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The size dependence was investigated of the melting temperature Tm of metallic films (tin and copper) 

on different substrate (amorphous carbon, another infusible metal), i.e. the dependence of Tm on the film 

thickness h. It was found that the effect of interfacial boundary can result in the growth of Tm for thin me-

tallic films on the carbon substrate in comparison with the corresponding bulk value. For the metal 

1 / metal 2 system the size dependence of Tm seems to be less pronounced and Tm decreases with decreas-

ing thickness h. 
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Size dependence of the melting temperature Tm, 

i.e. its dependence particle radius R in the case of a 

globular nanocluster and on the thickness h in the 

case of a film, is of great basic and practical interest 

in view of many actual and possible application in 

different technologies, including nanotechnology. In 

[1-6] we investigated the size dependence Tm(R). The 

problem of Tm(h) dependence seems to be much more 

complicated as it involves the effect of the solid sub-

strate on Tm. 
In [7, 8] we carried out a thermodynamic analysis 

of the problem under consideration and next formulas: 
 

 
( ) ( )( )

2( )s l

l mm

T

hT

 

  

 
 , (1) 

 

 
( ) ( )( )

s ss l ls

l mm

T

hT

   

 
 

 

   
  (2) 

 

were obtained for free and supported films respec-

tively. In the above formulas ( )
m mT T T   is the 

difference between the macroscopic melting tempera-

ture ( )
mT
  and the melting temperature Tm of the film 

of thickness h, ( )
l
  is the density (concentration of 

atoms) in the liquid phase, ( )
m
  is the macroscopic 

value of the specific heat of melting, s and l are 

surface tensions of the solid substrate and melt, cor-

respondingly, ss   is the interfacial tension at the 

boundary between the crystalline area of the film 

and the substrate, ls   is the interfacial tension at 

the melt-substrate boundary. Formula (1) coincides 

with an equation figuring in monograph [8].  

Unfortunately, reliable values of ss   and ls  , 

quantities figuring in the right-hand side of equation 

(2) are as a rule, not known. Respectively, the relia-

ble verification of this formula faces principal diffi-

culties. For this reason, in [7, 8] the effect of the solid 

substrate on T was taken into account a correction 

term added to the right-hand side of equation (1) and 

expressed vice the antiparticle potential (z) of the 

substrate. This potential may be defined as the ener-

gy of an atom of the film at the distance z from the 

substrate. So, extending equation (1) from the free 

film to the supported one, the difference of the energy 

of interaction should be added for the film in solid 

and liquid states:  
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Here a is the effective diameter of an atom in the 

film, ( )
s
  is the density of the solid phase (in m-3). 

Direct evaluations of the uniparticle potential are 

possible for simplest modeling systems only, for ex-

ample, for Lennard-Jones systems as well as for sys-

tems where both the substrate and the film are pre-

sented by metals or semiconductors not interacting 

chemically and non-soluble. In this connection the 

term of the substrate can be expressed as the differ-

ence between energies of adhesion of the film in liq-

uid Wl and solid Ws states: 
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The energy of the adhesion of the liquid film will 

be approximatelly equal to the energy of the adhesion 

of liquid on the same substrate. Besides, Wl relates to 

the equilibrium contact angle e in accordance with 

the Dupre equation cos 2 / /e a c a lW W W   , where 

2c lW   is the cohesion energy. With respect of this 

equation (4) can be rewritten as 
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Formula (5) predicts the increasing of T under 

effect of the substrate at ( ) ( )
s l    and the decreas-

ing of this quantity for anomalous substance 
( ) ( )
s l   . It is also worth to mention that formula 

(5) predicts the relationship between the size de-
pendence of the melting temperature and the wetting 
conditions of the substrate by the melt corresponding 
to the substance of the film. Size dependence of the 
melting temperature of copper (upper curve) and tin 

(lower curve) films shown in Fig. 1 were calculated in 
frame of approximation (5) for two cases: (i) on a solid 
substrate presented by the same metal; (ii) on a car-
bon substrate. Experimental data used to calculate 

T are presented in Table 1. Evaluation of the con-

tact angle Me Me
e

  at the metal (s) – own melt was 

carried out on the basic of the Young equation with a 

autoadsorption term sa: 
 

  cos /e s sl sa l        , (6) 

 

where sl is the interfacial tension at the metal (s) – 
own melt boundary. The term of the autoabsorption 

was taken from [18]: 0,203sa   J/m2 for copper 

and 0,064sa   J/m2 for tin, respectively. 

According to Fig. 2, the forms of the size depend-
ences of Tm for copper and tin on the carbon sub-
strate are principally different. Obviously, the effect 
of the growth of the melting temperature under de-
creasing the film thickness result from a noticeable 
difference between the values of the surface tension 
of copper and carbon (see Table 1) as well as under 
effect of the interfacial boundary. Experimental re-
sults [19] of melting of tin nanocrystals on a carbon 
substrate and in a carbon matrix may be treated as 
an indirect confirmation of our model predicting the 
possibility of the growth of Tm. According to [19] the 
melting temperature was higher in the last case 
when the particles were completely surrounded by 
the matrix. There exist also experimental data on 
lead [20] and indium [21] nanoparticles in an alumin-
ium matrix demonstrating the growth of the melting 
temperature with decreasing inclusions. So, an anal-
ogous effect for copper films seems to be also possible 
though it is not mentioned in scientific publications. 

It is worth to mention a very high divergence of 
values of the surface tension of carbon: according to 

0,035 2,560C    J/m2. In this work we have used 

the value 0,150C   J/m2 [13], which figures in lit-

erature most often. One can expect that growing C 

will result in the growth of Tm with decreasing the 
film thickness not only for copper but for other met-
als as well. Such a sharp changing of the form of the 
size dependence can be observed not only for thermo-
dynamic properties of thin films. For instance we 
observed [22] a similar behavior for the refraction 
index n of ethyl alcohol films on different substrate: 
the growth of n at increasing h was found on glass 
substrates and the fall of n on silicon ones.  

For the contact between the film of an easily fusi-

ble metal (for example, tin) with difficultly fusible 
one (for example, copper) we predict the size depend-

ence corresponding to decreasing Tm under decreas-
ing h (Fig. 3) that can be explained by the high-

energy nature of the substrate relative to the film 
(the substance of the substrate is characterized by 

higher value of the surface tension). The value 

31Sn Cu
e

   of the Sn/Cu  contact angle, used in cal-

culations, was taken from [23]. 

It is also noteworthy that quit correct calculations 
of Tm for thin films should take into account the size 

dependence of the film surface tension, i.e., more ex-

actly speaking, of its specific excess free energy . 

The effect in question, i.e. (h) dependence is analo-

gous to the size dependence of the surface tension of 
small objects [24-31]. Besides, the size effect of the 

specific heat of melting should be taken into account. 

As for the size effect of l, it can be neglected as was 
justified in [32, 33]. 

 

0,0 5 10 15 20 25 30 35 40
0

200

400

600

800

1000

1200

 

h/a


m


 
 

Fig. 1 – Size dependence of the melting temperature for 

copper (upper curve) and tin (lower curve) films on the same 

metal under assumption on a primary skin-layer existence 

of the thickness   1 nm (the dotted line corresponds to the 

macroscopic value of Tm) 

 

Table 1 — Experimental data on physical quantities for copper and tin used to calculate T 
 

Substance 
( )
mT
 , K 

( ) 510s
   ( ) 510l

   ( )
m
 , Jmol – 1 ,Me Me

е
  degree 

molm – 3 

Cu 1358 [10] 1,320 [10] 1,250 [10] 13050 [10] 16 

Sn 505 [11] 0,605 [11] 0,588 [11] 7080 [11] 15 

C – 1,915 [11] – – – 

Substance a, 10 – 10 m 
s l sl, J·m – 2 ,Me C

е
  degree 

J·m – 2 

Cu 2,335 1,720 [11] 1,354 [11] 0,217 [14] 140 [16] 

Sn 3,160 0,673 [12] 0,544 [12] 0,084 [15] 153 [17] 

C – 0,150 [13] – – – 
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Fig. 2 – Size dependences of the melting temperature of 

copper (upper curve) and tin (lower curve) films on the 

carbon substrate 
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Fig. 3 – Size dependences of the melting temperature of  

Sn/Cu system 
 

Unfortunately the available experimental data even 

on the Tm(h) dependence are rather scanty to verify all 

the hypotheses put forward in this work and, in particu-

lar, our conclusion on the possibility of the qualitatively 

different behavior of the Tm(h) dependence. 
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