
Adequacy of the
Classical Potentials

for the study of
Thermodynamic Properties
of Transition Metal Clusters

Zacharias G. Fthenakis���, Antonis N. Andriotis�

fthenak@iesl.forth.gr

�Institute of Electronic Structure and Laser - FORTH

�Department of Physics, University of Crete

Talk – p.1



������

����������	 �
���
����� ������� �
�

��������
����� ����
�
�� clusters 

����

��

�

���� ��
����� ��� 
�� �����
��

�������
��
	

� ����
�� ���
���� Nose - Hoover
(S.Nose, Mol.Phys. 52, 255, (1984); J.Chem.Phys. 81, 51, (1984)

W.G.Hoover, Phys.Rev.A, 31, 1965, (1985) )

� ���������� �� ���	 ��������	 (Tight Binding)

! " ��
 Harrisson

� #�����
��� ���� Hubbard

Talk – p.2



���	� 




��
���������� �� $����	 � � �

%�
 ���� �� Pentium & �

 '()* GHz

�� � +, ! +- ���	 ��
 ���� �������
��


Z.G.Fthenakis, A.N.Andriotis, M.Menon,
Temperature evolution of structural and magnetic
properties of transition metal clusters,
Journal of Chemical Physics

%�
 cluster +*. 

���� �� � +,x��� ���	 �

'  ����
 ///

0�0%12#�3�41

Talk – p.3



��
� ��� ���� 
 
 


4�
���� ���
���� ��

� 51 � ��
����������

� $����	 � � � � �
� ����
��� 6���� �� � ���
�7

���� ������

� #8���� ��
����8 ���
����8 ��� 
������� 
�	

����	 ����	 �� 
�� 39: �
��	 
���;�� �

�������
��


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

� ����������	 �
���
���	 ����	 
�� 
�� 39: ��

��
��������
 ���




Talk – p.4



� �������

����
�� ���
���� ��� �

���� �������
��


�

4
������ 4


����

�

#<������	 Nose - Hoover

�
����

���

� ���� � ��
���

��
� � � �� �� ���� �

	
��

��
�

�
�

�
�

�
�� �
�

�
��
� � � �� � �

#������ "


��
��� �:�

Talk – p.5



��
����������� ���������

� 0�� ��:

� �������� ���� � �� �����

� �	�
����� ��
���
���� ��� � �
�

��
�������
����

� ������
�� ������
� ��� � �
�

��
���������
����

��� �

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

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

��� �

� 0��  ������8	 �����	 51���	

� Lindemann Index Æ � �


�
���
�

�
�
�

������
�����


����

� ������
�� ���� 	 � �



�
��


��
� � 
����� �

Talk – p.6



�������  �������!

� 4�
����� ���
����

� Lennard - Jones

� Morse

� Erkoc I

� Cleri - Rosato

� Sutton - Chen

� Erkoc II, Erkoc III

� Uppenbrink - Wales

� EAM (Johnson, ...)
Annual Reviews of Computational Physics IX - edited by

Dietrich Stauffer - World Scientific - 2001

S. Erkoc - Empirical Potential Energy Functions Used in the

Simulations of Material Properties

� Tight Binding Hamiltonian
Talk – p.7



"��#�$���"#"

Talk – p.8



0 1000 2000 3000
Temperature (

o
K)

0

0.1

0.2

0.3

0.4

0.5

E
ne

rg
y 

(e
V

)

Energy  per atom for the Ni3 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales II
Johnson

Talk – p.9



0 100 200 300 400 500
Temperature (

o
K)

0

0.02

0.04

0.06

0.08

0.1

E
ne

rg
y 

(e
V

)

Energy  per atom for the Ni3 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales
Uppenbrink − Wales
Johnson

Talk – p.10



0 1000 2000 3000
Temperature (

o
K)

0

2

4

6

8

10

C
v(

k B
)

Cv per atom for the Ni3 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales II
Johnson

Talk – p.11



0 100 200 300 400 500
Temperature (

o
K)

1

1.2

1.4

1.6

1.8

2

C
v(

k B
)

Cv per atom for the Ni3 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales I
Johnson

Talk – p.12



0 1000 2000 3000
Temperature (

o
K)

0

0.1

0.2

0.3

Li
nd

em
an

n 
In

de
x 

(δ
)

Lindemann Index for the Ni3 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales I
Johnson

Talk – p.13



0 1000 2000 3000
Temperature (

o
K)

0.5

1

1.5

2

µ(
µ B

)

Magnetic moment per atom for the Ni3 cluster

Lennard − Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato 
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales I
Johnson

Talk – p.14



0 1000 2000 3000
Temperature (

0
K)

0

0.2

0.4

0.6

0.8

1

E
ne

rg
y 

(e
V

)

Energy  per atom for the Ni4 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales I
Johnson

Talk – p.15



0 100 200 300 400 500
Temperature (

o
K)

0

0.02

0.04

0.06

0.08

0.1

E
ne

rg
y 

(e
V

)

Energy  per atom for the Ni4 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales
Uppenbrink − Wales
Johnson

Talk – p.16



0 1000 2000 3000
Temperature (

o
K)

0

2

4

6

8

10

C
v(

k B
)

Cv per atom for the Ni4 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales II
Johnson

Talk – p.17



0 100 200 300 400 500
Temperature (oK)

1.5

1.7

1.9

2.1

2.3

2.5

C
v(

k B
)

Cv per atom for the Ni4 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales I
Johnson

Talk – p.18



0 500 1000 1500 2000 2500 3000
Temperature (

o
K)

0

0.1

0.2

0.3

0.4

Li
nd

em
an

n 
In

de
x 

δ

Lindemann Index for the Ni4 cluster

Lennard − Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales I
Johnson

Talk – p.19



0 1000 2000 3000
Temperature (

o
K)

0.5

1

1.5

2

M
ag

ne
tic

 M
om

en
t µ

(µ
B
)

Magnetic Moment per atom for the Ni4 cluster

Lennerd − Jones
Morse
Erkoc I
Sutton − Chen I
Sutton −  Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales I
Johnson

Talk – p.20



0 1000 2000 3000 4000
Temperature (

o
K)

0

0.2

0.4

0.6

0.8

E
ne

rg
y 

(e
V

)

Energy  per atom for the Ni5 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales I
Johnson

Talk – p.21



0 100 200 300 400 500
Temperature (

o
K)

0

0.02

0.04

0.06

0.08

0.1

E
ne

rg
y 

(e
V

)

Energy  per atom for the Ni5 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales
Uppenbrink − Wales
Johnson

Talk – p.22



0 1000 2000 3000
Temperature (

o
K)

1

2

3

4

5

C
v(

k B
)

Cv per atom for the Ni5 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales II
Johnson

Talk – p.23



0 100 200 300 400 500
Temperature (

o
K)

1.4

1.8

2.2

2.6

3

C
v(

k B
)

Cv per atom for the Ni5 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales I
Johnson

Talk – p.24



0 500 1000 1500 2000 2500 3000
Temperature (

o
K)

0

0.04

0.08

0.12

0.16

0.2

0.24

0.28

0.32

0.36

0.4

Li
nd

em
an

n 
In

de
x 

(δ
)

Lindemann Index for the Ni5 cluster

Lennard − Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales
Uppenbrink − Wales
Johnson 

Talk – p.25



0 1000 2000 3000
Temperature (

o
K)

0.5

1

1.5

2

µ(
µ Β

)

Magnetic Moment per atom for the Ni5 cluster

Lennard − Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales II
Johnson

Talk – p.26



0 1000 2000 3000
Temperature (

o
K)

0

0.2

0.4

0.6

0.8

E
ne

rg
y 

(e
V

)

Energy  per atom for the Ni6 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales I
Johnson

Talk – p.27



0 100 200 300 400 500
Temperature (

o
K)

0

0.02

0.04

0.06

0.08

0.1

E
ne

rg
y 

(e
V

)

Energy per atom  for the Ni6 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales
Uppenbrink − Wales
Johnson

Talk – p.28



0 1000 2000 3000
Temperature (

o
K)

1

2

3

4

5

6

C
v(

k B
)

Cv per atom for the Ni6 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales II
Johnson

Talk – p.29



0 100 200 300 400 500
Temperature (

o
K)

1.5

1.9

2.3

2.7

3.1

3.5

C
v(

k B
)

Cv per atom for the Ni6 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales I
Johnson

Talk – p.30



0 500 1000 1500 2000 2500 3000
Temperature (

o
K)

0

0.1

0.2

0.3

0.4

Li
nd

em
an

n 
In

de
x 

δ

Lindemann Index for the Ni6 cluster

Lennard − Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales I
Johnson

Talk – p.31



0 1000 2000 3000
Temperature (

o
K)

0.5

1

1.5

2

µ(
µ B

)

Magnetic moment per atom for the Ni6 cluster

Lennard − Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales I
Johnson

Talk – p.32



0 1000 2000 3000
Temperature (

o
K)

0

0.2

0.4

0.6

0.8

E
ne

rg
y 

(e
V

)

Energy  per atom for the Ni7 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales I
Johnson

Talk – p.33



0 100 200 300 400 500
Temperature (

o
K)

0

0.02

0.04

0.06

0.08

0.1

E
ne

rg
y 

(e
V

)

Energy  per atom for the Ni7 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales
Uppenbrink − Wales
Johnson

Talk – p.34



0 1000 2000 3000
Temperature (

o
K)

1

3

5

7

C
v(

k B
)

Cv per atom for the Ni7 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales II
Johnson

Talk – p.35



0 100 200 300 400 500
Temperature (

o
K)

1

2

3

4

C
v(

k B
)

Cv per atom for the Ni7 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales II
Johnson

Talk – p.36



0 500 1000 1500 2000 2500 3000
Temperature (

o
K)

0

0.04

0.08

0.12

0.16

0.2

0.24

0.28

0.32

0.36

0.4

Li
nd

em
an

n 
In

de
x 

(δ
)

Lindemann Index for the Ni7 cluster

Lennard − Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales
Uppenbrink − Wales
Johnson 

Talk – p.37



0 1000 2000 3000
Temperature (

o
K)

0.5

1

1.5

2

µ(
µ B

)

Magnetic moment per atom for the Ni7 cluster

Lennard − Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales I
Johnson

Talk – p.38



0 1000 2000 3000
Temperature (

o
K)

0

0.2

0.4

0.6

0.8

E
ne

rg
y 

(e
V

)

Energy  per atom for the Ni8 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales I
Johnson

Talk – p.39



0 100 200 300 400 500
Temperature (

o
K)

0

0.02

0.04

0.06

0.08

0.1

E
ne

rg
y 

(e
V

)

Energy  per atom for the Ni8 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales
Uppenbrink − Wales
Johnson

Talk – p.40



0 1000 2000 3000
Temperature (

o
K)

2

2.4

2.8

3.2

3.6

4

C
v(

kB
)

Cv per atom for the Ni8 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales I
Johnson

Talk – p.41



0 100 200 300 400 500
Temperature (

o
K)

2

2.4

2.8

3.2

3.6

C
v(

kB
)

Cv per atom for the Ni8 cluster

Lennard−Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales I
Johnson

Talk – p.42



0 500 1000 1500 2000
Temperature (

o
K)

0

0.04

0.08

0.12

0.16

0.2

0.24

0.28

0.32

0.36

0.4

Li
nd

em
an

n 
In

de
x 

(δ
)

Lindemann Index for the Ni8 cluster

Lennard − Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales
Uppenbrink − Wales
Johnson 

Talk – p.43



0 1000 2000 3000
Temperature (

o
K)

0.5

1

1.5

2

µ(
µ B

)

Magnetic moment per atom for the Ni8 cluster

Lennard − Jones
Morse
Erkoc I
Sutton − Chen I
Sutton − Chen II
Sutton − Chen III
Cleri − Rosato
Erkoc II
Erkoc III
Uppenbrink − Wales I
Uppenbrink − Wales I
Johnson

Talk – p.44



Potentials

0

500

1000

1500

2000

T
em

pe
ra

tu
re

 (
o K

)

Melting Temperature 

Ni3
Ni4
Ni5
Ni6
Ni7
Ni8

LJ
M

E I
SC I

SC II

SC III
CR

E II
E III

UW I
UW II

Talk – p.45



Acknowledgments

� Supported through EU-GROWTH research
project AMMARE (G5RD-CT-2001-00478)

� Computational Support Dr. S. Stamatiadis

Talk – p.46



 ������� Lennard - Jones

� �

�
���

��
��
�

���
���
�

�
�

���
��
�

%�
 
� ��

� � ����� Å � � ����	����

T.Halicioglu and G.M.Pound, Phys.Stat.Sol.(b), 30, 619, (1975)

��
������

Talk – p.47



 �������Morse

� �

�
���

�
�
������������ � ������������

�

%�
 
� ��

� � ����
	�� , � � ���	�
 Å��, �� � ��
	�Å

P.G.Flahive and W.R.Graham, Surf.Sci.91, 449, (1980)

��
������

Talk – p.48



 ������� Erkoc I

� � �
�
��� � ��

�

�
���

��
��

���
���

������������
�

�
�
��

���
��

��������

%�
 
� ��

� � ������ , � � �� �, �� � ����Å, � � ���	�
,

�� � �����, �� � �����

S. Erkoc ...

��
������

Talk – p.49



 ������� Sutton - Chen

� � �
�

�	�
���

�
�

���
��
� �

�
�



��

� ���
�
�

���
��
�



���
�

��

%�
 
� ��

� � � ����	
�
�
 , � �3.52 Å, � � ���
��, � � �, � � �

A.P.Sutton and J.Chen, Philos. Mag. Lett. 61, 139, (1990)

� � � ����
�
���
 , � � ���	�����	Å, � � ����
��
, � � �,

� � �

Fitted to Dimer

� � � ����
�
�
�
 , � � ��	�	
Å, � � �
�

	, � � ��, � � 	

Y.Kimura et al, Phys.Rev. B, 59, 3527, (1999)

#���
��=�

Talk – p.50



 ������� Cleri - Rosato

� �

�
���

���	�����������
�

�



��

� ���
�����
����������

�



���

%�
 
� ��

� � ����
��� , � � ���
��� , � � ���			, � � ����	,

�� � �����Å, �� � ���
�
� � ���	�Å

F.Cleri and V.Rosato, Phys.Rev.B, 48, 22, (1993)

��
������

Talk – p.51



 ������� Erkoc II

� �
�

���
��� �

�
�����

����

��� � �
��
��

���
���

������������
�

�
�
��

���
��

�����������
�

�

���� � ��������� � ������� � ��������

���� � ����
�
��
���
��
����
�

��� �� �	

� � �
���� , � � �� �, �� � �
��Å, 
 � �
�	�
��,

� � ��
�	�




S.Erkoc, Phys.Stat.Sol.(b), 152, 447, (1989); ibid 155, 461, (1989)

��
������

Talk – p.52



 ������� Erkoc III

� �
�

���
��� �

�
�����

����

��� � ���
��
��

���
���

������������
�

�
�
��

���
��

�����������
�

�

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

���� � ����
�
��
���
��
����
�

��� �� �	

�����	 
���
����� 
� Erkoc II

�� � �
������� �� � ��
������


S.Erkoc,Phys.Stat.Sol.(b), 161, 211, (1990)

��
������

Talk – p.53



 ������� Uppenbrink - Wales

� �
�

���

�

��
�

���
���

� �
�
�

���
�	
�

�
�

�����
�

� � 
 ��� �� ��� �� ��

������������

��� �� �	

� � � �
�
��� , � � �
���Å, � � ����
, �� � �

	


� � � �
��
�� , � � �
���Å, � � ����
, �� � ��
��	

J.Uppenbrink and D.J.Wales, J.Chem.Phys., 96,8520, (1992)

#���
��=�

Talk – p.54



 ������� Johnson (EAM)

� �
�

�

� ���� �
�

���
���
����������

� ��� � ���
�

�� ��
�
�

��
������
�

��
����

� ���
�
�

��
����

�� �
�

�

���
����������

��� �� �	

�� � �

�, �� � �
�
�� , � � 

	�, � � �

�, � � �
��,
�� � 


���

R.A.Johnson, Phys.Rev. B, 39, 12554, (1989)

#���
��=�

Talk – p.55



��%���� �&��'��	�

Gear corrector - predictor algorithm
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Multiple Histogram Method
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Tight Binding Hamiltonian
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