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Investigation of size dependences of surface
tension and evaporation heat of aluminum
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The surface tension and the evaporation heat of aluminum nanodroplets are calculated
on the basis of the thermodynamic perturbation theory. The size dependences of the
surface tension and of the evaporation heat obtained using Schommers potential were
compared with the results corresponding to other effective pair potentials. It has been
found that Schommers potential provides a better agreement between calculated asymptoti-
cal values of the surface tension and the evaporation heat with the available experimental
data.

Ha ocHoBe TepmMognHaMHUUYECKON TEOPUH BO3MYIIEHUI IIPOBENEeHBLI PACUEThI IIOBEPXHOCTHO-
ro HATSMKEHMS W TeIJIOTHI MCHAPEHUS AJs HAHOKAIIeJb aJlOMUHNA. PasMepHbIe 3aBUCUMOCTH
Ui IIOBEPXHOCTHOTO HATSMKEHWS M TEIJIOThl WMCIIAPEHMs, IIOJYYeHHbIEe C HCIIOJb30BaHUEM
norenrnmana Illommepca, comocraBieHbl C Pe3yJabTaTaMMU, OTBEUANOIUMU APYruM 3hdeKTus-
HBIM [IAPHBIM [IOTEHI[HAJaM. ¥ CTAHOBJIEHO, UTO ACHMIITOTHYECKNE 3HAUEHUS II0BEPXHOCTHOIO
HATSYKEHUs M TeIIOTHl MCIAPEeHHUs, OTBedarolue OOJbIINM padMepaM HAHOKAIeJb U IIOJY-
uyeHHBIE C KCIOJb3oBammeMm moreHruana Illommepca, Jydile COIJIACYIOTCS C HMMEIOI[UMIUCS
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1. Introduction

There is an opinion that correct calcula-
tion of some properties of metals is not pos-
sible using effective pair potentials. Respec-
tively, in these cases many body potentials
should be used. For example, any pair po-
tential will inevitably give noticeable mis-
takes in values of some elastic constants for
metals and wrong correlation between the
energy of the defect (vacancy) formation
and the cohesion energy [1]. At the same
time, there is another opinion [2] that the
pair interaction model is adequate, to a
greater or less extent, for any simple sub-
stances including metals which have close
packed structure in their solid state. Ac-
cording to [2], the main advantage of many
body potentials is that they make it possible
to describe properties of systems with lower
density, e.g. semiconductors (germanium
and silicon). So, the problem of using of
pair and many body potentials for metals
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have not been solved in a proper way. Some
many body potentials are rather sophisti-
cated. So, the cases when properly chosen
pair potentials make is possible to predict
thermodynamic and some other charac-
teristics of bulk metal phases and their sur-
faces exactly enough are of special interest.
The Schommers potential [3] for aluminum
can be treated as an example of modern pair
potentials for metals. This potential was de-
veloped combining the theory of the
pseudopotential with a phenomenological
approach and the concept of the effective
pair potential.

The purpose of Schommers investigations
was to increase the accuracy of calculations
and to extend the applicability of effective
pair potentials to metal surfaces and nanos-
tructures. Due to additional adjustment of
free parameters of Schommers potential for
various experimental data (the melting tem-
perature, the diffusion coefficient in the
liquid phase, the structure of solid and liq-
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uid phases, the photon density, the mean
square fluctuation on surfaces etc.) this po-
tential describes all basic properties of alu-
minum in a wide temperature range [3,4].

One of main goals of this paper is the
approbation of Schommers potential on the
calculation of the excess free energy of alu-
minum nanodroplets using a version of the
thermodynamic perturbation theory (TPT)
proposed in 1960s by L.M.Shcherbakov [5]
(see also [6]).

2. Calculation procedure

Besides, the heat of evaporation and its
size dependence were analyzed as this quan-
tity is closely interrelated with the size de-
pendence of the specific excess free energy.
According to the version of TPT mentioned
above, the excess free energy of a small
object W is equal to the half of the pertur-
bation energy necessary to cut out the vol-
ume V; corresponding to the unperturbed
droplet from the bulk liquid. In other
words, the droplet consisting of N atoms is
compared with the volume V; in the corre-
sponding bulk phase containing N; atoms.
According to TPT [7], the perturbation en-
ergy 2¥ should be calculated using the un-
perturbed Gibbs distribution and, respec-
tively, the unperturbed binary correlation
function is equal to the radial distribution
function gy(r). So,

. %(nl — n?| av, [av,gyrae), P

Vi Vs

where ®(r) is the pair potential, r is the
intermolecular distance, V, is the volume
adjacent to the sphere of volume V;  j oo in
the bulk liquid phase, 7z and ng are densities
of atoms in liquid and vapor phases, corre-
spondingly. As we have chosen the equi-
molecular dividing surface (R), the specific
excess free energy

o(R) = ¥/ 4nR? (1)

will be equal to the surface tension, which,
in turn, is defined as the work of the small
object formation per unit area of the divid-
ing surface.

One of the advantages of the TPT vari-
ant in question is that it can be applied
both to molecular systems and metal parti-
cles. In fact, effective pair potentials for
metal melts were obtained for bulk phase,
and for this case they take into account
contributions of electron-ion, ion-ion and
electron-electron interactions adequately
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enough. So, direct applying of these poten-
tials to very small objects is not quite cor-
rect. However, algorithm based on TPT pre-
supposes that the perturbation energy is
calculated using the nonperturbed distribu-
tion function (i.e. the radial distribution
function). As the radial distribution func-
tion (RDF) depends on the pair potential,
the condition of nonperturbancy of RDF
gives also the condition of nonperturbancy
of the pair potential, i.e. the potential for
the bulk melt phase should be used. So,
calculation of the excess free energy ¥ re-
duces to calculation of 6-dimentional inte-
gral figuring in the right-hand side of (1).
This calculation was carried out using
Monte Carlo method.

The size dependence of the evaporation
heat A(R) was investigated in [8] using the
surface enthalpy Hg introduced by Guggen-
heim [9]. The droplet evaporating enthalpy
can be written as follows

AH = H" — (H' + Hg), 2)

where H' and H' are the enthalpies of the
bulk vapor and liquid phases, respectively.
According to [8] the specific evaporation
heat A can be written as

A=h" -k - 0Hg/om, (3)

where A" and k' are corresponding specific
enthalpies of bulk phases. Equation (3) can
be considered as a definition of the specific
evaporation heat for a small droplet. This
definition gives the expression

__y |20 Ow (4)

AL =—-V', { R aR}

for AL = MR) — A, where A, =h" — k' is the
specific evaporation heat for bulk phase,
v/, =1/p, is the specific volume of liquid

0

(p<;O is the density of liquid), w is the spe-
cific total surface energy (using the Gibbs-
doc

ﬁ .
another definition of the evaporation heat
ho(R) was proposed for a small droplet of

Helmholtz equation c=w + T In [10]
radius R and mass mg:

7\,0 =h"-h' - Hs/m(), 3"
Then, instead of (3), we will have

Ahg = Ay — Ay = —v’wMer + v'o{% - g—;} )
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A conclusion can be made that both (3)
and (3’) are correct but correspond to the
different definitions of the specific evapora-
tion heat. In fact, A should be interpreted as
the quantity of heat necessary to reduce the
droplet mass by dm. In turn, A, is the mean

value of A, i.e. it is equal to the specific
heat corresponding to the complete evapora-
tion of the droplet. So,

Ao =N = (5)

m

0
— aH " 2 — S
=molj.%dm=h - h —molj.%dm
0

Taking into account that the last term in
the right-hand side of (5) corresponds to a
small correction to the macroscopic value

Ao =h" — k', we can conclude that the dif-

ference between AMR) and Ay(R)
small.

is very

3.Results and discussion

We have made comparative calculations
of the size dependence of the specific excess
free energy for aluminum nanodroplets at
1000 K using Schommers’ [3], Morse’s [4]
and Schiff’s [11] potentials. The first of
them is presented in [3] numerically. The
two others can be written as follows:

Dasorse (n= (6)
= g{exp[2oc(r - rp)] — 2explo(r - rm)]} ,

(Dschiff(r) = "N
= 8{[003(8.971”/1"3](0.66 +4.22/r2 - 2.61/1"4) +
+ [sin(8.97r)/r4](—0.54 = 0.67/7‘2) + 1.49/!‘12}.

where o is a Morse’s constant, r,, is the
distance corresponding to the minimum of
the potentials.

It is of interest to compare Schommer’
potential with Morse’s one for which the
potential well depth ¢, is defined from the
melting temperature T, (e, = kT,) and
using another Morse’s curve fitted to
Schommers potential. Contrary to Morse’s
potential Schommers one has large oscilla-
tions caused by ion-electron interaction in
metal crystals. The choice of the tempera-
ture (T = 1000 K) for comparison of the
above potentials and other calculations is
dictated by the data on Schommers potential
which are given in [3] just for this tempera-
ture. The values of parameters figuring in
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Fig. 1. Dependences of the specific excess
free energy for aluminum nanodroplets on

the reduced droplet radius R* = R/a obtained
using different pair potential using formula
(1’) at T = 1000 K (curve 1 (approximation
data curve) corresponds to Morse’s potential
with revised value of the potential well
depth, curve 2 (approximation data curve)
have been calculated for Morse’s potential
fitted to Schommers potential, curve 3 (ap-
proximation data curve) have been found for
Schommers potential). Parameters of all the
above potentials are given in Table 1.

Table 1. Parameters of used effective pair
potentials for Al nanodroplets. Here and
later index 1 corresponds to the case when
Morse’s potential parameters fitted to
Schommers potential and index 2 -
Morse’s potential parameters fitted to
Schommers potential for which the poten-
tial well depth value have been revised ac-
cording to the melting temperature. Here a
is the effective diameter of aluminum.

Potential | g, 1021 J | a, A o, A'| r A
Schommers 14,09 2,48 - -

Morsel 14,50 2,48 | 2,50 | 2,75

Morse? 12,88 2,65 | 1,03 | 3,23
Schiff 16,53 2,56 - -

the above interatomic potentials were taken
from [3, 4, 11] with no additional fitting
using experimental macroscopic values of
the surface tension and the heat of evapora-
tion. The parameters in question are pre-

sented in Table 1.
In this paper RDF corresponding to dif-

ferent pair potential was calculated using
the following equation
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8(r)/ g1 p(r) = exp[~«(P(r) — O p(r)/ kT], (8)

where g7 p(7) is the radial distribution funec-
tion of the Lennard-Jones fluid. The last
one was calculated according to Matteoli
and Mansoori [12].

The obtained values of the surface ten-
sion for aluminum were compared with Tol-
men’s formula [13]

6/6,=(1+28/R)1, 9

where R, is the radius of the surface of
tension (below the index s will be omitted),
6> 0 is the distance between the equi-
molecular separating surface and the sur-
face of tension for a flat interface. Thus,
the parameter 6, the so-called Tolmen’s
length, should be comparable with the effec-
tive molecular diameter a. For small R,
A.1. Rusanov [14] obtained a linear depend-
ence

c=KR (10)

Here K is the proportionality coefficient de-
pending on the temperature, the pressure
and the liquid phase composition. Results of
calculations for the specific excess free en-
ergy show that the form of the dependences
does not depend on the choice of the inter-
molecular interaction potential. Then, in a
satisfactory approximation, the following
formula can be used

R KR, if R <R, (11)
oB) =1 tR>R/
i.e. for R < R, (R, is a characteristic ra-
dius) the surface tension is described by
Rusanov’s linear formula, and, for R > R,,

it is nearly equal to the maximum value o,

of o(R), corresponding to the flat macro-
scopic surface. Table 2 demonstrates the
calculation results for the macroscopic sur-
face tension . The Tolmen’s parameter &

and the coefficient K for aluminum nano-
droplets at 1000 K have been obtained using
different pair potentials. One can see that
calculation results corresponding to Schom-
mers potential agree with experimental data
[15-17] more satisfactorily.

Fig. 2 demonstrates the size dependence
of the evaporation heat for aluminum nano-
droplets obtained using Schiff’s and Schom-
mers potentials. One can see that the size
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Fig. 2. Dependences of the evaporation heat
for aluminum on the reduced droplet radius

R* = R/a obtained for different effective pair
potentials using formula (4°) at T = 1000 K
(curve 1 (approximation data curve) corre-
sponds to Schiff’s potential, curve 2 (ap-
proximation data curve) was obtained using
Schommers potential). Parameters of poten-
tials are presented in Table 1.

dependence of the specific evaporation heat
MR) can be described, in a good approxima-
tion, by a formula analogous to Eq. (11). In
other words, if R <R, evaporation heat

MR) linearly decreases when the particle
size decreases, and if R > R, MR) is nearly
equal to the maximum value A, correspond-

ing to R — « i.e. to the macroscopic liquid
phase.
The linear approximation for the evapo-

ration heat of nanoparticles at R -0 gives
the next relationship

Ay = 8K,V o, (12)

where K, = K, (p, T) is proportionality coef-
ficient for the specific total surface energy.
This coefficient is analogous to the propor-
tionality coefficient in (11).

The macroscopic value of specific evapo-
ration heat can be calculated using the fol-
lowing formula [10]

Ay = (ng/n; — Duy + kT, (13)
o0

where u, = 2nn; I go(r®(r)ridr is the inter-
0

nal energy of liquid per an atom. We have
calculated the molar evaporation heat val-
ues for aluminum using different potentials
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Table 2. Calculation results for ¢, & and
K corresponding to Al nanodroplets. The
experimental values of the surface tension
at the 1000 K are 885 md/m? [15],
856 mJ/m2 [16] and 891 mJ/m2 [17].

Potential | 5, Al | K, 10" mJ/m3 | 5, A"!
Schommers 874 88 0.69
Morsel! 953 96 0.60
Morse? 972 95 0.51
Schiff 964 94 0.40

Table 3. Calculated macroscopic values of
the heat of evaporation for Al nanodroplets.
The experimental values of the evaporation
heat at the 2793 K is 293 kJ-mol™! [15].

Potential Lo Potential Aops
md-mol~1 mdJ-mol~!

Schommers 338 Morse! 297

Schiff 310 Morse? 323

(see Table 3). A difference between calcu-
lated and experimental [15] values can be
caused by the difference in temperatures
(we could not find experimental data on A,

for T = 1000 K). One can see that the re-
sults for the evaporation heat calculated
using different potentials agree with experi-
mental data. One can note that calculated

values of 6, and A for aluminum obtained

using Morse’s effective pair potential (6)
with no large-scale oscillations, Schommers
potential and Schiff’s potential (7), show a
satisfactory agreement. Size dependences
(Fig. 2) also demonstrate agreement with
experimental values A.

4. Conclusion

We must emphasize that the choice of
the definite temperature for comparison of
the above potentials was dictated by the
available data on Schommers potential
which are given in [3] just for this tempera-
ture. However the method of the thermody-
namic perturbation theory was applied for
investigation surface tension of the metal
nanodroplets for the different pair poten-
tials in our previous works [18-20] in a
wide temperature range from the melting
point to the critical temperature. In addi-
tion to the problem of curvature corrections
to the macroscopic value of the heat of

evaporation A, of liquid metals was inves-
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Fig. 3. Comparison of the Schommers and
Morse pair potentials for aluminium. The
Schommers potential was built at tempera-
tures of 300 K (the dark solid curve) and
1000 K (the light dashed curve). The Morse
potential adjusted to the Schommers poten-
tial (the light solid curve), the Morse poten-
tial with the depth have been revised accord-
ing to the melting temperature (the dark
dashed curve). The melting temperature of
aluminium is 9938 K, k£ is the Boltzmann con-
stant.

tigated on the basis of thermodynamic
analysis and Monte Carlo computer simula-
tion of metal nanodroplets [10]. In [10] we
conclude that the thermodynamic results
are in good agreement with Monte Carlo
calculations of the evaporation enthalpy for
aluminum nanodroplets.

The Schommers pair potential for alu-
minium at 1000 K is shown in Fig. 8. It is
compared with the respective Morse poten-
tial, for which the potential well depth
which was found by the melting tempera-
ture and with the Morse potential adjusted
to the Schommers potential. The difference
between the potentials is clear: apart from
the different depth and location of the mini-
mum, the Morse potential does not contain
any large-scale oscillations determined by
ion-electron-ion interaction in metallic crys-
tals (such oscillations has Schiff’s poten-
tial). For this reason, it is still open to
question if one can apply the pheno-
menological Morse, Lennard-Jones and etec.
potentials to describe the interaction in
metals. In this work we have shown that
effective pair potentials with properly cho-
sen parameters give adequate values of en-
ergetic properties of metal nanoparticles as
well as of some bulk and surface properties
for liquid aluminum. Schommers potential
provides a better agreement with the avail-
able experiment data on the evaporation
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heat and the surface tension of the alumi-
num melt at least at the temperature
T = 1000 K. As was mentioned above,
Morse’s , Schiff’s pair potentials can be also
applied to describe thermodynamic proper-
ties of other liquid metals including for ex-
ample sodium and copper [20].
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HocaigxeHHS PO3MiIiPHHX 3aJIe;KHOCTEH IMOBEPXHEBOTO
HATATY i TeNJIOTH BUNApPOBYBAaHHA HaHOKpAaIeJlb
AJIOMiHiI0 3 BUKOPHCTAHHAM Pi3HMX IOTEHIiaJgiB

M.F0.Cdob6nsakoe, B.M.Camconos, A.H.Ba3ynea,
A.0. Kynvnin, J].H. Coxonos

Ha ocHoBi TepmonuHaMiuHOi Teopii 30ypeHb IPOBEJEHO PO3PAXYHOK IOBEPXHEBOTO HATH-
Iy i TemjoTW BUNAPOBYBAaHHA AJA HAaHOKpalejgb ajioMiniio. PosmipHi samesxHocTi Ansa mo-
BEPXHEBOTO HATATY i TeNJIOTH BUIIAPOBYBAHHA OJlep:KaHi 38 BUKpucraHHaM norteHrniany Ilom-
Mepca, IOPiBHAHI 3 pesyjabTaTaMu, 10 BiANOBiZamTh iHMUM eDeKTUBHUM IIapHUM IIO-
TeHIliasaM. BcTaHoBiIeHO, 10 ACHUMIITOTHUUYHI BHAUYeHHSd IIOBEPXHEBOTO HATATY 1 TemjoTu
BUIIAPOBYBAHHA, 110 BifNOBiZal0Th BeJUKUM po3MipaM HaHOKpameslb i ofepikaHi 3 BUKOpPUC-
TaHHAM noreHIiany IllomMmepca, Kpallle y3TOAKYIOTHCA 3 HAABHUMU €KCIepUMEeHTaJbHUMU

TaHUMU.
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