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Abstract. We build the model and the theory of Young modulus for FCC metal’s 

and binary interstitial alloy’s thin films on the basis of the statistical moment method 

and perform numerical calculations for Au and AuSi. Some SMM calculations for 

bulk Au are compared with experiments and other calculations. Other SMM 

calculations are new and predictive, experimentally oriented. 
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1.   Introduction 

The statistical moment method (SMM) has been applied to study the elastic 

deformation and elastic wave velocity of metals and interstitial alloys in bulk material 

form recently [1-6]. SMM has been applied to study the thermodynamic properties of metal 

thin films [7-9]. 

Many thermodynamic and mechanical properties of metal and alloy’s thin films have 

attracted the attention of researchers in recent times. The average values of Young’s 

moduli, determined from hundreds of measurements, are 63 GPa for Ag, 102 GPa for Cu, 

57 GPa for Al, and 87.5 GPa for Ag/Cu multilayers [10]. The thermal 

expansion coefficient and biaxial elastic modulus of the 𝛼 phase were consistent with 

values reported for bulk 𝛼 tantalum [11]. The Young modulus of nanostructured metallic 

thin films is determined by experiments [12]. The mechanical properties tensile tests were 

used for the freestanding foils and wires [13]. Cu, Ni, and Pd layers were deposited by 

DC-magnetron sputtering on Si wafer substrates. The mechanical stresses and the 

coefficients of linear thermal expansion were investigated by non-ambient (in-situ) X-

ray diffraction measurements [14]. A novel theory is developed in order to predict the 

growth mode of a thin metallic film on an insulating substrate [15].  In order to further 

investigate nanoindentation data of film–substrate systems and to learn more about 

the mechanical properties of nanometer film–substrate systems, two kinds of films on 

different substrate systems have been tested with a systematic variation in film thickness 

and substrate characteristics [16]. Varied temperature photoemission study is performed 

to investigate the quantum size effects on the thermal property of atomically flat Pb films 

grown on Si (111) [17]. The effect of the underlying substrate on the phase formation of Ta 
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and the influence of a changing N2/Ar flow ratio on hardness, phase, and composition of 

reactively formed tantalum nitride have been investigated [18]. Pseudo-elastic Ni 

50.8 at.%-Ti alloy sheets of 1000 μm thickness were coated with 10 μm thick refractory 

metal thin films (Mo, Ta, and Nb thin films, respectively), by nonreactive d.c. magnetron 

sputtering [19]. Au and AuSi have many applications in superconducting wire technology [20]. 

Gold silicides are commercially available and used in bearing assembly, ballast, casting, 

step welding, and radiation shielding. 

In this study, for the first time, we build the model and the theory of Young modulus 

for FCC binary interstitial alloy’s thin films on the basis of SMM [1-9, 21-23]. The 

theoretical results are numerically calculated for Au and AuSi films.  

2.  Content 

2.1. Model and calculation method  

        Consider a free thin film of interstitial alloy AB with FCC structure. Assume this 

film has *n  layers with the thickness d. The thin film consists of two outer layers, two 

neighbor outer layers and *n 4−  inner layers. Let ,ol nolN N and ilN respectively be the 

number of atoms in the outer layer, the next outer layer and the inner layer of this thin 

film [7-9]. 

       For the layer  (this layer is the inner layer or the next outer layer), the displacement 

of the atom X (X = A, A1, A2, B, A is the atom in pure metal A, A1 is the main metal atom 

A at face center of the cubic unit cell, A2 is the main metal atom A at vertice of the cubic 

unit cell and B is the interstitial atom at body center of the cubic unit cell) at pressure P 

and temperature T from the equilibrium position has the form [2, 7, 21] 
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where 
Bo Bo,θ k T k=  is the Boltzmann constant,  T is the absolute temperature, 

( , ),X Xy y P T  
Xk  is the harmonic crystal parameter of the atom X in the layer , 

X

is the anharmonic crystal parameter of the atom X in the layer , 
Xk  and 

X  are 

determined  at pressure P and temperature T = 0 K from the nearest neighbor distance 

1 0Xr (P, ) between two atoms in the layer  and this distance is calculated from the 

equation of state  
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0 Xu is the cohesive energy of the atom X in the layer , 
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        For the outer layer, the displacement of the atom X is equal to [2, 7, 21]  
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where , ,ol ol ol
X X Xk x   are determined in the same way as above.   

         The nearest neighbor distances between two atoms 1Xr (P,T) in the layer m (this layer 

is the inner layer, the next outer layer or the outer layer) are determined by [2, 7, 21]  
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          The mean nearest neighbor distance 1

m

Ar (P,T)  between two atoms A in the layer m 

of the FCC interstitial alloy AB is determined by [2]  
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XN  is the number of atoms in layer m and mN  is the number of atoms in layer m.  
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         The Helmholtz free energy for the layer  of alloy film approximately has the 

form [2, 21] 
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The Helmholtz free energy for the outer layer of alloy film approximately has the form 

[2, 21] 
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In Eqs. (6) and (7), 
0 0 ,
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m
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X  is the Helmholtz free energy of an atom X in   

layer m and m

cS  is the configurational entropy of the alloy in layer m. 

       At low temperatures, the vibrations of the atoms around the lattice point nodes are 

harmonic. Then, the Helmholtz free energies for the layer m of the alloy film have the 

form [2, 7, 21] 
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        Assume the thin film consists of N atoms with *n layers and the number of atoms per 

layer is equal and equal to LN . Then, 
* LN n N= and [7] 
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The number of atoms in the inner layer, the next outer layer and the outer layer of the thin 

film, respectively, is determined by [7] 
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*2 ( 2) .ol L LN N N n N= = − −                                     (12) 

       The Helmholtz free energy of the thin film is given by [7]  
1 1 1tr ng ng tr tr ng ng ng ng
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where 
il nol olN N N N= + +  is the total atomic number of the film, 

c
S is the 

configurational entropy of the film, , ,il nol ol    respectively are the Helmholtz free 

energies of an atom in the inner layer, the next outer layer and the outer layer of the film.  

From Eq. (13), we find the Helmholtz free energy for an atom of the film [7] 
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       The symbol a is the mean nearest neighbor distance between two atoms, b is the 

average thickness of the two respective layers and 
ca is the average lattice constant of the 

thin film. For FCC thin film [7], 
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Substituting Eq. (17) into Eq. (14), we get the Helmholtz free energy for an atom of the 

FCC interstitial alloy AB’s thin film 
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       The Young modulus of the FCC interstitial alloy AB’s thin film has the form  
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      The cohesive energy 
0u  and crystal parameter ,k  

1 2, ,  
 
of the atom B in the 

approximation of two coordination spheres, of the atoms A1 and A2 in the approximation 

of three coordination spheres for the inner layer of  FCC interstitial alloy AB’s thin film 

have the form [2, 7, 21] 
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= + + +               (33) 

( ) ( ) ( ) ( )4 3 2

AA 1 AA 1 AA 1 AA 1

1 4 3 2 2 3

1 1 1 1 1 1 1

1 1 1 1
- +

24 4 8 8

il il il il il il il il

A A A Ail

A il il il il il il il

A A A A A A A

d r d r d r d r

dr r dr r dr r dr

   
 = + +  

      
( ) ( ) ( )4 2

AA 2 AA 2 AA 2

4 2 2 3

2 2 2 2 2

1 1 1
+ - ,

24 4 4

il il il il il il

A A A

il il il il il

A A A A A

d r d r d r

dr r dr r dr

  
+                     (34) 

( ) ( ) ( ) ( )4 3 2

1 1 1 1

2 4 3 2 2 3

1 1 1 1 1 1 1

1 21 93 93
+

8 4 8 16

il il il il il il il il

AA A AA A AA A AA Ail

A il il il il il il il

A A A A A A A

d r d r d r d r

dr r dr r dr r dr

   
 = + − +  
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( ) ( ) ( )3 2

2 2 2

3 2 2 3

2 2 2 2 2 2

3 27 27
+ - ,

2 4 4

il il il il il il

AA A AA A AA A

il il il il il il

A A A A A A

d r d r d r

r dr r dr r dr

  
+                       (35) 

where 
1 2

, , ,il il il il

AA AB A B A B     is the interaction potential between atoms A-A, A-B, A1-B, A2-

B in the inner layer,  
1 1

il il il

X X Xr r y= +  is the nearest neighbor distance between two atoms 

in the inner layer at temperature T  and also is the radii of the first coordination sphere, 

01

il

Xr  is the nearest neighbor distance between two atoms in the inner layer at temperature 

T = 0 K and is determined from the minimum condition of 
0 ,il

Xu  il

Xy  is the displacement 

of the atom X in the inner layer from the equilibrium position at temperature T, 
2

il

Xr  is the 

radii of the second coordination sphere, 
in  is the number of atoms on the ith coordination 

sphere with the radii ri, 
il

iu   is the displacement of the ith atom in the inner layer in 

direction , , , , , ,x y z   =  (…)eq is the value taken at the equilibrium position, 
0 ,il

Au

,il

Ak 1 ,tr

A 2 ,il il

A A   are the cohesive energy and crystal parameters of FCC pure metal in the 

approximation of two coordination spheres [21]. 

        The cohesive energy 
0u  and crystal parameter ,k  

1 2, ,  
 
of the atom B in the 

approximation of two coordination spheres, of the atoms A1 and A2 in the approximation 

of three coordination spheres for the next outer layer (there is a vacancy on the z-axis in 

the second coordination sphere taking 
0u , k, 

1 2, ,    of the atom B and in the third 

coordination sphere taking taking 
0u 1 2, ,    of the atoms A1 and A2) of  FCC interstitial 

alloy AB’s thin film have the form [2, 7, 21] 

    ( ) ( )0 1 2 2 1

1

1
( ) 3 4 ,  3 ,

2

in
nol nol nol nol nol nol nol nol

B AB i AB B AB B B B

i

u r r r r r  
=

= = + =                   (36) 

( ) ( )22
1 1

2 2
1 1 1 1

1 2

2

i
nol nol nol noln nol
AB B AB Bnol AB

B nol nol nol nol
i i B B Beq

d r d r
k

u dr r dr

 

=

 
= = + +   
  

( ) ( )2

2 2

2

2 2 2

4 8
,

3 3

nol nol nol nol

AB B AB B

nol nol nol

B B B

d r d r

dr r dr

 
+ +                                    (37) 

4 4 2

1 1 1
1 4 4 2 2 3

1 1 1 1 1 1

( ) ( ) ( )1 1 1 1
-

48 24 4 4

in nol nol nol nol nol nol nol
nol AB AB B AB B AB B
B nol nol nol nol nol nol

i i B B B B Beq

d r d r d r

u dr r dr r dr

   


=

 
= = + +   

  

4 3 2

2 2 2 2

4 3 2 2 3

2 2 2 2 2 2 2

( ) ( ) ( ) ( )1 2 2 2
- ,

54 9 9 9

nol nol nol nol nol nol nol nol

AB B AB B AB B AB B

nol nol nol nol nol nol nol

B B B B B B B

d r d r d r d r

dr r dr r dr r dr

   
+ + +        (38) 

4 3 2

1 1
2 2 2 3 2 2

1 1 1 1 1

( ) ( )6 1 3
-

48 2 4

in nol nol nol nol nol
nol AB AB B AB B
B nol nol nol nol nol nol

i i i B B B Beq

d r d r

u u r dr r dr 

  


=

 
= = +    

  
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4 2

1 2 2 2

3 4 2 2 3

1 1 2 2 2 2 2

( ) ( ) ( ) ( )3 1 2 2
+ ,

4 9 3 3

nol nol nol nol nol nol nol nol

AB B AB B AB B AB B

nol nol nol nol nol nol nol

B B B B B B B

d r d r d r d r

r dr dr r dr r dr

   
+ + −        (39) 

                                  ( )
1 1 10 0 1 ,nol nol nol nol

A A A B Au u r= +                                             (40) 

( )
11

1

1 1

1 1

1

2

2
1 1 1

11 1
=  ,

2

i

A

nolnoln
A BA Bnol nol nol

A A Anol nol nol
i i A Aeq r r

nol
Ad

k k
u r dr

r
k





=
=

  
 = +      

+                      (41) 

                    1

1

1 1

4

1 1 4
1

1

48

i

A

noln
A Bnol nol

A A nol
i i eq r r

u 


 

=
=

  
 = + = 
    

  

   
( ) ( )

1 1 1 1

1 1 1 1

2

1 1

1 2 2 3

1 1 1 1

1 3
,  

8 8

nol nol nol nol

A B A A B Anol

A nol nol nol nol

A A A A

d r d r

r dr r dr

 
= + −                                  (42) 

1 1 1

1

1 1

1 1

4 3

1

2 2 22 2 3
1 1 1

( )6 1
= 

48 4

i

A

nol nol noln
A B A B Anol nol nol

A A Anol nol nol nol
i i i A Aeq r r

d r

u u r dr 

 
  

=
=

  
 = + + − 
     

  

1 1 1 1

1 1 1 1

2

1 1

2 2 3

1 1 1 1

( ) ( )1 1
,

2 2

nol nol nol nol

A B A A B A

nol nol nol nol

A A A A

d r d r

r dr r dr

 
− +                                 (43) 

                           ( )
2 2 20 0 14 ,nol nol nol nol

A A A B Au u r= +                                           (44) 

  
( ) ( )

2 2 2 22

2

2 2 2

1 2

22
1 1

2 2
1 1 1 1

1 4 8
=  ,

2 3 3

i

A

nol nol nol nolnoln
A B A A B AA Bnol nol nol

A A Anol nol nol nol
i i A A Aeq r r

d r d r
k k k

u dr r dr

 

=
=

  
 = + + + 
    

       (45) 

2 2 2 2 2

2

2 2 2

1 2

4 4 3

1 1

1 1 14 4 3
1 1 1 1

( ) ( )1 1
= 

48 54

2

9

i

A

nol nol nol nol noln
A B A B A A B Anol nol nol

A A Anol nol nol nol
i i A A Aeq r r

d r d r

u dr drr

  
  

=
=

  
 = + + + 
    

+  

                        2 2 2 2

2 22 2

2

1 1

2

1 1

2 3
1 1

( ) ( )
,

2 2

9 9

nol nol nol nol

A B A A B A

nol nol

A A

nol nol
A A

d r d r

dr drr r

 
− +                             (46) 

2 2 2

2

2

1 2

4 4

1

2 2 22 2 4
1 1

( )6
= 

48

1

9

i

A

nol nol noln
A B A B Anol nol nol

A A Anol nol nol
i i i Aeq r r

d r

u u dr 

 
  

=
=

  
 = + + 
     

+  

                 2 2 2 2

2 22 2

2

1 1

2

1 1

2 3
1 1

( ) ( )
- ,

2 2

3 3

nol nol nol nol

A B A A B A

nol nol

A A

nol nol
A A

d r d r

dr drr r

 
+                                 (47) 

           ( ) ( )0 AA 1 AA 2 2 1 6  3 ,  2 ,not nol nol nol nol nol nol

A A A A Au r r r r = + =                               (48) 
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( ) ( ) ( ) ( )2 2

AA 1 AA 1 AA 2 AA 2

2 2

1 1 1 2 2 2

4 8 2
,

3 3

nol nol nol nol nol nol nol nol

A A A Anol

A nol nol nol nol nol nol

A A A A A A

d r d r d r d r
k

dr r dr dr r dr

   
= + + +               (49) 

( ) ( ) ( ) ( )4 3 2

AA 1 AA 1 AA 1 AA 1

1 4 3 2 2 3

1 1 1 1 1 1 1

1 1 1 1
- +

24 4 8 8

nol nol nol nol nol nol nol nol

A A A Anol

A nol nol nol nol nol nol nol

A A A A A A A

d r d r d r d r

dr r dr r dr r dr

   
 = + +  

   
( ) ( ) ( )4 2

2 AA 2 AA 2

4 2 2 3

2 2 2 2 2

1 1 1
+ - ,

24 4 4

nol nol nol nol nol nol

AA A A A

nol nol nol nol nol

A A A A A

d r d r d r

dr r dr r dr

  
+                     (50) 

( ) ( ) ( ) ( )4 3 2

1 1 1 1

2 4 3 2 2 3

1 1 1 1 1 1 1

1 21 93 93
+

8 4 8 16

nol nol nol nol nol nol nol nol

AA A AA A AA A AA Anol

A nol nol nol nol nol nol nol

A A A A A A A

d r d r d r d r

dr r dr r dr r dr

   
 = + − +  

                          
( ) ( ) ( )3 2

2 2 2

3 2 2 3

2 2 2 2 2 2

3 27 27
+ - ,

2 4 4

nol nol nol nol nol nol

AA A AA A AA A

nol nol nol nol nol nol

A A A A A A

d r d r d r

r dr r dr r dr

  
+                (51) 

       The cohesive energy 
0u  and crystal parameter ,k  

1 2, ,  
 
of the atom B in the 

approximation of two coordination spheres, of the atoms A1 and A2 in the approximation 

of three coordination spheres for the outer layer (remove an atom on the second 

coordination sphere taking 
0u , k, 

1 2, ,    of the atom B and on the third coordination 

sphere taking 
0u 1 2, ,    of the atoms A1 and A2) of  FCC interstitial alloy AB’s thin film 

have the form [2, 7, 21] 

      ( ) ( )0 1 2 2 1

1

1 7
( ) 3 ,  3 ,

2 2

in
ol ol ol ol ol ol ol ol

B AB i AB B AB B B B

i

u r r r r r  
=

= = + =                        (52) 

( ) ( ) ( ) ( )2 22
1 1 2 2

2 2
1 1 1 1 2 2 2

1 2 7 7
,(53)

2 6 3

i
ol ol ol ol ol ol ol oln ol
AB B AB B AB B AB Bol AB

B ol ol ol ol ol ol ol
i i B B B B B Beq

d r d r d r d r
k

u dr r dr dr r dr

   

=

 
= = + + +   
       

4 4 2

1 1 1
1 4 4 2 2 3

1 1 1 1 1 1

( ) ( ) ( )1 1 1 1
-

48 24 4 4

in ol ol ol ol ol ol ol
ol AB AB B AB B AB B
B ol ol ol ol ol ol

i i B B B B Beq

d r d r d r

u dr r dr r dr

   


=

 
= = + +   

  

4 3 2

2 2 2 2

4 3 2 2 3

2 2 2 2 2 2 2

( ) ( ) ( ) ( )7 7 7 7
- ,

432 36 36 36

ol ol ol ol ol ol ol ol

AB B AB B AB B AB B

ol ol ol ol ol ol ol

B B B B B B B

d r d r d r d r

dr r dr r dr r dr

   
+ + +        (54) 

4 3 2

1 1 1
2 2 2 3 2 2 3

1 1 1 1 1 1 1

( ) ( ) ( )6 1 3 3
- +

48 2 4 4

in ol ol ol ol ol ol ol
ol AB AB B AB B AB B
B ol ol ol ol ol ol ol ol

i i i B B B B B Beq

d r d r d r

u u r dr r dr r dr 

   


=

 
= = +    

  

       
4 2

2 2 2

4 2 2 3

2 2 2 2 2

( ) ( ) ( )7 7 7
+ ,

72 12 12

ol ol ol ol ol ol

AB B AB B AB B

ol ol ol ol ol

B B B B B

d r d r d r

dr r dr r dr

  
+ −                        (55) 

                                          ( )
1 1 10 0 1

1
,

2

ol ol ol ol

A A A B Au u r= +                                             (56) 
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( )

11

1

1 1

1 1

1

2

2
1 1 1

11 1
=  ,

2 2

i

A

ololn
A BA Bol ol ol

A A Aol ol ol
i i A Aeq r r

ol
Ad

k k
u r dr

r
k





=
=

  
 = +      

+                      (57) 

                                           1

1

1 1

4

1 1 4
1

1

48

i

A

oln
A Bol ol

A A ol
i i eq r r

u 


 

=
=

  
 = + = 
    

  

   
( ) ( )

1 1 1 1

1 1 1 1

2

1 1

1 2 2 3

1 1 1 1

1 1
,  

16 16

ol ol ol ol

A B A A B Aol

A ol ol ol ol

A A A A

d r d r

r dr r dr

 
= + −                                  (58) 

1 1 1

1

1 1

1 1

4 3

1

2 2 22 2 3
1 1 1

( )6 1
= 

48 8

i

A

ol ol oln
A B A B Aol ol ol

A A Aol ol ol ol
i i i A Aeq r r

d r

u u r dr 

 
  

=
=

  
 = + + − 
     

  

1 1 1 1

1 1 1 1

2

1 1

2 2 3

1 1 1 1

( ) ( )1 1
,

4 4

ol ol ol ol

A B A A B A

ol ol ol ol

A A A A

d r d r

r dr r dr

 
− +                                 (59) 

                            ( )
2 2 20 0 1

7
,

2

ol ol ol ol

A A A B Au u r= +                                           (60) 

( ) ( )
2 2 2 22

2

2 2 2

1 2

22
1 1

2 2
1 1 1 1

1 7 7
=  ,

2 6 3

i

A

ol ol ol ololn
A B A A B AA Bol ol ol

A A Aol ol ol ol
i i A A Aeq r r

d r d r
k k k

u dr r dr

 

=
=

  
 = + + + 
    

        (61) 

2 2 2 2 2

2

2 2 2

1 2

4 4 3

1 1

1 1 14 4 3
1 1 1 1

( ) ( )1 7
= 

48 432

7

36

i

A

ol ol ol ol oln
A B A B A A B Aol ol ol

A A Aol ol ol ol
i i A A Aeq r r

d r d r

u dr drr

  
  

=
=

  
 = + + + 
    

+  

                       2 2 2 2

2 22 2

2

1 1

2

1 1

2 3
1 1

( ) ( )
,

7 7

38 38

ol ol ol ol

A B A A B A

ol ol

A A

ol ol
A A

d r d r

dr drr r

 
− +                             (62) 

2 2 2

2

2

1 2

4 4

1

2 2 22 2 4
1 1

( )6
= 

48

7

72

i

A

ol ol oln
A B A B Aol ol ol

A A Aol ol ol
i i i Aeq r r

d r

u u dr 

 
  

=
=

  
 = + + 
     

+  

                           2 2 2 2

2 22 2

2

1 1

2

1 1

2 3
1 1

( ) ( )
- ,

7 7

12 12

ol ol ol ol

A B A A B A

ol ol

A A

ol ol
A A

d r d r

dr drr r

 
+                                 (63) 

                         ( ) ( )0 1 2 2 1 6  3 ,  2 ,ol ol ol ol ol ol ol

A AA A AA A A Au r r r r = + =                               (64) 

   
( ) ( ) ( ) ( )2 2

1 1 2 2

2 2

1 1 1 2 2 2

4 8 2
,

3 3

ol ol ol ol ol ol ol ol

AA A AA A AA A AA Aol

A ol ol ol ol ol ol

A A A A A A

d r d r d r d r
k

dr r dr dr r dr

   
= + + +               (65) 

( ) ( ) ( ) ( )4 3 2

1 1 1 1

1 4 3 2 2 3

1 1 1 1 1 1 1

1 1 1 1
- +

24 4 8 8

ol ol ol ol ol ol ol ol

AA A AA A AA A AA Aol

A ol ol ol ol ol ol ol

A A A A A A A

d r d r d r d r

dr r dr r dr r dr

   
 = + +  
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( ) ( ) ( )4 2

AA 2 AA 2 AA 2

4 2 2 3

2 2 2 2 2

1 1 1
+ - ,

24 4 4

ol ol ol ol ol ol

A A A

ol ol ol ol ol

A A A A A

d r d r d r

dr r dr r dr

  
+                     (66) 

( ) ( ) ( ) ( )4 3 2

1 1 1 1

2 4 3 2 2 3

1 1 1 1 1 1 1

1 21 93 93
+

8 4 8 16

ol ol ol ol ol ol ol ol

AA A AA A AA A AA Aol

A ol ol ol ol ol ol ol

A A A A A A A

d r d r d r d r

dr r dr r dr r dr

   
 = + − +  

                          
( ) ( ) ( )3 2

2 2 2

3 2 2 3

2 2 2 2 2 2

3 27 27
+ - ,

2 4 4

ol ol ol ol ol ol

AA A AA A AA A

ol ol ol ol ol ol

A A A A A A

d r d r d r

r dr r dr r dr

  
+                (67) 

 

Note that in all layers, ( )1 24 .X X X  = +  

         When the interstitial atom concentration is zero, from the Young modulus of FCC 

interstititial alloy AB’s thin film we obtain the Young modulus of the FCC main metal 

A’s thin film. 

        We perform numerical calculations according to above mentioned theory for Au and 

AuSi in subsection 2.2. 

2.2. Numerical results and discussions for Au and AuSi  

For interactions Au-Au, Si-Si in Au and AuSi, we use the  Mie-Lennard-Jones 

potential [24] 

                          0 0( ) ,

n m
r rD

r m n
n m r r


    

= −    
−      

                                          (68) 

where D is the depth of potential well corresponding to the equilibrium distance 
0r , m 

and n are determined  empirically. The potential parameters 
0, , ,D r m n  are given in Table 1. 

Considering the interaction between Au and Si, we use the following approximation 

( )Au-Si Au-Au Si-Si

1

2
   +   

 

Table 1. The parameters 
0, , ,D r m n  of the Mie-Lennard-Jones potential [24] 

Interaction m n D(10-16erg) r0(10-10m) 

Si-Si [24] 6 12 45128.24 2.295 

Au-Au [24] 5.5 10,5 4683 2.8751 

 

The results of calculating Young's modulus of thin films Au and AuSi are 

summarized in tables from Table 2 to Table 6 and illustrated in the figures from Figure 1 

to Figure 4.  

 The temperature and layer number dependence of Young modulus for film Au at 

P = 0 calculated by SMM is summarized in Table 2, where the last column is the results 

for the bulk material for comparison.  
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 Table 2.  Temperature and layer number dependence of Young modulus 

for Au at  P = 0 calculated by SMM 

T(K) *n  10 20 70 200 Bulk  

100 

EY(1010Pa) 

9.08 9.31 9.49 9.53 9.55 

300 8.54 8.75 8.90 8.94 8.96 

500 7.93 8.10 8.22 8.25 8.27 

700 7.23 7.36 7.45 7.47 7.48 

1000 6.46 6.54 6.59 6.61 6.61 

The temperature and layer number dependence of Young modulus for film AuSi at 

cSi = 5%, P = 0 calculated by SMM is summarized in Table 3, where the last column is 

the results for the bulk material for comparison.  

Table 3.  Temperature and layer number dependence of Young modulus  

For AuSi at cSi = 5%, P = 0 calculated by SMM 

T(K) *n  10 20 70 200 Bulk 

100 

EY(1010Pa) 

35.94 36.28 36.52 36.59 36.62 

300 34.79 35.07 35.27 35.33 35.35 

500    33.56 33.80 33.97 34.01 34.04 

700 32.26 32.47 32.62 32.66 32.68 

900 30.90 31.08 31.22 31.25 31.27 

1000 30.20 30.38 30.50 30.53 30.55 

The pressure and layer number dependence of Young modulus for film Au at T = 300 K 

calculated by SMM is summarized in Table 4, where the last column is the results for the 

bulk material for comparison. 

Table 4.  Pressure and layer number dependence of Young modulus 

for Au at  T = 300 K calculated by SMM 

P(GPa) *n  10 20 70 200 Bulk  

2 

EY(1010Pa) 

9.30 9.50 9.64 9.68 9.70 

4 10.05 10.23 10.37 10.40 10.42 

6 10.77 10.95 11.08 11.11 11.13 

8 11.48 11.65 11.77 11.81 11.82 

10 12.18 12.34 12.46 12.49 12.50 

        

The pressure and layer number dependence of Young modulus for film AuSi at cSi = 5%, 

T = 300 K calculated by SMM is summarized in Table 5, where the last column is the 

results for the bulk material for comparison.  
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Table 5.  Pressure and layer number dependence of Young modulus for film AuSi 

at cSi = 5%, T = 300 K calculated by SMM  

P(GPa) *n  10 20 70 200 Bulk 

2 

EY(1010 Pa) 

36.04 36.28 36.45 36.50 36.52 

4 37.26 37.46 37.61 37.64 37.66 

6 38.46 38.62 38.74 38.77 38.79 

8 39.63 39.77 39.86 39.88   39.89 

10 40.80 40.89 40.96 40.98 40.98 

The silicon concentration and layer number dependence of nearest neighbor 

distance and mean nearest neighbor distance a,  Young modulus E  for films Au and AuSi 

at P = 0, T = 300 K calculated by SMM is summarized in Table 6, where there are the 

results for the bulk material for comparison. SMM calculations for a of film Au at P = 0, 

T = 300 K, *n = 10, 70, 200  in [7] respectively are 2.8485 10-10m; 2.8498 10-10m; 

2.849910-10m. Our SMM calculations in Table 6 are in good agreement with SMM 

calculations in [7]. 

Table 6.  Silicon concentration and layer number dependence of nearest neighbor 

distance and mean nearest neighbor distance a,  Young modulus EY  for films Au  

and AuSi at P = 0, T = 300 K calculated by SMM  

 

*n  cSi (%) 0 1 3 5 

10 a(10-10m) 2.84 2.85 2.86 2.87 

EY(1010Pa) 8.54 13.79 24.29 34.79 

20 a(10-10m) 2.84 2.85 2.86 2.87 

EY (1010Pa) 8.75 14.01 24.54 35.07 

70 a(10-10m) 2.85 2.85 2.86 2.87 

EY (1010Pa) 8.90 14.17 24.72 35.27 

200 a(10-10m) 2.85 2.85 2.86 2.87 

EY (1010Pa) 8.94 14.21 24.77 35.33 

Bulk a(10-10m) 2.85 2.85 2.86 2.87 

EY (1010Pa) 8.96 14.24 24.80 35.35 

        The temperature and layer number dependence of Young modulus for Au at P = 0 

calculated by SMM is shown in Figure 1.  The temperature and layer number dependence 

of Young modulus for AuSi  at cSi = 5%, P = 0 calculated by SMM is shown in Figure 2. 

The pressure and layer number dependence of Young modulus for Au at T = 300 K  

calculated by SMM is shown in Figure 3.  The pressure and layer number dependence of 

Young modulus for AuSi  at cSi = 5%, T = 300 K calculated by SMM is shown in Figure 4.  
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         For bulk Au at near melting temperature, the atomic volume V = 17.29  10-30 m3 

calculated by SMM and V = 17.88  10-30 m3 according to other calculations [25]. These 

calculations are consistent. For bulk Au at T = 300 K, the nearest neighbor distance a = 

2.8454  10-10 m is calculated by SMM and this result is in good agreement with the 

experimental data a = 2.8838  10-10 m [26].  For bulk Au at T = 300 K, the Young 

modulus EY = 8.961010Pa calculated by SMM and this result also agrees with the 

experimental data EY = 8.91  1010Pa [27] 
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Figure 1. EY(T, *n ) for Au at P = 0 

calculated by SMM 

Figure 2. EY(T, *n ) for AuSi 

at  cSi = 5%, P = 0 calculated by SMM 
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Figure 3. EY(P, *n ) for Au at T = 

300 K calculated by SMM 

Figure 4. EY(P, *n )  for AuSi at cSi = 5%, 

T = 300 K calculated by SMM 

        The nearest neighbor distance of a thin film strongly depends on thickness, 

temperature, and pressure. The nearest neighbor distance of a thin film increases with 

thickness, increases sharply with temperature and decreases with increasing pressure. The 

temperature, and pressure dependence of the thin film's nearest neighbor distance can be 

explained by the fact that as the temperature increases, the atoms vibrate strongly, and the 

nearest neighbor distance increases. When the pressure increases, the outer surface is 

compressed, the atoms are closer together, the influence of the surface effect is much, 

leading to the nearest neighbor distance decreasing with pressure. 
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         As the temperature increases, so does the kinetic energy of the atoms, the 

anharmonicity of lattice vibrations increases the mean nearest neighbor distance between 

two atoms in the alloy and the Young modulus decreases. 

         As the pressure increases, the compressive force acting on the material from all 

sides increases and that leads the atoms to come closer together and reduces the mean 

nearest neighbor distance between the two atoms and the Young modulus increases. 

          As the interstitial atom concentration increases, the lattice expands, the mean 

nearest neighborhood between two atoms in the alloy increases and the Young modulus 

decreases. 

          As the number of layers increases until about 200 layers (about 35 nm thickness), 

the Young modulus of the thin film approaches the values of bulk material. 

3.   Conclusions 

        On the basis of the model and the theory of Young modulus for FCC metal’s and 

FCC binary interstitial alloy’s thin films built by the statistical moment method, we 

perform numerical calculations for films Au and AuSi in the temperature range from zero 

to 1000 K, in the pressure range from zero to 10 GPa, in the range of interstitial atom 

concentration from zero to 5% and in the range of layer numbers from 10 to 200. When 

the interstitial atom concentrations are zero, the Young modulus of interstitial alloy’s thin 

film becomes that of main metal’s thin film. The Young modulus of interstitial alloy’s 

thin film decreases with increasing temperature, increases with increasing pressure, 

decreases with increasing interstitial atom concentration. As the number of layers 

increases until about 200 layers (about 35 nm thickness), the Young  modulus of the thin 

film approaches the values of bulk material. SMM calculations of nearest neighbor 

distance and Young modulus for Au in the form of bulk material are in good agreement 

with experiments and other calculations.  Numerical results without comparative data are 

new results and are a reference source for prediction and experimental orientation in 

the future. 
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