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INTRODUCTION

Theoretical and experimental investigations dem�
onstrate that melting temperature of nanoparticles Tr

decreases with decreasing particle size as compared to
this temperature for macroscopic samples Ts.

As for the size dependence of the energy of vacancy
formation Er and, correspondingly, the vacancy con�
centration in nanoparticles, conflicting opinions exist
in the literature: both a decrease and an increase in
these characteristics with decreasing particle size were
noted. This discrepancy is likely to be related to the
absence of direct unambiguous measurements of the
size dependence of the vacancy concentration in
nanoparticles. Indirect data, e.g., data on diffusion
processes and a change in the lattice parameter in
nanoparticles, indicate a decrease in the energy of
vacancy formation in them. Experimental observa�
tions of a decrease in the diffusion activity in nanopar�
ticles or related materials are unavailable.

Since the size dependence of the energy of vacancy
formation is important to explain many processes
occurring in nanoparticles and nanomaterials, it
seems reasonable to consider the existing concepts of
and experimental data on the relationship between the
melting temperature of nanoparticles and the energy
of vacancy formation in them. This consideration is
most strongly grounded, since we can expect that the
sign of a change in melting temperature Ts and energy
of vacancy formation EV with the nanoparticle size for
solids should be the same due to a natural relationship
between them. This expectation follows from the fact
that, according to modern concepts, the size depen�
dence of the melting temperature of nanoparticles or
the energy of vacancy formation depends mainly on
the surface energy of nanoparticles [1, 2].

DATA AND DISCUSSION
OF THE VACANCY CONCENTRATION

IN NANOPARTICLES

In [3] (which was published a 100 years ago and was
the first work in which the melting temperature of
nanoparticles was considered), Pawlov showed that
the melting temperature decreases with decreasing
particle size due to an increase in the effect of the sur�
face energy, namely, due to an increase in its contribu�
tion to the free energy, since the surface energy of a liq�
uid phase at the boundary with its vapor is lower than
the surface energy of the solid phase. In this case, the
melting temperature of nanoparticles is taken to be the
temperature at which crystalline and liquid particles of
the same mass are in equilibrium with their vapors.

Frenkel [1], who introduced the notion of a
vacancy–interstitial pair in the solid�state physics,
showed that the vacancy concentration in a crystal in
thermal equilibrium is determined by the equation
that describes the vapor concentration, with the only
difference that the energy of vacancy formation plays
the role of the heat of sublimation. This was also noted
in [2]; moreover, it was mentioned in that work that
the energy of vacancy formation is lower than the heat
of sublimation for most solids, which is caused by lat�
tice restructuring around a vacancy to stabilize this
defect (i.e., its energy decreases). Therefore, the
vacancy concentration should be higher than the equi�
librium vapor concentration [1, 2].

The authors of [4] were the first to substantiate an
increase in the vacancy concentration with decreasing
vacancy size. Their arguments are as follows.

A decrease in the melting temperature of nanopar�
ticles by ΔT can be related to a change in the effective
pressure ΔP without considering the mechanism of
this change. In this case, ΔT and ΔP are connected by
the obvious relation
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(1)

where  is determined by the Clausius–Clapeyron

equation

(2)

where λ is the heat of melting and ΔV is the difference
in the specific volumes of the liquid and crystalline
phases.

As follows from Eqs. (1) and (2), a decrease in the
melting temperature corresponds to the change in the
effective pressure

(3)

and the corresponding decrease in the energy of
vacancy formation

(4)

since ΔT = Tr – Ts < 0, λ > 0, and ΔV > 0. Hence, the
passage from macroscopic samples to nanoparticles is
accompanied by an increase in the vacancy concentra�
tion; that is, a vacancy size effect takes place [4].

An increase in the vacancy concentration in small
particles was used as a possible explanation of an
increase in the solubility [5] and a change in the lattice
parameter [6] in them.

To estimate the size dependence of the vacancy
concentration, the authors of [7] used the proportion�
ality between the energy of vacancy formation and the
melting temperature [2]. Naturally, when the latter
decreases by ΔT (e.g., when passing from macroscopic
samples to nanoparticles), the energy of vacancy for�
mation decreases correspondingly by

(5)

It was shown [7] that the size dependences of the
vacancy concentration calculated with allowance for
Eqs. (4) and (5) coincide. To obtain an expression for
a numerical estimation of vacancies in nanoparticles,
the authors of [7] took into account the analogy
between evaporation [1] and vacancy formation. Since
a particle of radius r has the surface energy 4πr2σ
(where σ is the specific surface energy) before evapo�
ration, the energy of vacancy formation in it and the

energy of evaporation are decreased by Ω (where Ω

is the atomic volume) to a first approximation. The
Laplace pressure increases the energy of vacancy for�

mation by VV (where VV is the vacancy volume).

With allowance for both factors, the vacancy concen�
tration in a particle was written as [7]
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, (6)

where C
∞

 is the vacancy concentration in a bulk sam�
ple and k is the Boltzmann constant.

It was shown that the vacancy concentrations cal�
culated for golden particles with σ = 1600 erg/cm2 at
300 K are close to those calculated by Eqs. (4) and (5)
for a decrease in the energy of vacancy formation if
VV = 0.3 Ω.

Almost simultaneously with [7], the authors of [9]
noted that the difficulties of a theoretical study of the
vacancy size effect are caused by the fact that the
excess (Laplace) pressure “rejects” vacancies from
small particles and the excess (surface) energy simul�
taneously decreases the energy of vacancy formation.
As a result, the vacancy concentration should
increase. The magnitudes of both effects are of the
same order of magnitude. This follows from the fol�
lowing expression for the dependence of the vacancy
concentration on the particle size [9]:

(7)

It was derived in the quasi�chemical approximation
and takes into account both the rejecting effect of the
Laplace pressure (first term in the parentheses in the
right�hand side) and the effect of the excess surface
energy (second term). For example, if VV > 0.5 Ω, the
vacancy concentration decreases with decreasing par�
ticle size; otherwise, it increases. 

However, based on experimental data on a decrease
in the lattice parameter of nanoparticles and their sur�
face energy, the authors of [6, 10] cast doubt on the
concept of the Laplace pressure.

The concept of the Laplace pressure for solids was
theoretically analyzed in detail in [11–15]. The
Laplace pressure was shown to be a formal quantity
that makes it possible to express the chemical potential
of a sample of finite sizes through the chemical poten�
tial of the corresponding infinite sample. However, the
size shift of a chemical potential is also observed in
bodies with a shape at which the Laplace pressure is
zero, e.g., planar films. Thus, it was concluded that the
Laplace pressure is a purely mathematical concept and
cannot cause compression of bodies.

With allowance for these conclusions, the energy of
vacancy formation in [16–21] was estimated using the
molecular�kinetic concepts in [1, 2] with allowance
for the analogy between evaporation and vacancy for�
mation.

As noted above, the presence of a particle surface

decreases the energy of evaporation per atom by Ω

[1]; therefore, to a first approximation, the energy of
vacancy formation in a particle decreases by
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(8)

The figure shows the dependences of Er/EV on the
golden�particle size calculated by Eqs. (4), (5), and (8)
in [17–21]; they are seen to agree well with each other.
For the calculations, we used the data on the size depen�
dence of the melting temperature of golden particles [8]
and the following parameters: σ = 1500 erg/cm2, Ω =
17.96 × 10–24 cm–3, λ = 12.372 kJ/mol, EV = 1.0 eV,
and δ = 5.1 × 10–2. The relative vacancy volume was

taken to be  = 0.43. In [16], we derived relation�

ships using the relation

(9)

which follows from the equality of Eqs. (4) and (5).
These calculated and plotted data indicate that the

contribution of the surface energy is a key factor in the
decrease in the energy of vacancy formation.

The authors of recent works [22–26] make differ�
ent conclusions regarding the size dependence of the
energy of vacancy formation. The authors of [22–25]
use the approach that was applied in [1] to prove the
equality between the binding energy, which was taken
to be the heat of evaporation [1], and the energy of
vacancy formation. According to the scheme used in
[22] to find the binding energy for small particles and,
hence, the energy of vacancy formation in them, a
particle is assumed to have a cubic shape and to consist
of the same number of cubic cells along three axes.
Each cell corresponds to one atom. For simplicity, the
calculations only take into account the interaction
between the nearest atoms. The calculations in [22]
were performed for the simple cubic lattice, since the
particle volume changes weakly when the simple cubic
lattice transforms into the body�centered cubic (bcc)
or face�centered cubic (fcc) lattice. Under these con�
ditions, the expression

(10)

was obtained for the energy of vacancy formation in a
particle with cube edge length D and atom edge length
d (atom is considered to be a cube in this model).

For the calculations in [22], the particle radius
(D = 2R) was chosen as a variable, and the atomic
diameter of gold was taken to be 0.288 nm. The calcu�
lated values are plotted in the figure as a dashed line.
They are seen to agree well with the data calculated by
Eqs. (4) and (5), which are based on the measured
decrease in the melting temperature of golden parti�
cles [8], and the data obtained using molecular�kinetic
concepts and Eq. (8).

In [26], this model was used to calculate the depen�
dence of the energy of vacancy formation on the sur�
face energy at a fixed particle size. It was shown that
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the energy of vacancy formation remains almost the
same when the surface energy changes by 20%. There�
fore, these results indicate that Eq. (8) may be used
without regard for the size dependence of σ.

Allowing for the contribution of the surface energy
and the surface tension to the energy of vacancy for�
mation, Müller and Albe [25] obtained the following
relationship for the vacancy concentration in nano�
particles:

(11)

where f is the scalar approximating the surface tension
tensor and ΔVV = VV – Ω is the change in the volume
induced by vacancy formation.

In general, as noted in [25], Eq. (11) can result in
both an increase and a decrease in the vacancy con�
centration with decreasing particle size depending on
the surface energy and the surface tension. It was also
mentioned that, since the average vacancy relaxation
volume for most fcc metals is ΔVV = –0.25 Ω, f should
be four times higher than σ to compensate for the con�
tribution of the surface energy and to cause an increase
in the vacancy concentration. Since the f/σ ratio cal�
culated for many metals is rarely higher than two, the
authors of [25] concluded that the number of vacan�
cies decreases significantly with decreasing nanoparti�
cle size. It should be noted that the vacancy concen�
tration can both be independent of the nanoparticle
size and increase with decreasing nanoparticle size,
according to the modern data on ΔVV (ΔVV = –(0.75–
0.50) Ω) for fcc and bcc metals and to the fact that the
f/σ ratio is rarely higher than two [25].

When discussing the conclusions of [9, 25] regard�
ing an increase in the energy of vacancy formation in
nanoparticles, we pay attention to the related contra�
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Size dependence of the energy of vacancy formation for
small golden particles: (�) calculations with Eqs. (4) and
(5) from a decrease in the melting temperature [8], (solid
line) calculation by Eq. (8), and (dashed line) calculation
by Eq. (10) [22].
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dictions that do not agree with the well�known existing
concepts. For example, the authors of [25] note that
Eq. (11) is analogous to the result for the size depen�
dence of the saturated vapor pressure of a component
dissolved in nanoparticles; that is, it can both increase
and decrease. However, to the best of our knowledge,
there are no observations corresponding to a decrease
in the pressure. There are also no data on a decrease in
the saturated vapor pressure over nanoparticles made
of pure substances as compared to the corresponding
macroscopic substances. Moreover, as noted in [1],
the saturated vapor pressure also increases over films.

Similar comments are also related to the well�
known relationships between the melting temperature
and the binding energy and the energy of vacancy for�
mation. The conclusion about an increase in the
energy of vacancy formation in nanoparticles with
decreasing nanoparticle size points to the presence of
a critical size below which the sign in these relation�
ships changes. Moreover, we could also mention the
appearing contradiction between an increase in the
energy of vacancy formation and the enhancement of
diffusion processes in nanoparticle systems [7]. How�
ever, as follows from the conclusion that the energy of
vacancy formation increases with decreasing nanopar�
ticle size, diffusion processes should be retarded.

CONCLUSIONS

Our analysis demonstrates that the conclusion
about a decrease in the energy of vacancy formation
and, correspondingly, an increase in the vacancy con�
centration with decreasing nanoparticle size is most
strongly grounded. This conclusion seems to be natu�
ral, since it agrees with the well�known concepts of the
relation between the melting temperature, the binding
energy, and the energy of vacancy formation and with
the results of studying numerous relaxation processes
in nanosystems. These processes are controlled by dif�
fusion processes, which are directly dependent on the
energy of vacancy formation, the vacancy concentra�
tion, the catalytic and chemical activity of nanoparti�
cles, and so on.
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