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Influence of adsorption on thin film thermodynamics

M. Paunov
Institute of Physical Chemistry, Bulgarian Academy of Sciences, Sofia 1113, Bulgaria

~Received 15 August 1996!

The thermodynamics of a system composed of a substrate, a deposit, and an adsorbed layer is considered
with a lattice model in the framework of Gibbs ensemble statistics. Expressions for the thermodynamic
functions~free energy, chemical potential, etc.! are derived. The thermodynamic condition for equilibrium in
such a multicomponent multiphase system~equality of chemical potentials of each component in all phases!,
combined with the requirement of minimal free energy, leads to a criterion for stability of the two-dimensional
~2D! phase of the deposit. It is shown that an adsorbate could invert the relative thermodynamic stability of
both possible deposit phases. It is found also that the adsorbate drastically influences the chemical potential of
the 2D phase, and on whatever substrate it becomes practically equal to the chemical potential of the bulk
phase at high adsorbate coverages. The influence of the foreign substrate on the layerwise separation in the
adlayer is discussed, along with some peculiarities that arise, by defining surface and interfacial free energies
of the thin films.@S0163-1829~96!09948-1#
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I. INTRODUCTION

The morphology of deposits on foreign substrates has
tracted much attention for a long time now. When a giv
material is placed on a substrate, it usually forms eithe
thin uniform film or three-dimensional~3D! crystallites.1–4

The first case is called the Frank–van der Merwe~FM!
growth mode. In the second case the crystallites can
formed directly onto the bare substrate@the Vomer-Weber
~VW! growth mode# or can lie on some uniformly distribute
monolayers@Stranski-Krastanov~SK! growth mode of their
own#. According to the well-known Bauer’s criterion,1 an
A monolayer is formed on substrateB ~FM growth! if the
condition

sa2sb1sab<0 ~1!

is satisfied, wheresa andsb are the deposit and substra
surface free energies, andsab is the interfacial free energy. I
this inequality does not hold, then formation of 3DA islands
on the bare substrate takes place~VW growth!. Simply
speaking, if the surface free energy of the deposit is low
than that of the substrate~the interfacial energies are usual
much lower than the corresponding surface energies! the de-
posit covers the substrate uniformly and lowers the total
ergy of the system. In the opposite case the complete we
would increase the energy, so that the deposit prefer
minimize its own surface by forming 3D crystallites.

Pure FM growth is rarely observed in real systems. Ow
to the difference of the lattice parameters~misfit!, elastic
strains arise in the overlayer.5,6 In the first several monolay
ers they are accommodated by homogeneous distortion.
ter a certain thickness, however, the elastic energy beco
very large. A nonuniform relaxation takes place in the to
most layer, resulting in the appearance of small areas w
structure more or less close to the structure of the dep
The layer growth is terminated, and the growth of 3D islan
begins~SK growth!.7–9Obviously, Bauer’s rule does not dis
tinguish between FM and SK growth modes.
540163-1829/96/54~24!/17910~9!/$10.00
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In the early days of epitaxy in poor vacuum, the surfac
must have been contaminated. The assumption that imp
ties hinder a good epitaxial overgrowth~by blocking of the
growth sites and/or by including irregularities in the crys
lattice! forced the tendency to maintain the growth conditi
as ‘‘clean’’ as possible. The using of ultrahigh vacuu
~UHV! and carefully cleaned substrates, however, did
always yield the expected result. On the contrary, in so
cases the epitaxy in poor vacuum was better than in UHV10

Apparently, in such cases, epitaxy could be achieved bec
the surfaceswere not clean.

An example of adsorbate influence on the growth mo
are rare-gas systems~Xe, Kr, Ar! on graphite. On air-cleaved
graphite, without cleaning in vacuum, Venables and Ba11

observed a 3D growth, irrespective of vacuum conditio
However, when the substrate was cleaned in UHV prior
deposition, a 2D growth~multilayer adsorption isotherms!
was found in all the above systems.12–16On the other hand,
recent experiments involving the deliberate introduction
adsorbates in a variety of VW epitaxial systems@Fe and Ni
on Cu~100!, Fe on Ag~100!, Si/Ge~100!#,17–22 showed that
some of the adsorbates~O, N, CO, As, Sb! are able to sup-
press the island growth, and to induce ML films to spread
on the substrate.

Most authors presumed qualitatively that the change
the surface free energies is the origin of the obser
changes in the growth mode.3,17–19Assuming a more genera
validity of Eq. ~1!, one could evaluate quantitatively the a
sorbate influence by calculating the simultaneous chang
the substrate and deposit surface free energies, provided
corresponding adsorption isotherms are known. This
proach, although quite reasonable, has the disadvantage
it does not allow a deeper insight into the thermodynamics
the system.

As a matter of fact the chemical potential of a bulk ads
bent is not changed upon adsorption. This is due to its v
ishing surface-to-volume ratio. In the case of a thin fil
however, this ratio is close to unity. The surface free ene
contribution to the total free energy is significant, so th
17 910 © 1996 The American Physical Society
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54 17 911INFLUENCE OF ADSORPTION OF THIN FILM . . .
every change in the surface state of the film leads con
quently to a change of its thermodynamic functions as w
To the best of our knowledge no quantitative considerat
of the problem has been presented till now.

Therefore, the aim of the present paper is to derive
pressions, by means of a lattice model, for the thermo
namic functions of an adsorbate-deposit-substrate sys
and to answer the question of whether there are thermo
namic reasons to expect an inversion of the order of
stability of the 2D and 3D phases of the deposit under
adsorbate influence. This paper is organized as follows.
model and the partition functions are described, and the
energies are calculated in Sec. II. The criterion for 2D
posit stability is derived in Sec. III. It takes a very simp
form for a nearly complete adsorbate layer. An express
for the chemical potential of the thin film in the presence
an adsorbate is derived in Sec. IV. The change of the t
film thermodynamics due to adsorption is illustrated in S
V. The definition of the surface energies of thin-film su
strates and interfaces is discussed in this section as w
Finally interlayer demixing in a binary adsorbate induced
a foreign substrate is exemplified in Sec. VI.

II. MODEL, PARTITION FUNCTIONS,
AND FREE ENERGIES

For sake of simplicity we assume that the deposit (A),
substrate (B) and adsorbate (S) have arbitrary but like crys-
tal lattices with equal lattice parameters, and with fir
neighbor interactions only. The coordination number of
3D lattice is 2Z, and the bond energies between like a
unlike atoms areEii and Eik ~taken as negative with
i ,k5a,b,s). The substrate is a crystal face with 2Zp number
of bonds in the plane~lateral bonds! and 2Zo number of
bonds out of the same plane, so that an atom on the to
this plane hasZo first neighbors in it.

Let us now consider a system which consist of a subst
B with M'1015 adsorption sites,Na atoms of typeA, and
Ns atoms of typeS. All Na atoms are situated onB, part of
theS atoms of order of magnitudeM are adsorbed, and th
rest of them are in a vapor phase with volumeV. It is as-
sumed that

Ns@M*Na . ~2!

This inequality means that all phases in the system are l
enough in order to apply the Gibbs ensemble statistics.
system does not exchange mass with its surroundings,
the number of bothA andS particles is constant.

Two configurations are possible with respect to com
nentA. The first one is realized when allNa atoms form a
large 3D crystal,N3s

b andN3s
a S atoms are adsorbed onB and

on the surface of the 3DA phase, while the rest of them
N3s
v 5Ns2N3s

b 2N3s
a are in the vapor phase. The canonic

partition functionQ3 of this configuration is

Q35Q3s
v Q3a

b Q3s
b Q3s

a , ~3!

whereQ3s
v is the partition function of the vapor phase,Q3a

b

that of componentA, and Q3s
b and Q3s

a those of bothS
phases adsorbed onB andA, respectively. Because of th
large dimensions of theA phase, the surface/volume rat
e-
l.
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'Na
2/3/Na is vanishing so that its shape is not exactly defin

by Wulff’s theorem as in the case of small crystals.
In the second configuration theNa atoms form a compac

~but not necessary full! 2D layer onB, bothA and unoccu-
pied B surfaces are covered withN2s

a andN2s
b S atoms, so

that N2s
v 5Ns2N2s

b 2N2s
a S atoms remain in the gas phas

Similarly to Eq.~3!, the partition functionQ2 is

Q25Q2s
v Q2a

b Q2s
b Q2s

a . ~4!

The counterparts in the second system are naturally inde
with a 2. It should be underlined that both above configu
tions are actually two independent systems. Therefore,
has to equilibrate them separately and after calculating of
corresponding free energies, to decide which of them is m
stable.

The free energyF and the chemical potentialm in the
canonical ensemble are

F52kT lnQ, ~5!

m5]F/]N, ~6!

so that from Eqs.~4! and ~3! one obtains

F25F2s
v 1F2a

b 1F2s
b 1F2s

a , ~7!

F35F3s
v 1F3a

b 1F3s
b 1F3s

a , ~8!

where the free energies are indexed as the correspon
partitions functions. To calculate the free energies, one n
needs a concrete form for the partition functions.

Let the chemical potential of a gas phase withNs particles
in volumeV at temperatureT be

mse~Ns ,V,T!52
kT] lnQ~Ns ,V,T!

]Ns
.

According to Eq. ~2! the amount of adsorbedS atoms
(&M ) is infinitesimal as compared toNs . Consequently, the
chemical potentials of the gas phase in both systems
equal,

mse[mse~Ns ,V,T!5
]F2

]N2s
v 5

]F3

]N3s
v

and are not changed upon adsorption, so that we can exp
the corresponding free energies as

F2s
v 5N2s

v mse5~Ns2N2s
b 2N2s

a !mse, ~9!

F3s
v 5N3s

v mse5~Ns2N3s
b 2N3s

a !mse. ~10!

Assuming that the temperature is below the tw
dimensional critical temperature ofA, we consider both 2D
and 3DA phases as Einstein crystals with partition functio

Q2a
b ~Na ,T!5qa

NaexpS 2
ZoEab1ZpEaa

kT D Na, ~11!

Q3a
b ~Na ,T!5qa

NaexpS 2
ZEaa
kT D Na, ~12!
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17 912 54M. PAUNOV
whereqa is the internal partition function of theA atoms.
Denoting

hk
i 52kT lnqk1ZoEki1ZpEkk ~13!

for the layerk on the substratei , one obtains the free ene
gies of the componentA

F2a
b 5Naha

b , ~14!

F3a
b 5Naha

a . ~15!

For the partition functions of adsorbedS phases (N ada-
toms onM sites! we use an expression known from th
lattice statistics of adsorption,23

Q~N,M ,T!5qs
NexpS 2

NZoEsi

kT D
3(

j
gjexpS 2

Ej~Zp ,Ess,N,M ,T!

kT D ,
~16!

whereZoEsi is the bond energy of anS atom to the under-
lying substratei (NZoEsi is the total nonconfigurational en
ergy!, Ej are all allowed configurational energy levels of t
system, andgj those of the corresponding degeneracy f
tors. Keeping in mind that(gj5M !/N!(M2N)!, the sum
in Eq. ~16! is replaced by its maximal term
gj* exp(2Ej* /kT), so that for the free energy one can write

F5M @kTSc~u!1uhs
i 2uZpEss1Ec~u!#. ~17!

In the last equation u5N/M is the coverage and
Sc(u)52 lngj* /M andEc(u)5Ej* /M are the configurationa
entropy and energy per adsorption site. Of course bothSc
andEc also depend onZp , Ess, andT, but they are omitted
for convenience. As is evident from the general form of t
expressions for the configurational quantities, no conc
approximation is used to obtain Eq.~17! from Eq. ~16!.

With Eq. ~17! the free energies of theS phases are

F2s
b 5~M2Na! f 2s

b ~u2s
b !

5~M2Na!@kTSc~u2s
b !1u2s

b hs
b2u2s

b ZpEss1Ec~u2s
b !#,

~18!

F2s
a 5Naf 2s

a ~u2s
a !

5Na@kTSc~u2s
a !1u2s

a hs
a2u2s

a ZpEss1Ec~u2s
a !#,

~19!

F3s
b 5M f 3s

b ~u3s
b !

5M @kTSc~u3s
b !1u3s

b hs
b2u3s

b ZpEss1Ec~u3s
b !#,

~20!

F3s
a 5Na

2/3f 3s
a ~u3s

a !

5Na
2/3@kTSc~u3s

a !1u3s
a hs

a2u3s
a ZpEss1Ec~u3s

a !#.

~21!
-

e
te

In the above expressions,

u2s
b 5

N2s
b

M2Na
, u2s

a 5
N2s
a

Na
, u3s

b 5
N3s
b

M
, u3s

a 5
N3s
a

Na
2/3

~22!

are the coverages ofS on A andB in both systems, andf
denotes the free energy per adsorption site. The numbe
adsorption sites inF3s

a ~proportional to the surface of the 3D
A crystal! is taken to be'Na

2/3 and, according to Eq.~2!, the
number of adsorption sites onB in F3s

b is M2pNa
2/3'M ,

with p being a coefficient slightly lower than 1.
The free energies from Eqs.~18!–~21! have to be calcu-

lated under the general condition for equilibrium in a mul
phase multicomponent system—equality of the chemical
tentials of each component in all phases. In our case
means that the chemical potentials of allS phases should be
equal tomse. Denoting the equilibrium coverages atmse

with use
b [use

b (mse), and use
a [use

a (mse) and puttingu3s
b 5

u2s
b 5use

b andu3s
a 5 u2s

a 5use
a in Eqs. ~18!–~21!, one obtains

the equilibrium free energies of adsorbedS phases.

III. THERMODYNAMIC STABILITY OF THE 2D PHASE
OF THE DEPOSIT

The thermodynamic condition that the 2D system is m
stable than the 3D system is

F22F35DF<0. ~23!

Let us see now how this condition looks in the particu
case of a ‘‘clean’’ substrate~without an adsorbate!. All free
energies in Eq.~23! containingS bonds are absent, and tak
ing into account Eqs.~14! and ~15!, it reduces to

~ha
b2ha

a!/Zo5~ma
b2ma

a!/Zo5Eab2Eaa<0, ~24!

wherema
b andma

a are the chemical potentials of the 2D an
3D phases ofA onB @the equalityh5m is obvious from Eq.
~6!#.

We now define the specific surface and interfacial fr
energies of the bulk phases in the model as

s i52MZoEii /2, s ik5s i1sk2b ik , b ik52MZoEik
~25!

whereb ik is the so-called specific adhesion energy~the en-
ergy gain when putting two barei andk substrates together!.
Thus Eq.~24! becomes

MZo~Eab2Eaa!52sa2bab5sa2sb1sab<0. ~26!

The last result shows that the Bauer’s 3-s rule ~1! is strictly
valid for temperatures below the two-dimensional critic
temperature of the deposit, i.e., when both 3D and 2D pha
could be considered as Einstein crystals. Although it conta
only surface free energy terms, i.e., only a part of the to
free energy, it is identical to the most general thermod
namic condition~23!. It should be noted that the transitio
from a small crystal to an infinite large compact monolay
used in Ref. 1 to derive Eq.~1!, includes the assumption o
zero configurational entropy and energy of both 3D and
phases, i.e., they are implicitly regarded by Bauer as Eins
crystals as well.
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54 17 913INFLUENCE OF ADSORPTION OF THIN FILM . . .
Let us now calculate the remaining free energies inclu
in F2 andF3 . Keeping in mind Eq.~22!, from Eqs.~9! and
~10! one obtains

F2s
v 2F3s

v 5~2N2s
b 2N2s

a 1N3s
b 1N3s

a !mse

5Na~use
b 2use

a !mse. ~27!

In the same way Eqs.~18!–~21! yield

F2s
b 1F2s

a 2F3s
b 2F3s

a 5Na@ f se
a ~use

a !2 f se
b ~use

b !#. ~28!

Na
2/3!Na ,M , as evident from Eq.~2!, is used to obtain both

last equations. Combining Eqs.~27! and ~28!, we write

F2s
v 2F3s

v 1F2s
b 1F2s

a 2F3s
b 2F3s

a

5Na@use
b mse2 f se

b ~use
b !#2Na@use

a mse2 f se
a ~use

a !#

5Na@ws
a~mse!2ws

b~mse!#, ~29!

where the relation

f se
i ~use

i !2use
i mse5D f se

i ~mse!5ws
i ~mse! ~30!

is used. The quantityws
i (mse) is also a thermodynamic func

tion called two-dimensional spreading pressure. It is just
free energy changeD f se

i (mse)5 f adsorbate2 f gas by isothermal
reversible adsorption at chemical potentialmse.

Finally, the thermodynamic condition~23! for stability of
the two-dimensional phaseA on B in the presence of an
adsorbate becomes

DF

Na
5ha

b2ha
a2ws

b~mse!1ws
a~mse!<0. ~31!

We now want to point out the simple physical sense of l
equation. According to Eq.~24!, the free energy change b
the 3D-2D transition in the ‘‘clean’’ case isha

b2ha
a . Equa-

tion ~31! means that, to perform this transition in the pre
ence of an adsorbate, extra work has to be done, to read
S from B onA. Obviously, if this work is negative~energy is
gained!, it could compensate for the positive energy diffe
enceha

b2ha
a ~stable 3D islands without an adsorbate! and

thus to stabilize the 2D phase ofA.
Let us analyze now Eq.~31! in more detail. Suppose w

know the adsorption isotherms, i.e., the partial derivatives
the free energy with respect to the number of adsorbed
ticles,

ms
b~u!5

]F2

]N2s
b 5

]F3

]N3s
b , ~32!

ms
a~u!5

]F2

]N2s
a 5

]F3

]N3s
a . ~33!

The free energyf could also be expressed as

f se
i ~use

i !5E
0

use
i

ms
i ~u!du,

so that the 2D spreading pressure from Eq.~30! becomes

ws
i ~mse!5E

0

use
i

ms
i ~u!du2use

i mse. ~34!
d

e

t

-
orb

f
r-

The adsorption isothermsms
b(u) andms

a(u) are presented
schematically in Fig. 1 for two extreme cases:~a! at tempera-
tures higher than the two-dimensional critical temperat
T2c
s of componentS, and~b! for T!T2c

s . The area between
mse and the isothermms

b(u) equalsws
b(mse), and the dashed

area is just the energyws
a(mse)2ws

b(mse)5Dw(mse), gained
by readsorption ofS from B on A. It is obvious that energy
is gained ifEsa,Esb . With a rising chemical potential~cov-
erage! of the adsorbate,Dw(mse) increases, and after a ce
tain value ofmse practically does not change any longer. A
evident from the same figure, the energy gain is maximal
mse *hs

b whenT!T2c
s , while for T.T2c

s chemical poten-
tials, significantly higher thanhs

b , are necessary to obtain th
maximal effect. The quantityh, as defined in Eq.~13!, is
equal to the chemical potentialm only in some special cases
e.g., by Einstein crystals and for adsorbed phases atT,T2c
in the coverage region of the van der Waals wave. Abo
T2c by the symmetrical adsorption isotherms, obtained fr
Eq. ~16! with mean-field or quasichemical approximation
m equalsh only for u50.5.

Now using Eqs.~13! and~25!, one can rewrite Eq.~31! as

FIG. 1. Adsorption isotherms ofS on A andB substrates.~a!
For temperatures higher than the two-dimensional critical temp
ture T2c

s of S. ~b! For temperatures lower thanT2c
s . The dashed

areas are proportional to the difference of the 2D spreading p
suresws

a2ws
b and increase with risingmse. Above a certain value

of mse in both cases,use
b →use

a →1 andws
a2ws

b →hs
b2hs

a .
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17 914 54M. PAUNOV
sa2sb1sab1Mws
a~mse!2Mws

b~mse!

5sa* ~mse!2sb* ~mse!1sab<0, ~35!

where

s i* ~mse!5s i2Ds i~mse! ~36!

is the reduced surface free energy in the presence of an
sorbate with chemical potentialmse in the system, and

Ds i~mse!52Mws
i ~mse! ~37!

is the free energy change per unit surface due to adsorp
i.e., the surface free energy change. The similarity of
~35! and ~1! is evident.

In order to obtain a more concrete form of Eq.~35!, one
needs to assume a certain approximation for calculatingw,
which leads to more or less complicated expressions. For
maximal effect, however, it is possible to obtain a ve
simple form of Eq.~35!, evading the use of approximation
One can see from Fig. 1 that with rising chemical poten
use
b and use

a come more and more closely together, and
proach unity. For that limiting case (use

a 'use
b '1)

Sc~u'1!→0 and Ec~Zp ,Ess,u'1,T!→ZpEss.
~38!

Then

f se
i ~use

i '1!→hs
i , ws

i ~mse!→hs
i 2mse, Dwmax5hs

a2hs
b,

~39!

and, keeping in mind Eq.~30!, Eq. ~31! is reduced to

~ha
b2ha

a1hs
a2hs

b!/Zo5Eab2Eaa1Esa2Esb<0
~40!

and

MZo~Eab2Eaa1Esa2Esb!5sa* ~mse!2sb* ~mse!1sab

5ssa2ssb1sab<0. ~41!

From Eq. ~35! one can conclude that simultaneous a
sorption on two substrates lowers the difference of their s
face free energies. This effect increases with a rising che
cal potential~coverage! of the adsorbate. The maximal effe
is obtained practically for adsorbate coverages close to un
whereby the difference of the surface free energies is
duced to the difference of the corresponding substr
adsorbate interfacial energies. According to~41! in that par-
ticular case the three interfacial energies remain so
responsible for the thermodynamic stability of the 2D pha
of the deposit.

IV. CHEMICAL POTENTIAL OF THE DEPOSIT

Let us now consider the chemical potential of depositA in
the multicomponent system. For the 2D configuration ofA
the partial derivative ofF2 with respect toNa is

m2a
b ~mse!5

]F2

]Na
5

]F2a
b

]Na
1

]F2s
b

]Na
1

]F2s
a

]Na
, ~42!

while, in the 3D system,
d-

n,
.

he

l
-

-
r-
i-

y,
e-
e-

ly
e

m3a
b ~mse!5

]F3

]Na
5

]F3a
b

]Na
1

]F3s
a

]Na
. ~43!

The notationma(mse) means that the chemical potenti
ma of componentA is taken at the chemical potentialmse of
componentS. The first summands in the right-hand sides
both above equations are the chemical potentials of the
and 3D phases respectively, without adsorption~partial de-
rivatives of the free energies with respect to the number
adsorbed particles!. The remaining terms are partial deriva
tives of the free energies with respect to the adsorption s
which are just the two-dimensional spreading pressuresw of
the corresponding adsorbates, so that

m2a
b ~mse!5ma

b2wse
b ~mse!1wse

a ~mse!, ~44!

m3a
b ~mse!5ma

a1
Na
2/3

Na
@wse

a ~mse!2 1
3 f se

a ~use
a !#'ma

a .

~45!

The more complicated form of the last equation aris
from the fact that the number of adsorption sites inF3s

a is not
Na but Na

2/3. According to Eq.~2! the multiplierNa
2/3/Na is

an infinitesimal quantity, so that the chemical potential of t
3D A phase is not changed by adsorption. This is true u
its surface-to-volume ratio remains negligible. In the opp
site casem3a

b (mse) becomes an adsorption-dependent qu
tity, because the contribution of the surface free energy~and
also its change! to the total free energy becomes significa

Concerning Eq.~44!, it is evident that the chemical poten
tial of the two-dimensional phaseA is strongly dependent on
mse. It seems as if this conclusion contradicts the we
known fact that an adsorbed layer does not change
chemical potential of the underlying substrate. As discus
above, however, this is not true when the surface-to-volu
ratio of the substrate phase becomes different from zero.
hardly possible to speak about ‘‘surface’’ of an adsorb
layer above the two-dimensional critical temperature, wh
the adatoms are almost randomly distributed on the supp
ing substrate. Below this temperature, however, the adat
form a more or less compact layer. This layer has still
‘‘own surface’’ because it is able to adsorb other particl
i.e., it can act as a substrate. The surface-to-volume rati
this compact layer is unity, so that every change of its ‘‘ow
surface’’ ~adsorption on it! should change its free energ
~and chemical potential! as well. Keeping in mind that the
chemical potential of one of the components in a multico
ponent system isthe free-energy change of the whole syst
(not only of the component under consideration) per partic
it is obvious that every change of the number ofA particles
is accompanied with a redistribution of the adsorbedS atoms
between bothA and B surfaces, i.e., as compared to th
adsorbate free surface the chemical potential is changed
with the free energy for readsorption per site.

With Eq. ~44! the general condition~31! obtains a very
simple form,

m2a
b ~mse!2ma

a5
1

M
@sa* ~mse!2sb* ~mse!1sab#<0.

~46!
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It turns out that in the presence of an adsorbate, similarl
the ‘‘clean’’ case, the 2D configuration of the deposit is mo
stable when its chemical potential is lower than those of
bulk phase. Therefore it is interesting to analyze the dep
dence ofm2a

b (mse) on the particular choice ofS. Keeping in
mind Eqs. ~38!, ~39!, and ~40!, it is obvious that for the
limiting caseuse

a 'use
b '1,

m2a
b ~us'1!2ma

a5Zo~Eab2Eaa1Esa2Esb!. ~47!

As one can see theS-dependent quantity in Eq.~47! is the
differenceEsa2Esb, so that the question is how it depen
on Ess. The relationEik5(Eii1Ekk)/2 is widely used as a
first approximation for the bond energy of two unlike atom
In the real case, of course, the quantity

Wik5Eii1Ekk22Eik52s ik /ZoM ~48!

is usually not zero. Nevertheless, both theoretical consi
ation and experiment7,24showed that, as a rule,Wik is at least
about one order of magnitude lower than all three energ
As a consequence, every change ofEii or Ekk will shift Eik
in the same direction. Evidently, different values ofEss ~dif-
ferent adsorbates! will shift both unlike bond energiesEsa
andEsb in one and the same direction, thus making the d
ferenceEsa2Esb almost insensitive onEss. Therefore, the
differencem2a

b (us51)2ma
a is practically one and the sam

whatever the adsorbed layerS is.
On the other hand one can rewrite Eq.~47! in the form

m2a
b ~us51!2ma

a5Zo~2Wab1Wsb2Wsa!. ~49!

Keeping in mind thatma
a is an arbitrary quantity, the sum o

the right-hand side of this equation is very low as compa
to both summands in the left-hand side. The conclusion
that the chemical potential of a 2D compact phase in
presence of a complete adsorbed layer deviates, in gen
negligibly from the chemical potential of the 3DA phase. On
the other hand, the attachment/detachment of a singleA par-
ticle to/from the substrateB is associated with energ
Zo(Eab1Esa2Esb) ~neglecting the lateral bonds!. It is obvi-
ous that this energy differs also little fromZoEaa , and is
very insensitive with respect toEbb ~bond strength to the
substrate!, because of the differenceEab2Esb . Thus if the
substrate contains different type of atoms, e.g., impurities
dopants, then the differences in the local bond energies
much smaller in the presence of adsorbate than withou
That is why the adlayer additionally equalizes the local bo
energies and renders the substrate energetically hom
neous.

Strictly speaking, the above considerations are valid
volatile adsorbates, i.e., for adsorbates with low mean r
dence times~as compared to the experimental time!, for
which a vapor phase is absolutely necessary to mainta
certain coverage. On the contrary, the adlayers of nonvola
adsorbates are very stable in time because of the low des
tion rate. Without presenting concrete calculations we n
that the same general conclusions could be drown as
volatile adsorbates. What is more, all expressions for
limiting case of a complete adsorbate monolayer are fu
identical with those derived for the former case. That is
to
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cause the differenceF2s
v 2F3s

v from Eq. ~27! vanishes when
use
a 'use

b '1, which is equivalent to excluding the vapo
phase from consideration.

V. SURFACE AND INTERFACIAL FREE ENERGIES
OF THE THIN FILMS

Let us now also consider the initial stages of deposition
A onB as an adsorption phenomenon.2,3,25,26When condition
~1! is satisfied, both FM and SK growth modes are associa
with stepped isotherms, quite similar to the multilayer a
sorption isotherms obtained for gases on foreign substra
On the contrary, the VW isotherm displays a maximum
coverages significantly lower than 1 ML, followed by a
experimentally unobservable decreasing part, where an
stable equilibrium should exist. The latter case is represen
schematically in Fig. 2. The VW isothermma

b(ua) is drawn
by a full line up to the maximumc ~stable adsorption equi
librium! and by a dotted line afterc, where the equilibrium is
unstable. At pointc the VW growth of A on B ~three-
dimensional nucleation! begins, which requires relatively
high supersaturations—ma*ma

b@ma
a . The dashed curve

also denoted byma
b(ua), is a hypothetical isotherm ofA on

B, which would be obtained if one initially suppresses t
adsorption on the top of the first monolayer and allows
only after the first monolayer is completed. Although it
not possible to realize this isotherm at all, it is depict
only to show that the area between it andma

a is just
(sa2sb1sab)/M.0.

The introduction of an adsorbateS into the system~with
chemical potentialmse, which is lower than the bulk chemi
cal potentialms

s and at which a nearly completeS ML on
B is adsorbed! changes the surface energysb of the initial
cleanB substrate tosb*5sb* (mse) according to Eqs.~52!
and~37!. If condition ~46! is satisfied, then the ‘‘clean’’ iso-
thermma

b(u) is transformed to a stepped isotherm, deno

FIG. 2. Schematic representation of the deposition process
the adsorbate influence in a system growing in the VW mo
(sa2sb1sab.0). Note that the surface energy of the sandwi
system 1 differ significantly from the apparent surface and inte
cial energies refined by Eq.~25!.
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in Fig. 2 asm2a
b (ua)[ m2a

b (ua ,mse). According to Eq.~47!
the chemical potential of the step ism2a

b 5m2a
b (mse).

Let us now calculate the surface energies in the syst
Starting with anS-preadsorbedB substrate, the deposition o
A now follows the isothermm2a

b (ua), so that at point 1 one
obtains the sandwich, depicted in the lower right-hand cor
of the figure. The free-energy change by the deposition
A by chemical potentialma5m2a

b is

D f 15E
0

ua
m2a
b ~u!du2uam2a

b ,

and with ua'1 one obtains, for the change of the surfa
free energy ofsb* ,

Dsb* ~m2a
b !52MD f 1'0.

Hence the surface free energy of the whole sandwich in p
1 is

s15sb*2Dsb* ~m2a
b !'sb* , ~50!

i.e., the surface free energy of theS preadsorbedB substrate
is practically unchanged after the deposition of a nearly co
pleteA ML at the chemical potentialm2a

b . If additionally the
adsorption isotherm onS onB is similar to those depicted in
Fig. 1~b! andmse5ms

b (us'1), thens1'sb*'sb .
The free-energy change at point 2 of the isothe

m2a
b (ua) is

D f 25E
0

ua
m2a
b ~u!du2uama

a.

With ua'1, and taking into account Eq.~46!, the surface
free energysb* is changed now with

Dsb* ~ma
a!'M ~ma

a2m2a
b !52sa* ~mse!1sb* ~mse!2sab ,

so that for the total surface free energy of the sandwich
point 2, 1 becomes

s25sb*2Dsb* ~ma
a!5sab1sa* ~mse!. ~51!

From a macroscopical point of view both sandwiches h
oneA/B interface, oneS/A interface, and oneS surface, and
it could be expected thats1's2' sab1ssa1ss , which is
evidently not true. The reason is that the surface energie
Eq. ~25! are implicitly defined for the bulk chemical poten
tials of the corresponding phases. For sandwich 1, only
chemical potential ofB is the bulk potential, while the
chemical potentials of bothA andS phases differ from the
bulk values, so that neither the energy of the interfa
A/B andS/A nor the energy of the surfaceS could be de-
fined by Eq.~25!. For sandwich 2, however, the energy
theA/B interface is justsab, because the chemical potentia
of bothB andA phases are the bulk potentials. For the sa
reason, the energies of the interfaceS/A and of surfaceS
could not be expressed by Eq.~25!, becausemse is different
from the bulk chemical potentialms

s , which explains why the
.
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nt

-

in

e

in
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s

e

total energy of both above interfaces issa* (mse)
Þssa1ss . Similarly if mseÞms

s thensb* (mse)Þssb1ss as
well.

However, as evident from~41!, sa* (mse)2sb* (mse)
5ssa2ssb even formseÞms

s, whenuse
a 'use

b '1. This result
confirms once again that the only way to calculate corr
surface free energies in the case of thin films on a substra
to make use of the general expression

s*5s1ME
0

ud
md~u!du2Mudmde , ~52!

in which s is the surface free energy of a clean substra
s* the total surface free energy of a system depo
substrate, which includes the substrate-deposit interface
the deposit surface,mde the equilibrium chemical potential o
the deposit at coverageud ; andmd(u) the dependence of th
chemical potential of the deposit on coverage~adsorption
isotherm!. Thus even by macroscopically well-defined su
faces and interfaces with negligible entropy, solely inter
energetic calculations~bond-counting procedure! could lead
to an erroneous result if one does not account for the che
cal potentials of the components. An obvious and import
consequence from Eq.~52! is that there is no way to separa
the individual contributions of the substrate-deposit interfa
and of the deposit surface to the total free-energy change
a matter of fact both interfaces above are always simu
neously created by thin-film deposition. Therefore, from
thermodynamical point of view it is impossible to define t
corresponding free energies singly. Until the chemical pot
tial of the thin film is still lower than its bulk value, one ca
speak solely about the reduced surface free energy of
initial substrate. Strictly speaking, the interfacial energy a
the surface energy of the deposit lose physical sense as s
rate quantities, while the chemical potential of the deposi
lower than those of the bulk material.

VI. SUBSTRATE-INDUCED DEMIXING
BETWEEN DEPOSIT AND ADSORBATE

In all above considerations it was implicitly assumed th
no mixing between the deposit and adsorbate takes pl
According to the thermodynamics of binary systems, b
separation of the components occurs, roughly speaking
2Wsa*kT. So it seems reasonable to assume that the s
inequality justifies the neglecting of mixing in two dimen
sions as well. This is absolutely true in the case of one mo
layer only ~when the occupation of the next monolayer
prohibited!—the partition functions of the 3D- and 2D
mixed phases do not differ except in the value of the latt
coordination numberZ ~cf., for example, the 3D binary
isotherm23,27 and 2D binary isotherm.28! In the case of
multilayer adsorption, however, the content in the differe
monolayers may deviate significantly from the average c
tent of binary adsorbate. This effect is also closely related
the surface segregation phenomena in binary alloys.24

In a recent paper29 a binary multilayer adsorption iso
therm was proposed and used to determine the mechanis
the displacement of unmixable layers. Unfortunately,
analysis of the dependence of demixing phenomena nea
substrate, i.e., in the first several adlayers, on the b
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strength to the substrate is carried out. Therefore, our
pose in this section is, avoiding a comprehensive prese
tion and detailed calculations of an exact treatment, solel
illustrate the influence of the foreign substrate on the mis
bility of binary adsorbates in general.

For that purpose we consider two configurations of
A-S binary adsorbate on substrateB—the first one is a sand
wich ~a pureA layer onB, covered by a pureS layer!, while
in the second one all particles are arranged in one monola
Assuming, for the sake of simplicity, that the temperature
below the 2D critical temperatures of both components,
free energy of the sandwich is

Fbilayer5Naha
b1Nshs

a.

The free energy of the mixed single layer in the Brag
Williams approximation is

Fmix5kT~NalnXa1NslnXs!

1Naha
b1Nshs

b2
ZpWsaNaNs

Na1Ns
,

whereXa5 Na /(Na1Ns) and Xs5 Ns /(Na1Ns) are the
relative contents of the components. Similarly to the b
compounds the binary monolayer is considered as a com
~but not necessary full! layer without holes.Ns<Na and
Ns1Na&M are evidently also assumed.

Thus for the difference of the free energies, one obtai

DF5
Fbilayer2Fmix

Na1Ns
5ZpWsaXaXs

2kT~XalnXa1XslnXs!1Zo~Esa2Esb!. ~53!

The first two terms in this expression are actually the f
energy of 2D interlayer mixing, which obviously does n
depend on the bond strength of the substrate. The last t
however, being substrate dependent, reveals its influenc
the interlayer demixing in the adlayer. Thus, ifEsa,Esb
~which is usually the case whenEaa,Ebb), this additional
internal energy term inDF favors the decomposition of th
r.
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mixed adlayer to a sandwich bilayer~interlayer demixing!.
Moreover, it could overcompensate for the free energy
interlayer mixing, so that even components, miscible in
proportions in three dimensions, on a foreign substrate
come separated into two practically pure, superimposed
ers ~but not as different phases in one monolayer!.

In the case of strongly bonding substrates (Eaa.Ebb) the
additional energy term, induced by the substrate, change
sign: DF becomes positive and the binary monolayer co
figuration becomes more stable. Hence, in the submonol
range only intralayer mixing/demixing could take plac
which is not affected by the substrate. Only after the to
coverage exceeds one monolayer does the mixed adlaye
gins to ‘‘feel’’ the substrate. It could be shown that the la
erwise separation, as in the former case, becomes ener
cally favored, but that goes beyond the scope of the pre
paper.

VII. CONCLUSION

It was shown that, unlike in the case of a bulk adsorbe
adsorption substantially alters the thermodynamic functi
of a thin film. A negligible amount of foreign componen
could inverse the thermodynamic stability of the 2D and
phases of the deposit, as compared to the ‘‘clean’’ syst
The criterion for 2D stability depends on the adsorbate c
erage. In the particular case of one adsorbate monolayer
interfacial energies are solely responsible for the 2D sta
ity. The chemical potential of the adsorbate-covered dep
monolayer on whatever substrate differs little from t
chemical potential of the corresponding bulk phase. This
plies that heteroepitaxial growth on adsorbate-precove
surfaces could be considered to take place practically on
‘‘own’’ substrate. The foreign substrate could induce a la
erwise demixing in the first several monolayers of a bina
adsorbate even when both components are miscible in
proportions in the bulk. It was shown that care must be ta
when defining surface and interfacial energies of thin fil
and sandwich structures.
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