given by Nielsen et al. It does not include
those Au atoms (58%) that do not join the chain structure
and instead are alloyed into the Ni surface layer since
their position is not observed by STM [16] and therefore
unknown. We employed the full-potential linearized aug-
mented plane wave method for thin film geometry [17] in
the local spin density approximation including spin orbit
coupling inside the atomic spheres with the spin direction
in the Ni plane. We used approximately 100 augmented
plane waves per atom and eight �k points in the irreducible
part of the Brillouin zone for self-consistency.

Figure 2 shows photoemission spectra of the valence
band for clean Ni(110) and Au coverages between 0.1 and
2 ML. The spectra permit a clear distinction of differ-
ent coverage regions as labeled in the figure: In region I,
two peaks at high binding energy (5.7 and 4.2 eV) are
seen. These peaks are characteristic of the surface-alloy-
formation stage. In region II, an extra structure appears
at 3.0 eV, which becomes narrow and sharp at 0.6 ML.
In addition, another peak occurs at lower binding energy
(1.9 eV). Below we focus on this thickness and spec-
trum and show that they are characteristic of the one-
dimensional Au chain. Towards 0.9 ML, the structures in
the spectra become broader and are believed to be due to
the formation of a two-dimensional Au film.

Figure 3a shows for 0.6 ML the angle dependence in the
[110] azimuth; i.e., k is varied perpendicular to the chains.
(Here, k denotes the electron-wave-vector component in
the surface plane.) We concentrate on the lower binding-
energy region since we observe only here a peak that is not
present for lower and for higher Au coverage. This struc-
ture remains at constant binding energy of 1.9 eV. For
angles along the [001] azimuth, i.e., k variation parallel to
the chains as displayed in Fig. 3b, the structure disperses
by almost 1 eV. This can be explained by a confinement
of Au electrons perpendicular to the chains and no con-
finement along the chains as expected for a quantum wire.

In addition, we have performed spin analysis of the
spectrum at 28± emission angle in Fig. 3b. The result is
2562
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FIG. 2. Thickness-dependent photoemission spectra of Au�
Ni(110) at 20-eV photon energy and normal emission. The char-
acteristic chain structure occurs for d � 0.6 ML.

displayed in Fig. 4 as comparison of the spin-polarization
spectrum between the Ni substrate before and after
preparation of the Au chains. Its large and negative
spin polarization shows that the quantum-wire state is of
minority spin.

The large dispersion and the low binding energy of
the quantum-wire peaks suggest that they are derived
from Au6s, p states. That Au6s, p states have a highly
anisotropic dispersion and must therefore be confined to
the one-dimensional structure is surprising in view of the
band structures of Au and Ni. The d states of Au and
Ni are clearly separated in energy whereas s, p states are
overlapping. This fact is easily seen from the calculated
partial densities of states on Au and Ni atoms in Fig. 5b.
The densities of states, dominated by d states, are for Ni
high above and for Au below an energy position of about
23 eV. The s, p states are, however, generally extended
over the whole energy range, and in order to assign
them we use the band dispersion displayed for states
4
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FIG. 3. Angle-resolved photoemission spectra of 0.6 ML
Au�Ni(110) taken at 22-eV photon energy. (a) The electron
emission angle Q is varied perpendicular to the chains leaving
the quantum-wire peak at fixed binding energy. (b) For angle
variation parallel to the chains a finite dispersion is observed.

with substantial charge density on Au atoms (.15% in
Fig. 5a). Although at somewhat lower energy than in the
experiment, a band originating at 22.7 eV at G is easily
identified and shows a considerable dispersion of about
0.6 eV along the chains and negligible dispersion per-
pendicular [18]. The experimental dispersion in Fig. 3b
also amounts to about 0.5 eV between 0± and the zone
boundary at 8±. Moreover, we can analyze this dispersing
band further and find, e.g., at X with 48% s, p character
within Au muffin-tin spheres, a distribution that is typical
for s, p states in this energy range [19].

In this way, the calculated results confirm also that (i) the
chain-substrate interaction is small enough and (ii) the
chain-chain interaction is sufficiently reduced in the pres-
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FIG. 4. Spin-polarization spectra show that the quantum-wire
state is of minority spin.

ent system and in the model (chain-chain separation of
10.0 Å) in order to cause a one-dimensional band disper-
sion. We investigated the influence of the height (h) of the
chain above the Ni surface and found that above 0.5 Å the
dispersion of the bands is constant within 0.01 eV. Closer
to the surface the bands parallel to the [001] direction had
0.05–0.1 eV less dispersion and were still almost flat per-
pendicular to [001]. Aware of the fact that the apparent
height of an STM image can be quite different from the
true atomic positions, we have chosen the structural model
of Ref. [16] in Fig. 5 since a small change in dispersion
does not affect our interpretation.

We want to discuss the peak broadening seen in Fig. 3b
at 28± and 1.5 eV. The periodicity of the zigzag struc-
ture (3 Ni lattice constants) leads to Bragg reflection gaps
expected at 68.3± and 1.5 eV. Although our calculation
does not predict the size of this gap precisely enough, this
is the most likely explanation for this broadening [20].

The minority-spin character shows that the confinement
of the electrons to the Au chain depends on their spin.
Spin-dependent hybridization of electronic states can lead
to a stronger chain-substrate interaction for one spin direc-
tion and a weaker chain-substrate interaction for the other
one, here minority spin, which is confined more strongly to
the Au chain. Analysis of the spin character in the calcula-
tion shows that the dispersing band in Fig. 5a is of minor-
ity spin. Figure 5b shows already that this band is located
near a 0.5-eV wide minority-spin bulk band gap extend-
ing around 23 eV. However, two Ni layers as substrate
are too thin to observe Ni bulk band gaps in a k-resolved
manner. Comparison to a 13-layer ferromagnetic Ni(110)
band structure [21] shows that away from normal emission
the measured energy positions of the quantum-wire state
lie in a bulk band gap of even symmetry and minority spin.
Keeping in mind that in the case of two-dimensional multi-
layers the spin character of quantum-well states is under-
stood as a result of spin-dependent bulk band gaps in the
magnetic material [2–9], this result indicates that also in
the present system the confinement in one dimension may
2563
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FIG. 5. Results from the ab initio calculation. (a) E vs k
band dispersions for states with substantial charge density on
Au atoms. A strongly anisotropic dispersion is observed. [X
and Y refer to the p�3 3 4� structure.] (b) Partial densities of
states for Au (left) and Ni (right). Solid lines are for majority
spin and dashed lines for minority spin.

be imposed by spin-dependent bulk band gaps which lead
to the different degree of confinement for the two spin
directions.
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An Elastic ‘‘Sieve’’ to Probe Momentum Space: Gd Chains on W(110)
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Electron scattering conditions of one-dimensional nanostructures are explored in angle-resolved
photoelectron spectroscopy. Tiny increments of the Gd submonolayer coverage on W(110) lead to strong
modifications in the spectra. It is shown that the Gd overlayer represents an elastic superlattice of chains
which performs a systematic mapping of the electronic band dispersion of the W substrate through a
quasicontinuous series of umklapp wave vectors. Conversely, a single valence-band spectrum contains
essential and precise structural information readily accessible by comparison to the band dispersion.
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FIG. 1 (color online). Structure of Gd on W(110). Chains
along �110� are formed which approach each other for increased
Gd deposition. Colors mark Gd atoms with relatively higher
(red) and lower (orange) positions according to Ref. [9].
Our knowledge of the electronic structure of solids is
largely based on measurements by angle-resolved photo-
electron spectroscopy since it is the only method to
deliver E�k� band dispersions of the valence electrons
[1]. These band dispersions determine many fundamental
properties like electrical conductivity, magnetism, opti-
cal properties, and mechanical properties along the vari-
ous crystallographic directions, and numerous data have
meanwhile been measured and compiled [2]. In order to
perform a band mapping experiment on a crystal, it has
been necessary to either exploit the conservation of the
electron momentum parallel to the surface kk by mea-
suring different emission angles of the photoelectron or
change the wavelength of the exciting photon source to
vary the perpendicular wave vector k? along a high
symmetry direction of the crystal [1].

With the exploration of the properties of ultrathin films
as two-dimensional quantum-well structures, another
method to determine E�k� has been devised [3]. It was
realized that the interface between the film and the crys-
talline substrate on which it is grown can serve as a
sufficient scatterer for electrons to lead to electron con-
finement similar as with light waves in an optical Fabry-
Perot interferometer. This allows a most precise mapping
of the band dispersion by just varying the film thickness
layer by layer in an angle-resolved photoelectron spec-
troscopy experiment [4].

The recent quest for lateral electron confinement in
one-dimensional nanostructures has led to impressive
interference effects of electron waves when atomic bar-
riers are artificially constructed with the tip of a scanning
tunneling microscope (STM) [5] or at the step edges at
miscut crystal surfaces as natural scatterers [6]. We there-
fore pose the question whether lateral nanostructures can
offer yet another way to experimentally obtain a band
dispersion by photoelectron spectroscopy. To this end, a
superlattice of scatterers needs to be constructed with the
possibility to tune its lattice constant d over a consider-
able range. This superlattice could act like a ‘‘sieve’’
selecting the electron momentum k according to k �
2�=d. It appears promising to utilize self-organization
04=93(25)=256802(4)$22.50 256802
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tendencies among adatoms with repulsive interactions
and to break the symmetry by a substrate with a rectan-
gular unit cell in order to force the atoms into chains. Au
atoms on Ni(110) form such repulsive chains with a
perfect one-dimensional electronic structure but the sys-
tem has a complicated geometry since the Au is partially
immersed in the Ni surface layer [7].

Enhanced versatility is expected turning to adsorbates
with stronger repulsive interactions. Adsorbed rare-earth
atoms on W(110) experience charge transfer which results
in the formation of a strong atomic dipole perpendicular
to the surface. The repulsive dipole-dipole interaction
among the rare-earth atoms stabilizes a series of super-
structures at room temperature [8,9]. Figure 1 displays
the structures realized below 0.7 monatomic layers (ML)
Gd/W(110) following the characterization by low-energy
electron diffraction (LEED) and STM in Refs. [8,9]:
Although the 10� 2 structure at lowest coverage is a
rectangular surface lattice, it is better described as chains
running along the �110� direction of theW(110) substrate.
-1  2004 The American Physical Society
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With increasing coverage, more Gd atoms need to be
squeezed in and are accommodated in new oblique latti-
ces in which the chains successively approach each other
along [001]. The interatomic distance along the chains is
thereby conserved.

The experiment has been performed using a hemi-
spherical photoelectron analyzer with 1	 angle resolution
and linearly polarized synchrotron light from undulator
beam lines U125/1 PGM and UE56/1 PGM at BESSY
[10]. Preparation of the W(110) sample and deposition of
Gd have been done as described in Ref. [11] for thicker
Gd/W(110).

Figure 2 shows at the bottom the clean W(110) spec-
trum characterized by W 6s states at 
6:3 eV and intense
emission from a W 5d surface resonance around 
1:2 eV
(0 eVcorresponds to the Fermi energy EF) [12]. Along the
[110] surface normal, W(110) displays an even-symmetry
bulk band gap extending from 
2 to 
6:3 eV [12]. For a
photon energy of 62.5 eV, direct transitions from the lower
boundary of this gap (
6:3 eV at the N point of the
Brillouin zone) dominate the spectrum. Gd was deposited
onto the W(110) substrate at room temperature, and after
each deposition step the sample was annealed to �250 	C
for 2 min. The first indication of Gd adsorption is from the
unresolved multiplet of Gd 4f emission (4f6 final state) at

8:3 eV and 0.28 ML coverage. While the W surface
resonance and the W 6s peak have lost intensity, new
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FIG. 2. Photoemission spectra of the valence band for vari-
ous Gd coverages on W(110). In the range of the forbidden gap
of W (
 2:0 to 
6:3 eV) strong changes occur.
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shoulders appear at 
5:4 and 
2:3 eV for 0.28 ML. At
0.39 ML, one shoulder has moved to 
4:7 eV, and with
each further Gd deposition step, the spectral shape
changes continuously and becomes dominated by the
new features. This behavior, unprecedented in submono-
layer growth, continues until the spectral shape saturates
with the completion of the first Gd monolayer indicated
most clearly by a shift of the Gd 4f levels from 
8:3 to

8:05 eV.

Before connecting the observed behavior to the series
of superstructures shown in Fig. 1, we perform a test on
the origin of the new photoemission structures. As di-
rect photoemission transitions from W are symmetry
forbidden in the energy range 
2 to 
6:3 eV (the small
shoulder at 
3:3 eV is a so-called high density-of-states
peak), emission from Gd 5d states is a possible cause for
the new features. Resonant photoemission at the Gd 4d
excitation threshold (maximum at �149 eV photon en-
ergy) can unambiguously distinguish Gd- from W-
derived valence-band states. The resonance process en-
hances very strongly the Gd 4f emission via 4d104f7 �
h� ! 4d94f8 ! 4d104f6 � e
 but at the same time also
the Gd 5d emission via 4d104f75dn�h�!4d94f85dn!
4d104f75dn
1�e
. In Fig. 3, the Gd deposition was re-
peated without annealing and besides 62 eV two vicinal
photon energies, 145 and 147 eV, were used. Between these
energies the resonant photoemission intensity rises
steeply so that the area enclosed between 147 and
145 eV spectra can be taken as a good approximation of
the Gd 5d density of states. Interestingly, on this basis
none of the peaks in the forbidden gap can be assigned to
Gd which rather appears in the energy range between

2 eV and EF. All new structures marked in Fig. 2 are
therefore derived from W.

The behavior of the spectra in Fig. 2 bears a certain
similarity to E�k� band dispersions but with k replaced by
the Gd coverage. The connection to the superstructures of
Gd chains is explained in Fig. 4(a) which shows a cross
section through the �110� plane of the crystal in recip-
rocal space. It is identical to the Ewald construction for
LEED but taking the photoelectron as the primary wave.
� is the center of the first surface Brillouin zone of
W(110), identified with normal electron emission, and
represented by a rod perpendicular to the surface plane.
�0 is the center of the second surface Brillouin zone of
W(110), separated by 4:0 �A
1 along [001]. In addition,
reciprocal lattice rods (dashed) from an arbitrary super-
structure are shown. All these rods correspond to centers
of the superlattice Brillouin zone and one point on a rod
away from � is chosen. Figure 4(a) indicates how this
point, ki;1, can nevertheless contribute to normal electron
emission (�) through a single scattering event at the
superlattice or surface reconstruction. This is represented
by the diffraction vector G1 on the Ewald sphere. In
angle-resolved photoelectron spectroscopy, this is a non-
direct transition known as the umklapp process [13]: kk is
-2
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conserved when the electron passes through the surface
according to kext

k
� kint

k
�Gk where Gk represents any

reciprocal lattice vector in the surface plane. This rela-
tionship has been used to assign unexpected features in
photoemission spectra but never systematically or with-
out varying k? [13]. For the present experiment, this
means that the 10� 2 structure corresponds to kk �


Gk �
1
10 ��

0 or 0:40 �A
1. Figure 4(b) shows how kk

increases with increasing Gd coverage as the n� 2 series
continues with 0:50 �A
1 (8� 2), 0:57 �A
1 (7� 2),
0:66 �A
1 (6� 2), and 0:80 �A
1 (5� 2) along [001]. The
umklapp vector kk although given by the Gd probes
momentum space of the W.

The validity of this interpretation can directly be
checked in the experiment. The basis is the observation
that angle-dependent photoemission is governed by the
same relationships as the umklapp effect: In angle-
dependent photoemission, Figs. 4(c) and 4(d), the sample
is tilted off normal against the detector by an angle �
giving the electron wave vector that is probed a parallel
component jkkj � �

���������������������
2mEkin;vac

p
= �h�sin�. The Ewald

spheres in Fig. 4 indicate further that any identity G1 �

kk;1 determines that also the respective perpendicular
components k? are equal (neglecting changes of the
work function); i.e., the same point of the bulk
256802
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Brillouin zone is sampled in 4(a) and 4(c) and in 4(b)
and 4(d), respectively.

As a demonstration, we show in Fig. 5(a) a Gd coverage
dependence measured under the same conditions as in
Figs. 2 and 3 but at room temperature and smaller cover-
age steps of �0:03 ML and displayed in a color represen-
tation vis à vis the angle dependence for clean W(110)
along [001]. For a Gd coverage from 0 up to �0:7 ML,
where the intrachain distance remains constant, an im-
pressive similarity between the two cases is observed in
the energy range of the gap (
 2:0 to 
6:3 eV). The fact
that the kk vector does not change continuously but in
discrete steps can be seen from the strongly dispersing
band in Fig. 5(a). Energies jump rather abruptly from

4:1, 
4:6, to 
5:4 eV in a range where the Gd coverage
is varied in 10 steps at least.

A few remarks should be made concerning the impli-
cations of these results. The results emphasize the impor-
tance of electron scattering and demonstrate that it will
seriously complicate the interpretation of electron spec-
troscopy of nanostructures assembled on flat, prepatter-
ened, or stepped substrates. The effect occurs more
strongly the better the nanostructures are ordered. The
present results represent, on the other hand, only the
starting point of a more systematic exploitation of the
structural information contained in the umklapp emis-
-3



FIG. 5 (color). Coverage dependence in normal emission of
Gd/W(110) (a) versus emission angle dependence of clean
W(110) along [001] (b). The Gd overlayer provides for a
quasicontinuous series of umklapp vectors Gk in proportion
to the Gd coverage to sample the W bulk band structure. Up to
�0:8 ML, all transitions inside of the gap (
2 to 
6:3 eV) are
of the umklapp type. Note the direct transitions at 
6:3 eV
(N-point of W) and 
8:3 eV (Gd 4f).
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sion. The structural information contained in the
umklapp-induced peaks can indeed serve as the basis of
a coverage calibration of unprecedented precision and can
be used to assign the initial-state effects simultaneously
present in the spectra.We want to briefly return to Fig. 2 to
point out the behavior of the W surface resonance at

1:2 eV. It was found that this surface resonance directly
connects to the two-dimensional Fermi surface of W(110)
[14]. The changes of the surface resonance observed in
Fig. 2 indicate that Gd acts on the Fermi surface. The
dipole interaction between Gd atoms is basically iso-
tropic, but using the structural information contained in
the umklapp part of an individual valence-band spectrum
together with electronic properties from the direct tran-
sitions, it will be possible to identify the modifications of
the Fermi surface which force the Gd atoms into chains
and in this way put the geometry down to the electronic
structure.

In summary, we have shown how a coherent array of
Gd nanostructures, stable at room temperature on
W(110), can be used to probe the electronic structure of
256802
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the W substrate through a series of nondiret photoemis-
sion transitions. This emphasizes in an impressive way
the importance of scattering when studying electronic
properties, and some resulting problems and perspectives
for nanostructure research have been addressed.
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Spectroscopy (Springer, Berlin, 1995).

[2] Electronic Structure of Solids: Photoemission Spectra
and Related Data, edited by A. Goldmann, Landolt-
Börnstein, New Series, Group III, Vol. 23 (Springer,
Berlin, 1999).

[3] R. C. Jaklevic and J. Lambe, Phys. Rev. Lett. 26, 88
(1971); P. D. Loly and J. B. Pendry, J. Phys. C 16, 423
(1983).

[4] J. J. Paggel, T. Miller, and T. C. Chiang, Science 283, 1709
(1999); T. C. Chiang, Surf. Sci. Rep. 39, 181 (2000).

[5] M. F. Crommie, C. P. Lutz, and D. M. Eigler, Science 262,
218 (1993).

[6] P. Avouris and I.W. Lyo, Science 264, 942 (1994); L.
Burgi, O. Jeandupeux, A. Hirstein, H. Brune, and K.
Kern, Phys. Rev. Lett. 81, 5370 (1998); A. Mugarza, A.
Mascaraque, V. Perez-Dieste, V. Repain, S. Rousset, F. J.
Garcia de Abajo, and J. E. Ortega, Phys. Rev. Lett. 87,
107601 (2001).

[7] C. Pampuch, O. Rader, T. Kachel, W. Gudat, C. Carbone,
R. Kläsges, G. Bihlmayer, S. Blügel, and W. Eberhardt,
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Structure and electron correlation of Mn on Ni„110…
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We have deposited Mn on the~110! surface of Ni and discover ordering into ac(232) superstructure for
coverages of 0.35–0.5 monolayer Mn. Mn 2p photoemission spectra show distinct satellite structures which
disappear for higher Mn coverage. Calculations using configuration-interaction theory including multiplet
effects on a model cluster representing the local geometry of a surface alloy identify the features as correlation
satellites and give model parameters as follows: charge-transfer energyD51 eV, Coulomb energyU53 eV,
and transfer integralT51.2 eV. A detailed comparison to the case ofc(232) Mn/Cu~100! leads to the
conclusion thatc(232) Mn/Ni~110! is a new magnetic surface alloy.
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I. INTRODUCTION

A new material class termedordered magnetic surface
alloys has recently been characterized by Wuttig, Gauth
and Blügel.1,2 Materials pertaining to this class consist of
metallic crystal surface on top of which atoms that bea
magnetic moment arrange in a certain superstructure.
structure differs not only laterally from a simplep~131!-type
overlayer: Experimental and theoretical structure determ
tions revealed that the adsorbate occupies sites of the su
atomic layer of the substrate, however at a comparativ
large outward relaxation. For the first ordered magne
surface alloy that has fully been characterized, the sys
c(232) Mn/Cu~100! formed by deposition of the mas
equivalent of 0.5 monolayer~ML ! Mn, this outward relax-
ation amounts to 14% of the Cu~100! interlayer dis-
tance.1 Subsequent to the characterization of this system,
other manganese surface alloy has been identified:c(232)
Mn/Ni~100!.3 In addition to these surface alloys at nomin
half-monolayer Mn coverage, more complicated structu
have been identified for deposited amounts beyond 0.5
like the p2mg(432) Mn/Cu~100! structure.4 The stability
of these systems has been studied byab initio total-energy
calculations with the result that they are stabilized by
presence of the magnetic moment; i.e., the structures w
not form for a paramagnetic Mn atom.1,2

Interesting magnetic properties have been predicted.
Mn-Mn distance in thec(232) Mn/Cu~100! system is by a
factor of A2 larger than in bulk fcc metals like Cu. Thi
increased distance is expected to revert the magnetic
pling between Mn moments from antiparallel to paral
causing long-range ferromagnetic order.1 Experimentally,
however, neither magnetic circular x-ray dichroism at roo
temperature5 nor spin-resolved photoemission at liqui
nitrogen temperature6 have yet been able to confirm this in
teresting prediction forc(232) Mn/Cu~100!. On the other
hand, the surface-alloy systemc(232) Mn/Ni~100! orders
ferromagnetically with parallel coupling of the Mn momen
to the magnetization of the Ni substrate as seen from m
0163-1829/2001/64~16!/165414~5!/$20.00 64 1654135
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netic circular x-ray dichroism measurements.5,7 Temperature-
dependent studies show that ferromagnetic order is cau
by the ferromagnetism of the Ni substrate and that the
follows the magnetization of the Ni surface atomic layer.7

In a complete study of the occupied and unoccupied e
tronic structure ofc(232) Mn on Cu~100! it has been ob-
served that the exchange splitting of Mn 3d is almost twice
as large in photoemission and inverse photoemission t
from first-principles calculations.6 For c(232) Mn/Ni~100!
the experimental value exceeds the theoretical one still b
factor of 1.5.6 In addition, the angle dispersion of Mn 3d
minority-spin states has been found to be very small~110
meV! for c(232) Mn/Cu~100!.6 Both observations indicate
strong correlation of 3d electrons in thec(232) structure.
This has been verified by the observation of a valence-b
satellite structure forc(232) Mn/Cu~100! with prominent
peaks at 8 eV and 9.6 eV binding energy.8 In order to distin-
guish the Mn-derived valence-band satellite from the we
known Cu-derived satellite peaks at 11.8 eV and 14.6 eV,
assignment of the Mn-derived satellite has been done on
basis of resonant photoemission at the Mn 3p excitation
threshold. Interestingly, Mn 2p core-level photoemission
spectra also show intense satellite structures forc(232)
Mn/Cu~100!, and this fact renders identification of correl
tion effects in an element-selective manner particula
convenient.8 For this system, the positions of Mn 3d states
in photoemission and inverse photoemission, of the valen
band satellite, and of the Mn 2p core-level satellite have
been used in Ref. 8 to consistently describe the system
a simple configuration-interaction cluster model and to
rive model parameters.

It is interesting to ask whether the class of ordered m
netic surface alloys is limited to Mn on~100! surfaces of Cu
and Ni or whether further members can be identified. In fa
0.5 ML c(232) Mn/Cu~110! has been characterized a
surface alloy.9 On the other hand, thec(232) superstructure
of Mn/Ag~100! has been identified as a double-layer surfa
alloy involving 1.5 ML Mn.10 On fcc Co~100!, Mn has
been found to grow asp(131) overlayer;11 however,
weakc(232) low-energy electron diffraction~LEED! spots
©2001 The American Physical Society14-1
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have recently been reported for 0.3–0.8 ML coverage
considered as indication for surface alloy formation.12 On
Fe~100! and Fe~110!, on the other hand, onlyp(131) Mn
superstructures have been observed and interpreted
layer growth without interdiffusion.13,14 Interestingly, a
weakc(232) superstructure has also been found for 1 M
Co/Cu~100! after annealing.15

In the present work, Mn is deposited on Ni~110!, and a
c(232) structure appears around half-monolayer covera
We study electron correlation effects on the electronic str
ture. Ni as substrate poses a similar problem to the ass
ment of valence-band features as the one mentioned a
for Cu: countless satellite lines have been distinguished
tween 6 eV and 35 eV binding energy for pure Ni.16 There-
fore, we use Mn 2p x-ray photoelectron spectroscopy. W
observe a distinct satellite which disappears together with
c(232) superstructure for higher Mn coverage. The satel
is similar to but weaker than the one observed forc(232)
Mn/Cu~100! in agreement with the expectation of somewh
larger hybridization between Mn and Ni as compared
the case of Mn and Cu. We used the experience gaine
previous analyses8 of Mn-based surface alloys and analy
the spectra using a corresponding configuration-interac
cluster model.

II. EXPERIMENTS

Experiments were done in a vacuum chamber equip
with standard tools for surface preparation and character
tion like LEED as well as a spherical electrostatic analy
~VG CLAM ! for x-ray photoelectron spectroscopy. We us
Mg Ka radiation for Mn 2p spectra. No correction for x-ray
satellite lines has been done. Preparation of the Ni~110!
single crystal has been performedin situ by Ne1

ion bombardment and heating cycles until a sharp and
tensep(131) LEED pattern was visible@Fig. 1~a!#. The

FIG. 1. LEED patterns of~a! clean Ni ~110! and ~b! 0.35 ML
c(232) Mn/Ni~110! taken at 87 eV and of 1.1 ML (731) Mn/
Ni~110! taken at 87 eV~c! and at 120 eV~d!. ~c! is a closeup.
16541136
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base pressure was in the upper 10211 Torr range; e.g., when
measuring the 0.35-ML spectrum shown in Fig. 2 the b
pressure was 6.5310211 Torr and rose to 9.5310211 Torr
during operation of the x-ray source. Mn has been eva
rated from high-purity pieces by electron-beam heating
closed in a water-cooled jacket. The deposition rate~0.7 ML/
min! has been calibrated with an oscillating quartz and k
constant duringin situ deposition by measuring the Mn io
current. This was particularly useful since spectra from d
ferent measurements had to be added. To keep sample
tamination at a small level, we completed data aquisition
each sample in less than 2 h time, after which it was repre

FIG. 2. Mn 2p core-level photoelectron spectra for various co
erages of Mn on Ni~110!. No background correction was done fo
all but the lowest two coverages, where a linear slope caused by
Ni substrate has been subtracted. Intense satellites about 5 eV b
the main peaks appear in particular for thec(232) structure.
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pared and the measurement reiterated. Moreover, we us
pass energy of 50 eV ensuring a high count rate. Spe
were taken with the sample at room temperature.

Figure 1~a! shows thep(131) LEED pattern of the clean
Ni~110! substrate. For 0.35-ML@Fig. 1~b!# and 0.5-ML Mn
coverage an intensec(232) superstructure is observed. Th
substrate temperature was kept at 70 °C during Mn dep
tion. This temperature has been found favorable for
growth of c(232) Mn on the~100! surface of Ni,3 and in
fact the present superstructure is as intense as the one
served previously forc(232) Mn on ~100! surfaces of Cu
and Ni bulk crystals. Around the full monolayer coverage
731 pattern is observed in Figs. 1~c! and 1~d!. This struc-
ture could be a relaxed full Mn monolayer similar to the o
obtained by deposition of 1 ML Mn on Cu~100! at low tem-
perature~,270 K! which results in an 832 structure.17 The
thickest coverage deposited in the present work~3.9 ML!
leads to a diffuse LEED pattern.

The Ni surface is reactive; this holds even more after
deposition. It should be noted in this context that oxyg
does not generate ac(232) superstructure on Ni~110!.18

Rather, on the contrary, it has for Cu~110! been shown tha
the addition of oxygen destroys the Mn-inducedc(232)
superstructure.9 The actual amount of contamination has
the present work been estimated from the ratio of O 1s ver-
sus Mn 2p3/2 photoemission intensities using tabulated s
sitivity factors.19 Clean surfaces are crucial in this expe
ment, and the sample with the lowest Mn coverage is m
sensitive to a deterioration of the Mn 2p spectrum. For the
lowest Mn coverage in Fig. 2~0.35 ML!, an oxygen cover-
age of not more than 0.05 ML results from our estimate.
have also measured the Mn 2p spectrum of a 0.35-ML-Mn
sample after 2-day exposure to the residual gas and dis
it in the inset of Fig. 2. This spectrum shows that oxidiz
tion leads to a peak at a binding energy between the
main peak and the satellite peak~to be discussed below!
of the Mn-inducedc(232) structure. Moreover, the spec
trum in the inset of Fig. 2 resembles the MnO2 spectrum
from Ref. 19.

Figure 2 shows the thickness dependence of Mn 2p core-
level spectra. For thec(232) structure, we observe a broa
and intense satellite about 5 eV below the 2p3/2 and 2p1/2
main peaks which has almost equal intensity for 0.35 and
ML. For 1.1 ML, the satellite already loses intensity, and
1.8 ML the spectral shape approaches the one of bulk
metal without extra structures.

We will argue in the following section that the reduce
Mn-Mn coordination in thec(232) structure, where ideally
no Mn-Mn next-neighbor pairs exist, results in enhanc
electron correlation giving rise to the satellite structures. T
holds to a lesser extent also for the the 1.1-ML overla
where Mn-Mn interaction is reduced due to the vacuum
terface and due to missing subsurface Mn neighbors.

III. MODEL CALCULATIONS

For thec(232) structure, the Mn 2p excitation spectrum
can be described by a simple configuration-interaction mo
on a Mn-Ni cluster. Previously, we have successfully e
16541137
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ployed a simpler model for the case ofc(232)
Mn/Cu~100!.8 In analogy to the cases of Mn on Cu~100!,
Cu~110!, and Ni~100! we tentatively assign the behavior o
LEED and photoemission to the formation of a surface all
As with these three similar surface alloys, which are str
turally very similar to each other, a substantial outward
laxation can be expected. Interestingly, it has been arg
that the intense superstructure LEED reflexes are not
pected to occur for systems without such a substantial re
ation because of the proximity of the atomic numbers of M
on the one hand and of Ni or Cu on the other hand.2 We use
for the present model the same Mn relaxation of 0.0a
~wherea is the substrate lattice constant! as obtained from
the quantitative analysis forc(232) Mn/Cu~110!, keeping
in mind that the relaxations forc(232) Mn on Cu~100! and
Ni~100! have been found to be very similar to each other

The present data analysis method has widely been app
in studies on transition-metal compounds, and the rea
may find basic aspects of the configuration-interaction cl
ter model in the review literature.20 Core-level photoemis-
sion with its element sensitivity is particularly useful whe
combined with configuration-interaction calculations whi
include the multiplet effect and charge-transfer effect.21–23In
particular, transition-metal 2p photoemission, which can ef
ficiently be excited by conventional Mg and AlKa radiation,
has been analyzed by configuration-interaction theory i
systematic way.24,25 In the configuration-interaction calcula
tion on the cluster-type model, while the multiplet effect
derived from the Coulomb interaction term between t
transition-metal 2p core hole and transition-metal 3d elec-
trons, the charge-transfer effect is due to the hybridizat
term between the transition-metal 3d orbitals and ligand or-
bitals. It has been found that the charge-transfer effec
more important than the multiplet effect to explain transitio
metal 2p photoemission line shape observed in ma
transition-metal compounds.24 ~On the other hand, the mul
tiplet effect is much more important than the charge-trans
one in transition-metal 2p x-ray absorption, x-ray emission
and electron-energy loss spectra.! Therefore, we used a ver
sion of the configuration-interaction cluster model in whi
the Coulomb interaction term is included in a simplifie
way24 and, instead, the hybridization term between the M
3d and ligand orbitals in the Mn-Ni cluster is considered
an exact way.

Figure 3 shows the structural model used in the pres
work. It is more complex than the one used previously8 due
to the twofold symmetry of the fcc~110! surface. Two Ni
atoms in the surface~S! layer ~type 1, Mn-Ni distance
0.710a with a being the Ni lattice constant!, four in the S-1
layer ~type 2, 0.739a), and one in the S-2 layer~type 3,
0.767a) are considered; the two remaining atoms in the
layer are too far (1.003a) and therefore have been cut of
The ground state of the cluster considers three config
tions, i.e.,

cg5a0ud5&1a1ud6L&1a2ud7L2&.

Here, L denotes a ligand hole, which corresponds to
transfer of an electron from a Nid orbital to a Mnd orbital.
4-3
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The energy associated with this charge transfer isD
5E(d6L)2E(d5). The Mn 3d– Mn 3d Coulomb interac-
tion energy isU5E(d6)1E(d4)22E(d5), where the en-
ergy E(dnLm) is the center of gravity of the multiplet corre
sponding to thednLm configuration. The transfer integra
describing the hybridization between Mn 3d and Ni 3d are
expressed in terms of Slater-Koster parameters (ddp) and
(dds). Expressions for their anisotropy and distance dep
dence have been taken from Ref. 26. The final state
Mn 2p photoemission is given by

c f5b0ucd5&1b1ucd6L&1b2ucd7L2&,

wherec represents a Mn 2p core hole. The Mn 2p–Mn 3d
Coulomb interaction energyQ has been tied toU by the
typical assumptionU/Q50.8. The Mn 2p photoemission in-
tensity is given by

I f}ua0b01a1b11a2b2u2

in the sudden approximation.

IV. ANALYSIS

The remaining parameters to be determined from
comparison to the experiment areD, U, andT5(dds). Out
of the two similar experimental spectra representingc~232!
Mn, the 0.35-ML spectrum has been chosen for compari
to theory. The reason is that the Mn local geometry will n
change if a fewc~232! sites are left empty; however, exce
Mn atoms will likely form Mn-Mn dimers which would
change the 2p spectrum. As usual, Lorentzian and Gauss
broadenings and an integrated background have been ap
to the theoretical spectrum. Figure 4 shows the best
reached forD51 eV,U53 eV, andT51.2 eV. For compari-
son to the case ofc~232! Mn/Cu~100! we have repeated th
calculation for the MnCu8 cluster in the geometry describe
in Ref. 8 with the present model, i.e., including multipl
effects. We obtainD51.5 eV, U53 eV, andT51.0 eV for
the Cu-based system and an agreement with experiment

FIG. 3. Structural model employed in the configuratio
interaction calculation for thec(232) superstructure. Positions o
Mn ~large circles! and Ni atoms~small circles!. Hybridization be-
tween atoms marked by solid circles has been included in
model. For clarity, vertical distances appear expanded.
16541138
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stantially improved with respect to Ref. 8—almost perfe
matching between model and experiment is now reache
Fig. 4. The inclusion of multiplet splittings leads to slight
altered parameters23 like a reduction ofQ ~or U) ~D50 eV,
U54 eV, andT50.7 eV were obtained in Ref. 8!. Simi-
larly, inclusion of multiplets has a comparatively strong e
fect onD for the d5 configuration.20 Comparison of the two
systems of Fig. 4 confirms the expectation thatD andT, but
not U, vary slightly with the chemical environment~Ni and
Cu, respectively! of the Mn atom. The small but finite value
for the charge-transfer energyD are realistic in view of the
range obtained for three-dimensional Mn compounds~from
D56.5 eV for MnO to 1.5 eV for MnTe, Ref. 20!. The
present analysis corroboratesD,U, which means that in
Mn 2p photoemission spectra the main peak at lower bi
ing energy is rather dominated bycd6L and the satellite at
higher binding energy bycd5 configurations. FromD,U
also results thatc(232) Mn/Ni~110! and c(232) Mn/
Cu~100! can be characterized as charge-transfer compou
where in practice metallic conductivity of the systems will
provided by the Ni and Cu substrates.

e

FIG. 4. Configuration-interaction cluster-model theory f
c~232! Mn/Ni~110! compared to the measured spectrum of 0.
ML ~top!. The case of the well-characterized surface alloy 0.5 M
c~232! Mn/Cu~100! is shown for comparison~bottom!.
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V. CONCLUSION

It is concluded that geometrical and electronic structure
0.5 ML Mn on Ni~110! can consistently be described b
configuration-interaction theory on a local MnNi7 cluster. It
is demonstrated in this way that electronic properties can
used to conclude to some extent on the local geometr
structure of a metal-on-metal adsorbate system. The clus
model analysis corroborates the view that the local structu
arrangement leads to a strong electron correlation effect
the Mn, and together with our LEED study this indicates th
rli

.
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e

.

nd

c

16541139
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an ordered surface alloyc(232) Mn/Ni~110! has been iden-
tified in this work.
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Exchange splittings of Mn- and Sb-derived states by spin-resolved valence-band
photoemission of MnSb
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We have grown epitaxial~0001!-oriented films of the ferromagnetic intermetallic compound MnSb on
GaAs~111! substrates. Theex situgrown samples can be reprepared in such a way that clean, ordered, and
magnetically saturated surfaces are obtained. Using spin-resolved photoemission, Sb5p- and Mn3d-derived
spectral features are identified, and large exchange splittings~1.4 and 1.7 eV for Mn-Sb bonding states and
about 3.0 eV for Mn nonbonding states! are measured. Ourab initio band-structure calculation agrees rather
well with the experiment, reproducing the exchange splittings of Mn-Sb states but slightly underestimating that
of Mn states.@S0163-1829~98!50802-8#

Progress in various research areas has in the past years
rendered the ferromagnetic manganese monopnictides
MnAs, MnSb, and MnBi prime candidates for materials of
novel electronic devices: Large Kerr rotation angles, needed
in magneto-optical recording, have been measured for MnBi
~Ref. 1! and MnSb5%Pt.2 Both MnSb and MnBi have a large
magnetic moment and a Curie temperature well above room
temperature~e.g., MnSb:m53.5mB andTC5585 K; see Ref.
3!. The hexagonal crystal structure@NiAs type, Fig. 1~b!# is
favorable for obtaining uniaxial magnetocrystalline anisotro-
pies, and it has already been achieved to induce perpendicu-
lar magnetic anisotropy, which is desired in recording de-
vices, in films of MnSb12xBix .2 MnSb has been studied by
magnetic circular x-ray dichroism, and a substantial orbital
magnetic moment was found.4 Very recently, epitaxial
growth of MnAs~Ref. 5! and MnSb~Ref. 6! films on GaAs
crystals has become possible, thus enabling the integration of
ferromagnetic storage into semiconductor devices.

The various theoretical approaches to the electronic struc-
ture of MnSb have been reviewed in Ref. 3. In brief, ionic-
like models and alloylike models for different degrees of
hybridization between Mn and Sb electronic states have been
proposed. Recently, several calculations employing a band-
structure model were conducted.3,7 However, these predic-
tions have never been tested by angle-resolved photoemis-
sion, and comparison to experimental data was limited to
magnetic-moment and specific-heat measurements. Valence
band x-ray photoemission8 was only of limited benefit as it

was found to be in agreement both with a simple superposi-
tion of spectra of pure Mn and Sb in Ref. 8 and with a band
calculation predicting a large Mn moment and strong
Mn3d-Sb5p hybridization in Ref. 3.

Using spin- and angle-resolved photoemission, we want
to verify experimentally which model of the electronic struc-
ture is appropriate. The experiment on MnSb is particularly
challenging from the preparative point of view because of
the limited probing depth of the experiment~a few atomic
layers! and the possibility of losing the large Mn magnetic
moment and the ferromagnetic coupling of these moments in
the probed surface area if that should deviate from the ideal
MnSb crystal structure. It will be seen that it is possible to
obtain well-ordered and magnetically saturated surfaces and
that analysis of the spin is indeed essential in order to assign
spectral features and to verify in this way the complicated
electronic structure of MnSb.

MnSb~0001! films in themm thickness range were grown
onto GaAs~111! in a molecular beam epitaxy chamber at
JRCAT. Characterization during the growth was done using
reflection high-energy electron diffraction and Auger elec-
tron spectroscopy. Growth parameters were similar to the
ones published in Ref. 6. The samples were capped with Sb
and exposed to air during transport to the beamline. Sample
surfaces were reprepared by Ne1 ion bombardment and an-
nealing cycles until an intense and sharp hexagonal low-
energy electron diffraction pattern became visible indicating
a well-ordered surface. It was verified by Auger spectros-
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copy and photoemission at low photon energies that carbon
and oxygen contaminations had completely been removed.
Samples were remanently magnetized by applying a mag-
netic pulse in the film plane. We verified with magneto-
optical Kerr effect that the remanent magnetization was al-
most 100% of the saturation magnetization. Spin- and angle-
resolved photoemission measurements have been performed
using linearly polarized light from the revolver undulator
beamline9 19A of ISSP at Photon Factory, Tsukuba, for ex-
citation and a 100-keV Mott detector10 for spin analysis. The
light was predominantlys polarized ~18° off-normal inci-
dence!. Angle-resolved photoemission spectra were also
taken at beamline 18A with mixed~s and p! polarization
~45° incidence!. The vacuum was between 1 and 2310210

Torr, and the sample was cooled to LN2 temperature during
spin-resolved measurements.

The appropriate photon energies for probing the elec-
tronic structure of MnSb lie below the 3p-3d resonant exci-
tation threshold of Mn~50 eV!. We measured angle-resolved
photoemission spectra betweenhn520 eV and 40 eV@Fig.
1~a!#. Emission was found to extend fromEF down to about
6 eV, assigned to Sb 5p and Mn 3d states and 10–11 eV
assigned to Sb 5s states~not shown!. However, a clear sepa-
ration of Mn3d- and Sb5p-derived spectral features appears
difficult, possibly due to substantial hybridization between
these orbitals.

Figure 2 shows spin-resolved photoelectron spectra. For
25.8 eV and 38.2 eV photon energies we expect to probe
bulk initial states near theA andG points, respectively@see
the Brillouin zone in Fig. 1~b!#.11 The spectrum at the bot-
tom, measured at 25.8 eV photon energy, displays large dif-
ferences between the majority-~upward triangles! and the
minority-spin channel~downward triangles!, proving ferro-
magnetic order in the surface region of the sample. In detail,
there appears a single peak in the minority spectrum at22.0

eV and a broader peak~'22.8 eV! with a low-energy shoul-
der ~'23.7 eV! in the majority spectrum. We expect Sb-
derived emission to be less intense than Mn emission be-
cause the photoionization cross section favors Mn3d over
Sb5p at this photon energy.12 The structures in each spin
channel with lowest energy, i.e., the majority-spin shoulder
at 23.7 eV and the minority-spin peak at22.0 eV, are of
comparable intensity and smaller than the main majority-spin
peak. Their energy separation, 1.7 eV, is incompatible with
pure Mn3d states in view of the large measured Mn moment
of 3.5mB , and they are for this reason assigned as exchange-
split states with substantial Sb5p character. The maximum of
the intense peak centered around22.8 eV is, on the other
hand, assigned to Mn3d. As a second intense minority spin
peak is absent, the spectrum suggests that the Mn exchange
splitting is very large~.2.8 eV!, so that the corresponding
minority-spin state is unoccupied.13

This interpretation is corroborated by our electronic struc-
ture calculations from first principles using the full-potential
linearized augmented plane wave~FLAPW! method:14 In
Fig. 3 we have highlighted Mn-Sb bonding states~dashed!
and Mn nonbonding states~solid!. For symmetry reasons15

we expect in the present setup along@0001# (G-L-A direc-
tion! emission fromL5 andL6 initial states. The band struc-
ture shows that theA point is fortunate for determining the
exchange splitting sinceL5 and L6 states are degenerate
here and, for minority spin, emission from only one initial
state~A3 symmetry! is expected.

TowardsG, theL5 bands disperse to lower energies. This

FIG. 1. ~a! Angle-resolved photoemission spectra between 20
eV and 40 eV photon energy in steps of 2 eV. Light polarization is
mixeds1p. Intensity induced by second-order light is marked.~b!
Selected spectra for mainlys-polarized light nearG. The spectra are
consistent with a minority-spin band crossingEF on the way fromA
to G. Crystal structure~NiAs type! of MnSb and bulk Brillouin zone
are also given.

FIG. 2. Spin- and angle-resolved photoemission spectra of
MnSb~0001!. Upward triangles denote majority spin, downward tri-
angles minority spin. Spectral features corresponding to exchange-
split pairs of states are indicated. In addition, predictions for energy
positions of exchange split states from this work~FLAPW! and Ref.
3 ~ASW! are given.
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can also be seen from the spectra in Fig. 2. The position of
the minority-spin peak assigned to Sb changes from22.0 eV
at hn525.8 eV to22.5 eV at 38.2 eV. In our calculation,
the Mn nonbonding minority-spinL5 band follows this dis-
persion, and it is predicted that this band becomes occupied
halfway betweenA andG. In the 38.2-eV spectrum a small
peak atEF is seen but no minority spin polarization. As a
whole, this spectrum appears less spin polarized than the
25.8-eV spectrum. Although a somewhat smaller polariza-
tion can be expected~e.g., around23 eV! because the cal-
culations predict, in agreement with our spectra, a smaller
exchange splitting of Mn-Sb bonding states atG than atA,
the main cause for a reduced polarization athn538.2 eV is
likely to be the smaller probing depth of photoelectrons and
therefore a larger contribution of surface imperfections to the
spectrum at this photon energy. We might therefore consider
the set of spin-averaged spectra of Fig. 1~b!, where we find
an indication for a band crossing the Fermi level going from
A to G. The only crossing ofEF predicted is the Mn non-
bonding L5 minority-spin band, and we suggest therefore
that the exchange splitting of Mn 3d states can be measured
between the maximum of the majority peak in the 38.2-eV
spectrum and roughly the position of the Fermi energy as 3.0
eV.

The exchange splittings are summarized in Table I and
the boxes in Fig. 2 also show for comparison energy positons
of exchange split pairs of states calculated here and in Ref. 3.

The measured exchange splittings of Mn-Sb bonding states
are in very good agreement with the calculation. The energy
broadening of the minority peak~about 1.2 eV FWHM!
agrees with the one determined in Ref. 16 for Fe, neighbor-
ing Mn in the periodic system~1.2 eV at 2 eV belowEF).
The energy position measured at 25.8 eV cannot directly be
compared to the calculation becausek' is uncertain, but the
position measured forhn538.2 eV ~22.5 eV! is equal or
lower than the calculated bottom of theL5 minority-spin
band~22.41 eV here;22.16 eV in Ref. 3!. We also see that
the measured exchange splitting of Mn nonbonding states of
about 3.0 eV is slightly larger than that obtained by the cal-
culations.

There is not much experience in probing the band struc-
ture of a material with so large ferromagnetic exchange split-
ting and moment. Fe, Co, and Ni show much smaller split-
tings ~experimentally about 2.2, 1.4, and 0.3 eV,
respectively!, and anarrowing of the 3d band width ~by
about 10% for Fe and 30–50 % for Ni! with respect to band
theory is found in photoemission, contrasting somewhat the
present results, where some peaks are found slightly farther
away fromEF . On the other hand, deviations reported here
for the exchange splitting can already be explained by an
underestimation of the magnetic moment in the calculation
~Table I!. The deviations are also much smaller than, e.g., for
the strongly correlated systems MnTe~111! ~Ref. 17! and
c(232) CuMn/Cu~100!,18 where splittings~in photoemis-
sion and inverse photoemission! exceed the ones from band
theory by factors of 1.5 and 2, respectively. Therefore, we
conclude that correlation effects play rather a minor role in
the electronic structure of MnSb.

The related, although structurally different, compound
NiMnSb has by band theory been predicted to be a half-
metallic ferromagnet with the property of full spin polariza-
tion at the Fermi level.19 The present results lend credit to the
band theory approach for the Mn pnictides, and an experi-
mental investigation of this exciting property should be un-
dertaken.

O.R. acknowledges financial support by the Japan Society
for the Promotion of Science and a Grant-in-Aid by the Min-
istry of Education, Science and Culture, Japan, as well as
support by Alexander von Humboldt-Stiftung. This work
was partly supported by the New Energy and Industrial
Technology Development Organization~NEDO!.

FIG. 3. MnSb band structure alongG-L-A calculated from first
principles. Exchange splittings of Mn-Sb bonding~b, thick dashed
line! and Mn nonbonding~nb, thick solid line! states are indicated.
Sb5s-derived bands at lower energy are not shown. Energies are
referred toEF .

TABLE I. Measured exchange splittings of Mn-Sb bonding~b!
and Mn nonbonding~nb! states compared to theory~in eV!. The
total magnetic moment is also given~in mB).

Expt. ASW ~Ref. 3! FLAPW

Dex(G51 ,b) 1.460.3 1.51 1.36
Dex(A3 ,b) 1.760.3 1.72 1.56
Dex(G51 ,nb) '3.0 2.51 2.48
Dex(A3 ,nb) .2.8 2.66 2.62
m 3.5 ~Ref. 3! 3.24 3.21
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bcc Mn(110)/W(110)
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