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ABSTRACT

The theoretical study of fullerene film production on the
crystal faces of (100) type of crystals with sc, bee, fec lattices is
the subject of this paper. The calculation of equilibrium
concentration of fullerenes Cg, C; and its dependence on
temperature has been carried out. Investigation of processes
adsorption-desorption of fullerenes on the crystal surface and
possible special features of these processes has been discussed.
The developed statistical theory of the process of fullerenes
deposition on the metallic substrate permits to explain and
justify the possibility of manifestation of these processes and
reveal that passing of each process is defined to a large extent
by the character and degree of interaction between fullerenes
and atoms of metallic substrate.

INTRODUCTION

Experimental investigation of process of fullerenes
deposition on the metallic substrate allows to establish its
common character as well as some features. The fullerenes Cg
deposition on the crystals of noble metals, refractory and some
non-metals as Ir, Mo, Ni, Re, W, Si etc. have been investigated
[1-16]. Tt has been found experimentally that molecules Cg
hold their shape and structure up to the certain temperature,
which value depends on the chemical nature of substrate. As it
turned out this temperature is the lowest for tungstem W (300
K). In addition on the Mo, Ir, Re substrate the close-packed
monomolecular layer is formed at the room temperature, on the
surface of Ni, Si crystals the formation of crystallites of tower
type occurs. The deposition on the faces of Mo, W crystals
gave the layer-by-layer growth of film from 6-10
monomolecular layers. In the case of molybdenum substrate the
temperature rise stimulated the process of thermodesorption of
fullerenes.
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Our interest is in theoretical investigation of fullerene film
formation on the crystal faces, the evaluation of equilibrium
concentration of fullerenes, its temperature dependence, study
of adsorption-desorption processes, the establishment of
possible peculiarities of these processes.

NOMENCLATURE

a, b [nm] Lattice constant

d [nm] Fullerene diameter

c [-] Equilibrium concentration

k [eV/K] Boltzmann constant

F [eV] Free energy of crystal

E [eV] Configuration energy

T [K] Temperature

G [-] Thermodynamic probability

N [-] Number of lattice sites (fullerenes) in monofilm
c [-] Total concentration of fullerenes

ve, Uy [eV] Energies of ®® and ®M pairs interaction
¢y, € [-] Concentrations of fullerenes Cgp, C7o

cy [-] Concentrations of vacant sites in monofilm

To solve these problems the calculation of free energy has
been performed, the fullerenes concentration has been
determined from equilibrium conditions, the special features of
its temperature dependence has been ascertained, the character
of fullerenes interaction with crystals atoms and inter-fullerene
interaction have been investigated. In calculations the
formation of monomolecular film of fullerenes @;= Cq,
®,=C;, without considering their ordering. It has been
accepted that the face of crystal substrate has a square
symmetry. This is the face of (100) type of crystals with sc,
bee, fce lattices. The model of spherically symmetric hard
spheres [17, 18], the method of average energies [19, 20] and



the approach of interaction of the nearest fullerene pairs and the
substrate atoms with fullerenes have been used in calculations.
It has been also assumed the geometrical ideality of crystal
structures of both fullerene monofilm and substrate.

The structure of monomolecular film of fullerenes and
substrate face (100) in projection on the considered face is
shown in Figure 1. The figure has been made on the basis of
geometry of bee crystal structure of substrate, the dimensional
values of the lattice parameters « of metal [21], ¢ of fullerene
[22, 23] and structure-chemical diameter d of fullerene [24],
which are equal to (in nm): a = 0,315 (for Mo), ¢ = 1,42,
d = 0,85. Fullerenes are located in the wells of a square lattice
of crystal face (100). It is evident from Fig.1 that each fullerene
is surrounded by four nearest fullerenes and four nearest atoms
of the crystal substrate.

FREE ENERGY OF FULLERITE. EQUATIONS OF
EQUILIBRIUM
The free energy is calculated by the formula [19, 20]
F=E-kTIhG, €))
where E is configuration internal energy defined by the sum of
energies of pair interaction of the nearest fullerenes ®; @; (i, j =
1, 2) and fullerenes with atoms of the substrate ®;M; G is the
thermodynamic probability of distribution of fullerenes of
different type in the monomolecular film (in this case some
positions of monofilm can be vacant, which we denote by the
symbol V), k is Boltzmanns constant, T is absolute
temperature.
In the used approximation we get the formula for the
configuration energy E
E=- lezl\%iq:juqniq:j +NomVom> LJ=12:
i,j=1,

@)

where N(Diq)j and N(DiM are the numbers of nearest pairs of

fullerenes @;, ®; and pairs of fullerenes with atoms of metallic
substrate ®;M, vy = Ud’i@j » Viv= Ugy\ are energies with the

opposite sign for interaction of these pairs.

According to the combinatorics rules thermodynamic
probability G is defined by equation
N!
G=—N N N1 )
(Dl : (1)2 A

where N is the number of sites of monofilm, N, . No . Ny

are the numbers of these sites occupied by fullerenes @;, @,
respectively and being vacant.

The numbers of ®;®;, ®;M pairs in accordance with the
structure (Fig .1) are equal, respectively

2 2
N(qu)] = 2N(D1 /N, N(DZ(DZ :2N(D1 /N,

N(Dl(DZ :4Nq)qu)2 /N, (4)
N(DIM =4N¢)1, N(I)zM =4N¢)2,
where
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Figure 1 The structure of fullerite monomolecular film on
the face (100) of crystal. a and b are lattice parameters of
crystal and fullerite respectively, d is structure-chemical
diameter of fullerene.

. — sites occupied by fullerenes @, = Cgy, D, = C5g, Cro, D>
o

sites of the crystal face

We find the natural logarithm of thermodynamic probability G
from formula (.3), using Stirling formula InX! = X(InX—1) for large X
numbers:

InG=NInN-Ng InNg -
~Ng, InNg, =Ny InNy’

in doing so we take into account the relation (5).
Substituting values of E(2) and InG(6) in F(1) in terms of
(4), (5) we find free energy as follows:
2

NCD1 +Nq,2 + Ny
—4(Ng, 1y + N, om)/(Ng, +Ng, +Ny) -
—KkT[(Ng, +Ng, +Ny)In(Ng, +Ng, +Ny)-
—Ng, InNg, —=Ng, InNg, =Ny InNy].

In the equilibrium state the free energy should be minimal.
The conditions for minimum of free energy are easily found by
the method of the indeterminate Lagrange factor A. Factor A is
correlated with the equation (5) of the relation between

numbers N, ,Ng_,Ny . For this we make up the function
®=F+ MNg, +Ng, +Ny —N). ®

In this case the conditions for minimum of free energy are
written as follows:

(6)

2 2
F=- (N, V11 + N, V23 +2Ng, N, 012) —

0

8CI)/8N<D1 =0, 8CD/8N<D2 =0, O0D/ONy=0. (9)
The conditions (9) give the equations
2 2 2
E(Nq)' V11 + Ng, Uy +2Ng, N, Upp) —
4 10
_E(NCDI V11 +No, Vyp) =4y — (10)

~KT(InN-InNg, ) +A=0,



2
ﬁ(I\IEI)IUI1+N§I>Zu22+2N<Dqu>2olz)—

4
_E(N@zoﬂ +Ng, V) =40~ (11)
—kTInN-InNg, ) +A=0,
3(N2 U1+ N2 Uy, +2Ng Ny Up,) —
N ch 11 (Dz 22 ch (I)z 12 (12)

—kT(InN-InNy)+A=0.
From formulae (10) — (12) we form the relations (10) + (11) —2+(12),
(10) — (11). We find two equations, potentiating which together with
(5), we receive

€1y 4

——==exp—1|[(vy; + V) Cy +

c%, ka[( 11 12) €1 (13)
+(Vp + V) €y + 0y o],

C 4

—=exp—I[(v;; —V;y)Cy +

C2 ka[( 11 12) 1 (14)
+(V13 —Vp) Cy +Vp —Vam s

Cl+CZ +CV:1, (15)

where

are concentrations of fullerenes @, @, and vacant sites in the
monomolecular layer.

The derived formulae (13)-(15) determine the equilibrium
concentrations of fullerenes in dependence on temperature and
energetic parameters.

To solve the system of equations (13)—(15) it is convenient
to get more simple equations forming such formulae: (13) - (14)
and (13):(14). As a result we find

Ci /CV: €1, C /CV: €2, (17)
where
4

€L =eXpL - (11€1 + V125 +Vpy),
(18)

e —exi(o C +UyCy + Vo)

2 ka 12€1 T V22C; T Uopm

Formulae (17), (18) and (15) allow us to find
cv=(1+e+e) !, cr=el +ete),

Cr = 62(1 +e + 62)_1, (19)

determining the temperature dependence of equilibrium
concentrations of fullerenes ®,;, ®, in monomolecular film on
the crystal surface.

DISCUSSION OF RESULTS

The derived formulae (19), (18) enable us to study the
adsorption-desorption of fullerenes under changes of
temperature. In the adsorption process the concentrations c;, ¢,
are bound to increase, but cy to decrease. If at any temperature
the fullerenes desorption process will manifests itself, the
concentrations ¢, ¢y, on the contrary, will diminish, but cy will
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increase. As this takes place, the extremum will present on the
¢1(T), co(T), cy(T) curves.
From the extreme conditions

dcy/0T=0 (20)
we find that
Ul ICl - Ulzcz - UlM = _exp[(‘)lz - Ul l) Cl +
U12C; +V75C) + Vg (21)

+(0g —Vyp) € + Vg — U] <0.

Since the exponential function is positive, then extremum
can take place at the condition of negative values of the left
side of equation (21), which can be realized in the case of
negative values of some energetic parameters. More precisely
the following inequalities must be satisfied

V11 <V12< V2, ViM<Uam

Or V1> V12> Vo, (22)

This is necessary but not sufficient conditions for the
extremum manifestation on the curves c{(T), co(T), i.e. of
adsorption-desorption processes.

In the particular case of deposition of monosort fullerene,
D=Cg¢ as an example, on the crystal substrate, its equilibrium
concentration is defined by formula
—4(cvg + UM)]_1

kT ’
where vy and vy are energies of interaction of ®® and ®M
pairs.

The condition of extremality in this case gives the value c,
equal to

VM~ UM -

c=[l+exp (23)

Ce=—"Vpm/ Vo, (24)
whence one can see that desorption makes itself evident at
energies Vg, Ly of different signs. We shall note that condition
(24) is necessary, but not sufficient.

As an example we have constructed the plots of
temperature dependence of equilibrium concentration of
fullerene @ ¢ = ¢(T) for different values of energetic parameters
Vo, Um. We have used the graphical method of definition of
concentration ¢ for different temperatures. We denote the left
and right sides of equation (23) by characters

—4(cvg +Vy)
kT

At the preassigned possible values of concentration ¢ in the
range 0 <c < 1, we construct the plots f; = fi(c) and f, = f5(c)
for different temperatures T and find the intersection points of
these graphs that define the concentration value ¢ for each
temperature and as a result the dependence ¢ = c¢(T).

The graphic example of such definition of values ¢ at
different temperatures is shown in Fig.2. The intersection points
of curves fi(c) and fy(c) (25), marked by circles, define the
equilibrium concentration of fullerenes for temperatures kT= 0,04;
0,2; 0,5; 0,8; 1 eV and energetic parameters equal to vy = —0,03
eV, vy = 0,01 eV. The found dependence ¢ = ¢(T) in this case is
shown by the graph () in the Fig. 3.

fi=c, f,=[l+exp ]71. (25)



Figure 3 illustrates also the curve of dependence ¢ = c(T),
constructed for another values of energetic parameters Vg, V.
As can be seen from Figure 3, in the cases (a) u (b), when
energetic parameters Vg, Dy are of different signs, but value vy
is positive and small (weak interaction between fullerenes and
atoms of metallic substrate of the attraction type), the function
¢ =c¢(T) increases monotonically and extremality is missing.
These cases correspond to the adsorption of fullerenes on the
crustal surface. In the cases (c), (d), (e), (f), when fullerenes
interaction with atoms of substrate increases, the energy vy
undergoes a rise and the character of interaction between
fullerenes and metallic atoms is of repulsive type (vy < 0) the
extremality shows itself on the curves of temperature
dependence of fullerene concentrations in the monomolecular
film. The first peak on the curves is marked by circle. The
numerical values of concentration and temperature,
corresponding to this maximum, according to (24) and formula
(23) are equal to

(¢) cn=0,61, kT,,=0,1 eV,

(d) cn=0,68, kTn=0,2 eV,

(e) cn=0,63, kTn=0,15¢€V, (26)
() cw=0,70, kT,=028¢V.

In these cases with a rise in temperature up to T =T, the
adsorption process goes and then at T > T, the desorption of
fullerenes must occur (authors of [16] called it as
thermodesorption). In practice the hysteresis phenomena are
possible when the desorption manifests itself or not manifests at
all. This is possible, if fullerenes deposition is a large flow and
goes over a long period of time as well as depending on the
speed of deposited fullerenes. The plots of dependence ¢(T) can
be smoothed as shown by the dashed curves in Fig. 3 (¢), (d),
(e). In the case of (f) at the sufficiently high energy vy even the
curve smoothing leads to the desorption process.
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Figure 2 For the calculation of temperature dependence of
fullerenes concentration of monomolecular film on the crystal
surface. The extreme curves fy(c) are shown for temperatures
kT =0,04 eV and 1 eV and energetic parameters equal to
Ve =-0,03 eV, vy=0,01eV

The points corresponding to the intersections of curves fj,
f, in Fig.2 are marked by numbers 1-5 on the curve (a). In the
case of hysteresis phenomena the possible run of curves is
shown by dashed lines.

The experimental points, in which ¢, = —Uy/Ve, are marked
by circles on the curves (¢), (d), (e), (f) .
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Figure 3 The plots of temperature dependence of fullerenes
concentration in the monomolecular film on the crystal surface,
constructed by formula (23) for energies vg, LW, respectively
equal to (in eV):
a)—0,03;0,01; »)-0,6; 0,1; c)0,36;—0,22;
d) 0,66; -0,45; ¢) 0,72;-0,45; f) 0,87; 0,61

CONCLUSION

The elaborated statistical theory of the process of fullerenes
deposition on the metallic substrate permits to explain and
justify the possibility of manifestation of processes both of
fullerenes adsorption and desorption on the crystal surface. It
has been shown that passing of each process is defined to a
large extent by the character and degree of interaction between
fullerenes and atoms of metallic substrate. At weak this
interaction the concentration of adsorbed fullerenes increases
with a rise in temperature. As this takes place, initially the
more intense rise of adsorbed fullerenes has been going on, this



growth further decelerates and the curves of fullerenes
concentrations ¢(T) become flat. The fullerenes desorption can
manifests itself in a certain temperature range (cases (¢), (d), (e)
Fig. 3) or will be a continuous at T > T,, (case (f) Fig. 3), if
interaction of fullerenes with the substrate atoms are
sufficiently strong and have the repulsive character.

The established in calculations processes of adsorption and
thermodesorption with a temperature rise manifest themselves
experimentally with fullerenes deposition on the face (100) of
molybdenum crystal [16] and theoretical results are in
qualitative agreement with experimental data.
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