
Surface melting and surface disordering in binary alloy thin films

L. Wojtczak, I. Zasada,* and A. Sukiennicki†

Solid State Physics Department, University of Lodz, Poland

F. L. Castillo Alvarado
Escuela Superir de Fisica y Matematicas, Instituto Politecnico National, Mexico City, Mexico

(Received 31 March 2004; revised manuscript received 19 August 2004; published 12 November 2004)

An interdependence between the surface melting and the surface disordering observed in binary alloy thin
films is considered in the context of their mutual relations. The present discussion allows us to extend the
diagram of phase transitions to the case when the crystallinity parameter behavior influences the local concen-
tration profiles and the lattice order parameter describing the alloy structure. In particular, the surface-induced
disorder is described when the crystal structure is preserved and, in contrast, when the surface melting is
expected for partially disordered samples.
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I. INTRODUCTION

In the present paper we consider the diagrams describing
the phase transitions in binary alloys with thin film geometry.
In particular, the surface melting and surface disordering de-
scribed as phenomena with different origin are discussed in
the context of their interdependence. In this case the descrip-
tion requires two independent order parameters. One of them
is a characterization of the lattice ordering in the sense of
alloy structure while the second one is connected with the
crystallinity state.

One of the models reported in Ref. 1 and applied to the
description of systems in which more than one density pa-
rameter is needed to characterize the ordered state is based
on two densities which are(i) the nonordering density iden-
tified then with the deviation of the average concentration
from stoichiometry and(ii ) the lattice order parameter given
by the difference of the sublattice concentrations.

This model can be used to describe the order-disorder
transition in binary alloy thin films.1 In the case of short-
range forces the order parameter profile at the surface corre-
sponds to the surface induced disorder behavior. Taking into
account the long-range interactions the analysis based on this
model leads to the description for the surface melting of
crystalline films.1

It seems to us that the physical nature of melting is ex-
tremely different from the lattice disordering behavior. In the
second case the lattice structure is preserved while atoms
move only around their equilibrium positions. The disorder
concerns then the random occupation of the regular sites by
the atoms of two different kinds. On the other hand, the
melting consists in a destruction of the lattice. The atoms
leave the lattice sites and they wonder in space of the sample
volume interacting between them. Moreover, the interactions
in the liquid phase change their character with respect to the
interactions appearing in the crystalline structure.

This physical picture can be a source of a new aspect
announced in Ref. 2 for the relation between the surface
melting and surface-induced disordering state. In fact, it is
simply an interdependence of these phenomena.

In the light of the interpretation presented above the con-
sidered model should be extended by introducing an addi-

tional order parameter, the so-called(iii ) crystallinity order
parameter which can characterize the deviation from the
crystal structure. It can be defined, e.g., by the change of the
densities of a sample in its crystalline and liquid stats. In this
case the interactions between two atoms occurring in the
free-energy construction for alloys depend now on the den-
sity and change their values when the solid-liquid phase tran-
sition takes place.

The structure of a binary alloy sample with thin film ge-
ometry of film thicknessd=na consists in a superposition of
n monoatomic layers labeled byi and parallel to the surfaces
localized ati =1 andi =n while a means the distance between
neighboring planes. The system is infinite and homogeneous
in the surface plane directions.

The ordered state is characterized by three parameters and
their profiles across a film:(i) the stoichiometric concentra-
tion csid which satisfies the constrain conditionoicsid=nc for
an average concentrationc of one component of the consid-
ered alloy,(ii ) the lattice order parametertsid which reflects
the occupation of the different lattice sites by the same
kind of atoms in a considered alloy,(iii ) the crystallinity
parametermsid which determines the sample crystallinity
degree by means of the density dependent interactionsVsrd
for r=rl +src−rldm with rc and rl standing for the crystal
and liquid phase densities, respectively. Thus,m=1 means
the solid phase, whilem=0 corresponds to the liquid phase.
The transition fromm=1, or more preciselymÞ0, to m=0
describes the melting effect.

In context of the present model the analogy between the
surface melting of binary alloy thin films and their surface
disordering can be considered in two extreme cases:(1) from
the position of melting when the crystallinity parameterm
achieves its value characteristic for the fluid phasem=0 at
the temperatureTsm when the considered alloy is homoge-
neousfcsid=cg and completely disorderedt=0 at the tem-
peratureTst,Tsm, (2) from the position of disordering when
the crystallinity parameterm keeps its value close tom=0. In
this case we obtain the profiles of the lattice order parameter
tsid and the surface disordering phase atTst.Tsm, which ex-
hibits its behavior of the first order transitions. An interme-
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diate caseTst<Tsm, leads to the interdependent relation be-
tween surface melting and surface disordering which is a
basic subject of the present considerations.

II. BASIC CONCEPTS

The thermodynamic considerations in the case of thin
films concern of course the systems in which the role of
finite size effects in the rigorous definitions of the thermody-
namic functions should be taken into account. The formula-
tions reported by Hill3 in the context of small particles can be
applied to the film structure when we treat a thin film as
a system divided into subsystems equivalent to two-
dimensional monoatomic layers parallel to the surfaces.4 The
film thicknessd is then the characterization of a sample and
it can be expressed by the numbern of monoatomic layers
d=na, with a standing for the average spacing between the
neighboring layers. In real films the separations between lay-
ers at the surfaces change with respect to their values inside
a sample. This effect can be introduced by the surface energy
terms usually appearing in the current models of thin films.5

Thus, the thermodynamic functions which describe the rela-
tions for the considered thin film structure are not rigorously
extensive, i.e., they are not proportional to the number of
elements, but they satisfy the relations including size effects.
According to the considerations presented by Hill3 an arbi-
trary thermodynamic functionG can be written in the form

G = N2nSḠ +
1

n
G8D , s1d

whereN2 stands for the number of atoms in the plane while

n is the number of monoatomic layers.Ḡ andG8 refer to the
mean value ofG when the system is homogeneous and to the
difference between the two-dimensional and three-
dimensional average value ofG, respectively.3

The evident example confirming the Hill procedure is
connected with the behavior of the order-disorder phase tran-
sition temperatureTt=Ttsdd (Refs. 2,6) as well as the melting
temperature Tm=Tmsdd with respect to their thickness
dependences7 which has been clearly demonstrated by
experiments.8 Moreover, the application of Hill’s procedure
to the van der Waals equation of state was a subject of cal-
culations leading to the relationTm in terms of reduced vari-
ables with the reducing parameter dependent on the sample
thickness.9 By this fact we can state that the Hill procedure
for the phase transition temperature leads to the result which
is qualitatively equivalent to that obtained by means of the
approach in terms of molecular field approximation used for
the description of thermodynamic subsystems and interac-
tions between them. This approach is frequently applied in
thin films physics. Originally introduced by Valenta,4 from
the physical point of view based on the Néel sublattices idea,
the model was successfully used by Valenta and Sukiennicki6

in order to calculate the lattice order-disorder phase transi-
tion temperature. Let us notice that the expected dependence
of the order-disorder temperature on the film thickness can
be then obtained due to the boundary conditions, first of all,
given by the lack of nearest neighbors for the surface atoms

and secondly by the appearance of the surface roughness
reflected by surface potential.5 The thermodynamic relation

Fsdd = Usdd − TSsdd s2d

between the thermodynamic potentialF, the internal energy
U, and the entropyS are apparently the same in the case of
thermodynamic limit and for the systems with restricted di-
mensions. In particular, this relation is satisfied for each sub-
systemi P s1,nd, i.e., Fi =Ui −TSi. Therefore, the thermody-
namic potentialFsdd as one of the thermodynamic functions
Gsdd given by Eq.(1) can be calculated on the standard way
by means of Eq.(2).5 However, for the sake of simplicity, it
is convenient to consider sometime the thermodynamic po-
tential Fsdd in its total form, not separated into two partsU
andS. This fact takes its place for the description of melting
phenomena in terms of the Landau-Ginzburg model for in-
homogeneous systems.5 For these reasons, assuming con-
structions the most frequently used in literature for given
phenomena we take into account different description in the
case of ordering and melting effects. We describe the order-
ing in terms of the internal energyU and the entropySwhen
calculated with respect to the boundary conditions. The melt-
ing is described in terms of the thermodynamic potentialF
considered in the most convenient form of two intersecting
parabolas.7

Let us now analyze an infinite thin film of fcc binary alloy
AB3 with a film thickness ofn monoatomic layers with the
L12 ordered structure. In order to describe the lattice long-
range order, the fcc lattice is divided into two sublatticesa
andb. In the perfectly ordered case, alla sites are occupied
by A atoms and theb sites are occupied byB atoms. In the
completely disordered case, the probabilities to find anA
atom ina andb sites are the same.

The lattice order parametertsid, describing the difference
in concentrations between thea andb sublattices is defined
by2

tsid = pA
asid − pA

bsid = pB
bsid − pB

asid. s3d

The symbolpC
gsid denotes the probability of finding anC

atom in theg sublattice. These probabilities are normalized
by2

pA
asid + pB

asid = 1, pB
bsid + pA

bsid = 1. s4d

The concentration of atomsA in the monoatomic layeri is
given by

xsid = pA
asidFa + pA

bsidFb s5d

while the concentration of atomsB in the same layer is writ-
ten as

ysid = 1 −xsid = pB
asidFa + pB

bsidFb, s6d

whereFa andFb are the relative numbers ofa andb sites,
respectively.

With all these definitions it is possible to write the layer
dependent probabilities as functions of the layer dependent
concentrationxsid and the lattice order parametertsid:

pA
asid = xsid + Fbtsid,
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pA
bsid = xsid − Fatsid,

pB
bsid = 1 −xsid + Fatsid,

pB
asid = 1 −xsid − Fbtsid. s7d

The equilibrium values oftsid and xsid are obtained by
minimizing the free energyF given by Eq.(2) for our system
with respect totsid andxsid:

] F

] tsid
= 0, i = 1,2,…,n,

] F

] xsid
= l, i = 1,2,…,n s8d

with l standing for Lagrange factor which assures the con-
dition

o
i

xsid = nc, s9d

wherec denotes the average concentration of the atomsA in
stoichiometric composition of the alloy.

In order to calculate the free energyF=Fsx,td we
consider the terms connected with the internal energy
U=Usx,td and the entropyS=Ssx,td. In the Bragg-Williams
approximation, the internal energyU is given as the average
over the energies corresponding to a given long-range order
and for the film consisting ofn layers can be written as
follows:

U = − N2o
i=1

n

o
CC8

fkQCC8liiVCC8
ii + kQCC8lii+1VCC8

ii+1

+ kQCC8lii−1VCC8
ii−1g s10d

for C,C8=A or B. In the present case, we consider only the
nearest neighbors interactions and the mean number of near-
est neighbor pairs in a given layer and in the neighboring
layers are given by

kQCC8lii =
1

2
hFa pC

asidfraa
ii pC8

a sid + rab
ii pC8

b sidg + Fb pC
bsid

3frba
ii pC8

a sid + rbb
ii pC8

b sidgj,

kQCC8lii+1 =
1

2
hFa pC

asidfraa
ii+1pC8

a si + 1d + rab
ii+1pC8

b si + 1dg

+ Fb pC
bsidfrba

ii+1pC8
a si + 1d + rbb

ii+1pC8
b si + 1dgj,

kQCC8lii−1 =
1

2
hFapC

asidfraa
ii−1pC8

a si − 1d + rab
ii−1pC8

b si − 1dg

+ Fb pC
bsidfrba

ii−1pC8
a si − 1d + rbb

ii−1pC8
b si − 1dgj.

s11d

In the above equations, we have usedrgg8
ii for denoting the

number of the nearest neighbors located at sitesg8 of an

atom situated at a siteg in the same layer andrgg8
ii±1 if two

neighboring atoms belong to different layers. The boundary
conditions for the symmetrical situation at both surfaces re-
quires that

kQCC8lnn+1 = 0, kQCC8l10 = 0. s12d

The entropyS of the state with a given distribution of con-
centration and the long-range order parameter can by written
as

S= − kBN2o
i=1

n

o
gC

Fg pC
gsidln pC

gsid, s13d

where the summation overC runs overA and B and the
summation overg should be taken overa andb.

Let us notice that the summation in Eqs.(10) and (13)
concerns the homogeneous subsystem in each planei and
then leads to the factorN2 when we compare Eqs.(10) and
(13) with Eq. (1) while the summation overi P s1,nd appears
instead ofn due to the construction for small numbern of
subsystems.

Usually, in the case of binary alloy theories we assume
that the quantitiesVCC8

ii andVCC8
ii±1 appearing in Eq.(10) rep-

resent the interaction energies between two atoms. In the
Bragg-Williams approximation, they are parameters of the
theory characterizing the solid phase in its average density
state representation.

In the present model the interpretation of these quantities
is extended so that they describe the interaction energies be-
tween two atoms embedded in the medium characterized by
its crystallinity. This fact can be reflected by introducing the
interaction energy dependent on the crystallinity parameter
msid. Thus, in Eq.(10) we should replaceVCC8

ii andVCC8
ii±1 by

VCC8
ii fmsidg andVCC8

ii±1fmsid ,msi ±1dg, respectively.
Taking into account the model of solid-liquid phase tran-

sition discussed in Ref. 10 we can see that in general, the
bulk melting behavior can be described by means of van der
Waals equation of state in its modified form. In this case
VCC8

ii fmsidg and VCC8
ii±1fmsid ,msi ±1dg can be treated as the

thermodynamic Gibbs free energy functionals with respect to
the crystallinity parametermsid. The most interesting analyti-
cal solutions seem to be those reported in Refs. 11,12 in
terms of the densityr=rl +src−rldm, where the behavior of
rlsTd andrcsTd are determined then by the conditions

s1d for rl SdVCC8
ii

dm
D

m=0
= 0, s14d

s2d for rc SdVCC8
ii

dm
D

m=1
= 0, s15d

and forVCC8
ii±1smd, respectively.

In order to derive the potentialsVCC8
ii smd andVCC8

ii±1smd we
apply, according to Ref. 10 the method reported by Ref. 13 in
the case of the van der Waals equation of state discussion.
However, we modify the model by introducing the idea of
different mean-field behaviors for solid and liquid
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phases.11,14Theab initio calculations performed for the ther-
modynamic potentials in the case of aluminium samples con-
firm their different shape describing both the phases.15 The
idea developed in Ref. 12 is based on the assumption that the
liquid phase is well described by the van der Waals equation
of state and by the Gibbs energy which corresponds then to
this van der Waals equation. The method is applied to deter-
mine an effective medium potential for the solid phase.12 The
van der Waals theory is next extended by introducing a
modification of the entropy parameters in analogy to the pre-
diction proposed in Ref. 11.

Taking into account the equations of state(14) and (15)
we can develop the functionalsVCC8

ii fmsidg and
VCC8

ii±1fmsid ,msi ±1dg into series with respect tos1−md,
namely,

VCC8
ii fmsidg = VCC8sm= 1d +

1

2
aCC8f1 − msidg2

+
1

2
aCC8

s fmsidg2sdi1 + dind s16d

for the solid phase of a thin film and into series with respect
to m, namely,

VCC8
ii fmsidg = VCC8sm= 0d +

1

2
aCC8fmsidg2

+
1

2
aCC8

s fmsidg2sdi1 + dind s17d

for the liquid phase of a thin film. The surface contribution
(proportional toaCC8

s ) to the energy given by Eqs.(16) and
(17) in both the cases is taken into account in its parabolic
form frequently used in literature, first of all, in the paper of
Sakai,7 which is one of the reference works in the field of
thin films melting.

Similarly, the interaction energies between the atoms ly-
ing in neighboring layers are expressed by

VCC8
ii±1fmsidg = VCC8

ii fmsidg −
1

2
JCC8msidDmsid,

Dmsid = msi + 1d + msi − 1d − 2msid s18d

for both crystal VCC8
ii fmsidg given by (16) and liquid

VCC8
ii fmsidg given by Eq.(17) phases, respectively. The ap-

pearance of the second order differenceDmsid reflects the
influence of the boundary conditions forms1d and msnd in-
troduced by the lack of nearest neighbors at the surface[see
(12)]. The termDmsid corresponds to the gradient term in the
Landau-Ginzburg functional and integrated over all the sub-
lattices is equivalent to the termG8 in the Hill formulation
[see Eq.(1)]. The present forms of Eqs.(16) and(17) corre-
spond to the potentials of two intersecting parabolas which
are very well known in literature.16,17Moreover, the analysis
of this type of the potential shows that it is very convenient
for calculations and its results are quite precise.7 For these
reasons we reduce any potential to its parabolic shape when
it is described only by parametersaCC8 andaCC8

s considered

as the parameters of the theory. Of course, taking into ac-
count one of the forms for the van der Waals potential dis-
cussed in Ref. 10 we can precisely determine these param-
eters but it seems that the theory is more flexible when they
remain free parameters. The parametersJCC8 stand for the
material constants characteristic for a given sample describ-
ing its bulk, i.e., homogeneous case whileaCC8

s correspond
to the surface, i.e.,aCC8

s appear only at the surface planes
(i =1 andi =n).

In the particular caseaCC8=0,aCC8
s =0 and JCC8=0 the

present model can be reduced to the standard form of the
alloy description in terms of Bragg-Williams approximation
for interaction energies which are given byVCC8sm=1d.
Thus, they can be determined by the low temperature behav-
ior of the energy. In the present version of the model ex-
tended to the melting area the relation between the energy
VCC8sm=1d in the solid phase and the energyVCC8sm=0d in
the liquid phase is given by

VCC8sm= 0d = VCC8sm= 1d + L, s19d

where

L = LmS1 −
T

Tm
D s20d

is valid for arbitrary temperatureT close toTm from below
and above withTm and Lm standing for the bulk melting
point and the latent heat for melting per unit volume, respec-
tively. The relation(19) follows the thermodynamic consid-
erations connected with the phase transition description.16,17

In this case VCC8sm=1d and VCC8sm=0d belong to the
internal energy term(10) while the entropy is given
by Eq. (13). However, for the reasons explained above
the potentials(16) and (17) contains the terms foraCC8
which is a contribution of two kinds. Formally, we can write
that aCC8=aCC8sUd+aCC8sSd whereaCC8sUd denotes a con-
tribution to the internal energy due to the change of the crys-
tallinity parameter whileaCC8sSd is a contribution introduced
by the crystallinity parameter to the entropySfmsidg (see Ref.
5). Of course, we do not divide the coefficientaCC8 into two
parts in practice, taking into account the fact that the func-
tional Ffxsid ,tsid ,msidg is derived by means of the potentials
(16) and (17) with Eq. (18) given in the convenient form of
two intersecting parabolas(see Ref. 7). Thus, substituting
Eqs. (16) and (17) with Eq. (18) into Eq. (10) we calculate
the functionalF for which we obtain the condition

] F

] msid
= 0, i = 1,2,…,n s21d

which now, together with the solutions of Eq.(8), leads to
the equilibrium values ofmsid with respect toxsid and tsid
considered simultaneously.

III. CALCULATIONS AND RESULTS

As an example we will consider the thin film of
the AB3 alloy with (111) surface orientation. In this case
the a sublattice consists of all corner sites and theb
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sublattice consists of all the face-centered sites. Alla sites
have sixb sites as nearest neighbors in the plane while allb
sites have twoa sites and fourb sites as nearest neighbors in
the plane. In the next plane, alla sites have threeb sites as
nearest neighbors while allb sites have onea site and twob
sites as nearest neighbors. The quantitiesFg ,rgg8

ii ,rgg8
ii±1

appearing in the relation for internal energyU and entropy
S take the following values: Fa= 1

4 ,Fb= 3
4 ,raa

ii =0,rab
ii

=6,rbb
ii =4,rba

ii =2,raa
ii±1=0,rab

ii±1=3,rbb
ii±1=2,rba

ii±1=1.
Our system is described by the pairwise interactions

which are defined with the quantities given by Eqs.(12),
(14), and (15). The three parametersVAAsm=1d ,VBBsm=1d,
and VABsm=1d=VBAsm=1d considered in the nearest-
neighbor approximation are nothing else than the interaction
energies used in our previous paper2 for describing the order-
disorder phenomena in binary alloy thin films without taking
into account the other phenomena appearing in the sample
with temperature changes. In the present considerations the
interaction energies are more complicated functions allowing
the melting phenomenon and the values of these parameters
have to be changed in the way which ensure that the order-
disorder phase transition take place at the proper temperature
for the considered alloy composition.

We discussed here the properties of the ordering alloys
around the two phase transition points. The first one is char-
acteristic for the order-disorder phase transition while the
second one is connected with surface melting event. All the
characteristics are found by simultaneous minimization of
the total free energy with respect to the lattice order param-
eter, concentration, and crystallinity parameter[see Eqs.(8)
and (21)] for the thin film with thicknessn=9. We also as-
sume that our sample is composed of nickel and iron atoms
forming the FeNi3 alloy with the bulk lattice order-disorder
phase transition temperatureTts`d=779 K and the bulk met-
ing temperature 1748 K.

A. Lattice disordering temperatures

The lattice order-disorder phase transition means that the
distribution of atomsA and B over the sublatticesa and b
becomes completely random in the temperatureTt well de-
fined for a given crystal. Surface disordering consists in the
appearance of a disorder in a surface layer while the rest of a
sample is still in the partially ordered state. In thin films the
lattice disordering temperatures depend on the film thickness
and the surface states similarly to the melting temperatures.
The lattice disordering can be interpreted by the random dis-
tribution of components(A or B) located in the sites(a or b)
of the well regular lattice. The lattice is not destroyed during
the disordering process.

Figure 1 shows the temperature dependence of the lattice
long-range order parametertsid. We can clearly see that the
disordering state at the surface layer appears at lower
temperatureTst and it goes as a layer by layer process to-
wards the middle of a film when the temperature approaches
Tt. The horizontal line indicates disordering degree in
particular layers at the point when the middle layer exercises
the discontinuous jump of its order parameter. The dashed
lines show the way of the layer order parameters decreasing

in the interval of temperatures between disordering reached
in the first layer and disordering transition for whole
sample. Thus the dashed lines represent the solution of the
minimizing procedure formulated by Eqs.(8) and(21) in the
temperature interval in which the surface layers are disor-
dered while the solutions of Eqs.(8) and(21) in the tempera-
ture interval belowTst correspond to the partially ordered
surfaces. The effect described above for the surface layers in
the symmetric casest1= t9d is also observed for the next lay-
ersst2= t8d only in the narrower interval of temperature(Fig.
1). In Fig. 2 we demonstrate the lattice long-range order
parameter(top graph) and the Fe concentration(bottom
graph) as a function of the plane position in the film with
nine monoatomic layers for three different temperatures.

B. Melting temperatures

Melting means a transition from the solid phase to the
liquid phase of a considered sample at the melting tempera-
ture Tm which is well defined for a given crystal. Surface
melting consists in the appearance of a thin quasiliquid layer
on top of the own solid surface at the temperatureTsm below
the bulk temperatureTmsTsm,Tmd in the condition of the
homogeneous thermodynamic bath without any gradient of
temperature. In thin films these two melting temperaturesTm
andTsm depend on the film thickness and the surface states.11

It is worth while to notice from the point of view of ordering
in alloys that the crystallinity disorder means the distribution
of atoms, independently of their kind(A or B) out of the
crystallographic lattice sites(a or b). The atoms wonder in
the intersite space or, in other words, the regular lattice con-
struction is destroyed. The phase transition picture is repre-
sented in Fig. 3. We show there the behavior of the solid and
liquid phase free energies(two solid lines) and their intersec-
tion point Tmsnd which determines the melting temperature
of a sample with film thicknessn=9. The dashed line repre-
sents the free energy of this thin film when its surface layers
are in the liquid phase it means the surface melting is al-

FIG. 1. Layer dependent long-range order parametertsid vs re-
duced temperature for the film with nine layers.
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lowed and the intersection point between this curve and the
solid phase one determines the surface melting temperature
Tsm. The jumps visible on all three curves in Fig. 3 are con-
nected with the discontinuous order-disorder phase transition
taking place in the crystal phase, liquid phase and in the case
of surface melting, respectively.

C. Interdependence of melting and lattice disordering
temperatures

Figure 4 presents the temperature dependence of the long-
range order parametertsid and the crystallinity parameter
msid calculated for the case of thin film with surface melting
allowed. The results in this figure clearly indicate that the
considered thin film first exhibits surface disordering, then
global lattice disordering, next, after the important interval of
temperature, the surface melting is observed, and finally the
whole sample is melted. As mentioned above, both kinds of
phase transitions discussed here depends on surface state. Let
us now consider the changes in the surface state after intro-
ducing different surface interaction energies than those exist-
ing inside the film to our system.

Up to now, all interactions energies were the same for
whole sample and the observed surfaces effects were con-
nected exclusively with the boundary conditions(12). In Fig.
5 we show the lattice long-range order parameter(top graph)
and the Fe concentration(bottom graph) as a function of the
plane position in the film with nine monoatomic layers when
the surfaces interactions are enhanced by a factor of 2 with
respect to those acting inside the film. We can see that this
enhancement leads to an increase of the order at the surface
when compared with the inside. In this case we can speak on
the surface ordering. The surface is higher ordered than the

FIG. 2. Cross section oft andx through nine layers calculated
for three values of reduced temperatureT/Tts`d.

FIG. 3. The free energies for solid and liquid phase(solid lines,
respectively) and for the same film when its surface layers are in the
liquid phase. The inset shows the intersection region for melting
area.

FIG. 4. Layer-dependent long-range order parametertsid and
crystallinity parametermsid vs reduced temperature calculated for
the film when its surface layers are in the liquid phase.
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middle layers. It is worthwhile to notice that it is closely
connected with the concentration distribution which is
changed from the one imposing an overstoichiometric con-
centration of Fe in the middle layers(Fig. 2) to the opposite
situation when the surface interactions are enhanced(Fig. 5).
We can compare the behavior fortsid in the thin film, par-
ticularly at the surfaceftsi =1dg with the case offtsi =1dg in a
semi-infinite crystal. This comparison is possible by taking
into account the results found in Ref. 2 for a semi-infinite
sample simulated by means of the properly chosen boundary
condition at the surfacei =n.2 The behavior oftsi =1d is then
of analogous form confirming the above interpretation.

In Fig. 6 we present the temperature dependence of the
long-range order parametertsid and the crystallinity param-
eter msid calculated for the case of a thin film with surface
melting allowed. It is clearly seen that the considered thin
film exhibits first the middle layer disordering, next the sur-
face melting, and then the surface and global lattice disorder-
ing followed by the sample melting. The surface layer melts
before being disordered in the sense of the lattice distribution
of components. In the considered case we can observe the
melting at the surfaces while the lattice disorder is still dif-
ferent than zero.

From the physical picture point of view it means that in
the interval of temperaturesTsm,Tstd we should expect that
the surface liquid layer is inhomogeneous composition of the
islands consisting the same kind of alloy components. At the

temperatureTst the surface liquid layer becomes homoge-
neous.

Figure 7 illustrates the behavior of the crystallinity param-
eter as a section across the film thickness in the layer-by-
layer melting process. The number of melt layers results, for
a given temperature, from the minimizing process described
by the conditions(8) and (21). The curves in the top graph
were calculated for the homogeneous interaction energies in
the film while those in the bottom graph represent the case
when interaction energies in the surface layers are enhanced.
The three curves visible in both graphs in Fig. 7 represent,
looking from the top, the distribution of the melting param-
etermsid for the thin film in the crystal phase, for the same
thin film with one liquid layer at the surfaces(to compare
with Figs. 4 and 6, respectively), and next with two liquid
layers at the surfaces. The presented distributions result from
the minimization of the energy for the temperatureT/Tts`d
=0.3, 0.5, and 0.7, respectively. We note that the surface
interaction energy enhancement does change the values of
the crystallinity parameter but does not change the character
of the melting process which in the present case always starts
at the surfaces in contrast to the disordering process where it
starts in the middle of a sample. The surface interaction en-
ergy enhancement influences only the melting temperatures
(see Fig. 6).

IV. FINAL REMARKS

A phenomenon of the surface melting has been the subject
of quite a number of works for many years.18–23 This phe-
nomenon relies on the appearance of a liquidlike layer on the
surfaces of crystals, between the solid and gas phases. Such a
layer exists at the thermodynamic equilibrium below the
bulk melting temperature(the triple point). Pluiset al.16 have

FIG. 5. Cross section oft and x through nine layers with sur-
faces interactions enhanced calculated for three values of reduced
temperatureT/Tts`d.

FIG. 6. Layer-dependent long-range order parametertsid and
crystallinity parametermsid vs reduced temperature calculated for
the film with surfaces interactions enhanced when their melting is
allowed.
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shown that such a phenomenon can be described by using
the simple Landau theory and other authors1,7,24,25have ap-
plied such a theory to thin film or slab geometry. On the
other hand, the Landau theory approach has been applied to
the surface induced disorder phase transition in binary alloys
with fcc structure in Ref. 25 and to thin films in Ref. 26. In
the case of thin films of binary alloys with fcc structure the
surface melting has been also studied in analogy to the sur-
face induced disordering.1

The present paper inspired by Ref. 2 shows the analogy as
well as differences and interdependence of the considered

phenomena. In our work the surface melting in the thin film
of binary alloys is discussed in terms of the model based on
three densities: the crystallinity order parameter which char-
acterizes a topological deviation of the liquid structure from
the crystalline one, the lattice order parameter which de-
scribes a degree of the ordering of components in alloy, and
the nonordering density identified with the deviation of the
local concentration in planes parallel to the surface from the
average concentration. All three densities have their own
temperature-dependent profiles across the film which are cal-
culated and discussed. The important results show the profile
of the crystallinity order parameter which decreases from the
middle of the film towards the surface layers, showing that
when the melting temperature of the material is approached
from below, the melting starts at the film surface in such a
way that at the beginning only one surface layer melts at
each film surface and with the temperature rising the conse-
quent parts of the film melt, layer by layer. The surface melt-
ing obtained in our work for thin films of alloys is therefore
basically similar to that obtained earlier for one constituent
slab.1 The most significant result concerns the picture of the
surface melting which can be obtained even in the cases
where the microscopic surface interactions are changed in
comparison with the interactions inside the film in such a
way that they lead to the surface-induced lattice ordering
instead of surface-induced disordering.

It is interesting that a picture of the surface melting ob-
tained by us is to some extent similar to that obtained earlier
in models including two densities only, where the lattice or-
der parameter and the nonordering density connected with a
concentration profile have been considered.1 It seems to us,
however, that the three densities model is more clear physi-
cally: the crystallinity order parameter distribution and a de-
scription of melting appears in our approach as the result of
a simultaneous minimization of the free energy with respect
to all three densities, while in an earlier version the surface
melting has been described as a result of the free energy
minimization with respect to the lattice order and concentra-
tion profiles only. Thus, our approach allows us to discuss
the interdependence of melting and lattice disordering, espe-
cially in the case where both phenomena appear in the same
range of temperature. In particular, a nonzero surface-
induced lattice disorder may appear not only if the crystal
structure is still preserved but also if the surface layer is
already melted.

*Electronic address: IZASADA@mvii.uni.lodz.pl
†Also at Faculty of Physics, Warsaw University of Technology, Po-

land.
1G. Gomper and D. M. Kroll, Phys. Rev. B40, 7221(1989).
2F. L. Castillo Alvarado, A. Sukiennicki, L. Wojtczak, and I.

Zasada, Physica B344, 477 (2004).
3T. L. Hill, J. Chem. Phys.36, 3182(1962).
4L. Valenta, Czech. J. Phys., Sect. A7, 127 (1957).
5A. Maritan, G. Lengie, and J. O. Indekeu, Physica A170, 326

(1991).
6L. Valenta and A. Sukiennicki, Phys. Status Solidi17, 903

(1966).
7H. Sakai, Surf. Sci.348, 387 (1996).
8L. Wojtczak, Phys. Status Solidi B23, K163 (1967); Thin Solid

Films 4, 229 (1969).
9S. Romanowski, J. H. Rutkowski, L. Wojtczak, Bull. Soc. Sci.

Lett. (Lodz) Rech. Deform.27, 103 (1999).
10F. L. Castillo Alvarado, J. Ławrynowicz, J. H. Rutkowski, and L.

FIG. 7. Cross section of crystallinity parameterm through nine
layers calculated in two cases(a) for homogeneous interaction en-
ergies and(b) for interaction energies in the surface layers en-
hanced. Three curves in both graphs, looking from the top, repre-
sent the film in crystalline phase; with one liquid layer at each
surfaces; with two liquid layers at each surface, respectively.

WOJTCZAK et al. PHYSICAL REVIEW B 70, 195416(2004)

195416-8



Wojtczak, Bull. Soc. Sci. Lett.(Lodz) Rech. Deform. 35, 7
(2001).

11A. Daanoun, C. F. Tejero, and M. Baus, Phys. Rev. E50, 2913
(1994).

12T. Balcerzak and L. Wojtczak, Bull. Soc. Sci. Lett.(Lodz) Rech.
Deform. 29, 27 (1999).

13F. Reif, Fundamentals of Statistical and Thermal Physics
(McGraw-Hill, New York, 1985).

14T. Coussaert and M. Baus, Phys. Rev. E52, 862 (1995).
15G. K. Straub, J. B. Aidun, J. M. Wills, C. R. Sanchez-Castro, and

D. C. Wallace, Phys. Rev. B50, 5055(1994).
16B. Pluis, D. Frankel, and J. F. van der Veen, Surf. Sci.239, 281

(1990).
17J. F. van der Veen, B. Pluis, A. W. Denier van der Gon, inChem-

istry and Physics of Solid Surfaces(Springer, Berlin, 1988), Vol.

7, p. 455.
18R. Lipowsky, Phys. Rev. Lett.49, 1575(1982).
19R. Lipowsky, D. M. Kroll, and R. K. P. Zia, Phys. Rev. B27,

4499 (1983).
20R. Lipowsky, U. Breuer, K. C. Prince, and H. P. Bonzel, Phys.

Rev. Lett. 62, 913 (1989).
21Y. Teraoka, Surf. Sci.281, 317 (1993).
22J. W. M. Frenken, P. M. J. Maree, and J. F. van der Veen, Phys.

Rev. B 34, 7506(1986).
23R. Lipowsky and G. Gompper, Phys. Rev. B29, 5213(1984).
24D. Sornette, Phys. Rev. B31, 4672(1985).
25J. L. Moran-Lopez, F. Mejia-Lira, and K. H. Bennemann, Phys.

Rev. Lett. 54, 1936(1985).
26J. M. Sanchez, J. L. Mejia-Lira, and J. L. Moran-Lopez, Phys.

Rev. Lett. 57, 360 (1986).

SURFACE MELTING AND SURFACE DISORDERING IN… PHYSICAL REVIEW B 70, 195416(2004)

195416-9


