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Liquid nanodroplet formation through phase explosion mechanism in laser-irradiated metal targets
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Some quantitative aspects of laser-irradiated pure metals, while approaching phase explosion, are still not
completely understood. Here, we develop a model that describes the main quantities regulating the liquid-vapor
explosive phase transition and the expulsion of liquid nanodroplets that, by solidifying, give rise to nanoparticle
formation. The model combines both a thermodynamics description of the explosive phase change and a Monte
Carlo simulation of the randomly generated critical vapor bubbles. The calculation is performed on a set of seven
metals (Al, Fe, Co, Ni, Cu, Ag, and Au) which are frequently used in pulsed laser ablation experiments. Our final
predictions about the size distribution of the liquid nanodroplets and the number ratio of liquid/vapor ejected
atoms are compared, whenever possible, with available molecular dynamics simulations and experimental data.
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Introduction. Phase explosion was found to be the most
efficient mechanism in the pulsed laser ablation of metals
when looking at thermal processes for sufficiently short time
scales (in the nanosecond to femtosecond range) [1]. This
phenomenon is predicted to occur in metastable liquids at
temperatures of about 90% of the thermodynamic critical
temperature Tc [2], when a so dense distribution of vapor
bubbles is generated through homogeneous nucleation that the
liquid phase is broken into a mixture of vapor and small scale
liquid droplets, leaving the target [3].

In the modeling of phase explosion conditions, continuum
approaches based on thermodynamics are led to the limits of
their validity. On the other hand, continuum models are very
handy and accessible [4], and it is worthwhile to compare
their predictions and extrapolations with the results coming
from experiments and atomistic simulations.

The present Rapid Communication aims to model the phase
explosion process in a metal target through a continuum
approach. The starting point of our study is the description of
the thermodynamic properties of metastable liquid metals up
to temperatures close to Tc. Then the theory of homogeneous
nucleation is briefly considered, with the goal of designing
a three-dimensional (3D) Monte Carlo (MC) simulation of
homogeneous nucleation. In particular, we will use the known
nucleation theory to evaluate the critical radius rc of vapor
bubbles, generated in the phase explosion and to be used
in the simulation. The MC simulation aims to generate a
dense and connected distribution of supercritical vapor bubbles
which causes the breaking of the liquid phase, giving rise to a
distribution of liquid nanodroplets and vapor atoms. The solid-
ification of liquid nanodroplets, during flight from the target
to substrate, and also on substrate, generates nanoparticles
(NPs) if ablation occurs in vacuum conditions. In the presence
of an external atmosphere, other mechanisms are present,
especially collisional cooling leading to the condensation of
expelled atoms. The liquid versus vapor composition of the
bulk material in phase explosion conditions as well as the size
distribution of the expelled liquid nanodroplets are calculated.
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Our results, regarding a set of seven metals (Al, Fe, Co, Ni, Cu,
Ag, and Au) commonly used as pure targets in laser ablation
experiments, are compared with the available literature data,
both regarding experimental data and molecular dynamics
simulations. While designing the MC simulation we focused
it on the nanosecond irradiation regime in order to be able to
make some simplifying assumptions.

Thermodynamic properties of metastable liquid metals.
Since our study aims to describe liquid nanodroplet expulsion
from laser-irradiated targets leading to nanoparticle production
in the phase explosion process, we are particularly interested
in those models which relate the thermodynamic critical point
to surface tension, which is the fundamental quantity which
allows us to describe the homogeneous nucleation of vapor
bubbles in the superheated liquid.

Quite recently, Blairs et al. [5] derived a method to calculate
Tc using surface tension and liquid density values at the melting
point Tm. The approach is based on the Lennard-Jones potential
for liquid metals. Their study is based on the experimental
fitting of semiempirical laws with data regarding 18 different
metals. As a result, their work provides an equation to predict
Tc for pure metals, looking at the experimental measurements
of surface tension and molar volume (σm and vm) both given
at Tm,

Tc = σm

(
vmm

(Cvm)5/6 − q

)4

, (1)

where m = 8.9733 × 10−19, q = −1.0459 × 10−25, and C =
1.484 ± 0.025 are empirical fit parameters. In Table I we show
the estimations of Tc for the metallic elements examined in our
study. Details about the data for σm and vm are given in Table II.

While studying the liquid-vapor phase transition of a
pure substance, the fundamental thermodynamic quantities
describing the two coexisting phases (temperature, saturated
vapor pressure ps and vapor and liquid molar volumes vv and
vl) obey to the Clausius-Clapeyron equation,

dps

dT
= �hv(T )

T [vv(T ) − vl(T )]
, (2)

where �hv is the molar enthalpy of vaporization. In the present
study we will consider semiempirical models for the functions

1539-3755/2015/92(3)/031301(6) 031301-1 ©2015 American Physical Society

http://dx.doi.org/10.1103/PhysRevE.92.031301


RAPID COMMUNICATIONS

ALBERTO MAZZI, FEDERICO GORRINI, AND ANTONIO MIOTELLO PHYSICAL REVIEW E 92, 031301(R) (2015)

TABLE I. Critical parameters estimated in this work.

Metal Tc (K) ρc(kg/m3) Pc (108 Pa)

Al 6319 634 3.2
Fe 8059 1467 5.4
Co 7710 1350 5.4
Ni 7241 2159 6.5
Cu 5741 2363 4.6
Ag 5851 2718 3.3
Au 7003 5066 3.9

�hv(T ), vv(T ), and vl(T ) and we will integrate the Clausius-
Clapeyron differential equation to compute ps(T ), similarly to
the approach proposed by Hornung [9].

According to theoretical and computational studies, to-
gether with experimental observations [10–13], the liquid
and vapor densities ρl and ρv at phase coexistence can be
modeled as two power series, with universal exponents and
four material-dependent coefficients,

ρl(T )

ρc

= 1 + D0�T + C1(�T )βc

+ D1(�T )1−α + C2(�T )βc+�,

ρv(T )

ρc

= 1 + D0�T − C1(�T )βc

+ D1(�T )1−α − C2(�T )βc+�, (3)

where �T = Tc−T

Tc
, α ≈ 0.109, βc = 0.325, and � = 0.51.

Equation (3), independently from the choice of the coefficients,
is consistent with the fact that the densities of both the phases
tend to the critical density ρc at the critical point.

In the present work we give estimations of ρc and of the
coefficients D0, D1, C1, and C2, obtained through a least square
fit of Eq. (3) with available experimental data for ρl in the
range Tm < T < Tb, where Tm and Tb are the temperatures
at the melting point and at the normal boiling point. Near Tb

we assume an ideal gas behavior, which provides ρv(Tb) =
mPatm
kBT

and dρv

dT
(Tb) = mPatm

kBT

�hv
RTb

−1

Tb
. Final results are reported in

Table III.
The predicted coexistence curve, shown in Fig. 1(a), is

similar to the results of recent papers [12,13].
Concerning the enthalpy of vaporization, we refer to the

well known formula proposed by Watson in 1943 [18] which

TABLE III. Results of the density interpolations. In the first
column, the references for the experimental measurements of the
liquid density used in the calculation.

Metal ρc(kg/m3) D0 C1 D1 C2

Al [14] 634 ± 5 1.1 ± 0.2 1.75 ± 0.04 −0.17 0.08
Fe [15] 1467 ± 53 1.8 ± 0.5 1.51 ± 0.08 −0.24 1.02
Co [6,16]a �1350 �3.1 �1.3 −0.70 2.01
Ni [15] 2159 ± 45 1.1 ± 0.3 1.75 ± 0.04 −0.15 0.10
Cu [14] 2363 ± 23 1.2 ± 0.2 1.82 ± 0.03 −0.27 −0.02
Ag [6,17] 2718 ± 55 1.4 ± 0.3 1.68 ± 0.04 −0.57 0.06
Au [17] 5066 ± 5 1.4 ± 0.1 1.73 ± 0.01 −0.64 −0.07

aPoor knowledge of liquid density.

can be applied to the entire liquid range from Tm to Tc:

�hv(T ) = �hv0

(
�T

�T0

)0.38

. (4)

It is an empirical law, where T0 and �hv0 are data generally
associated with the normal boiling point, say, Tb and �hv(Tb).
Equation (4) was proved to be a reliable estimation for
many organic and inorganic pure substances [19] and also
for transition metals [20].

Finally, for the temperature dependence of surface tension,
we employ the empirical formula proposed in 1945 by
Guggenheim [21],

σ (T ) = σ0

(
1 − T

Tc

) 11
9

= σm

(
�T

�Tm

) 11
9

, (5)

with �Tm = Tc−Tm

Tc
. This formula is still well considered, and

has been applied to various chemical compounds [19] and
recently also to metallic elements [22].

Homogeneous nucleation modeling. Here we will briefly
look at the theory of homogeneous nucleation of vapor bubbles
in a metastable liquid in order to estimate the typical values
of the critical radius rc of vapor bubbles, which is the only
physical parameter to be given as an input to our computational
simulation. At the end of this analysis we fix the time
duration of the phase explosion (precisely defined below)
at τpe = 1 ns. This choice, operated in the framework of the
nucleation theory, will allow us to consistently calculate the
thermodynamic and kinetic quantities to characterize the phase
explosion and, furthermore, to estimate the critical radius as
required by the MC method.

TABLE II. Parameters used for the thermodynamic modeling with corresponding references: Molar mass M , melting temperature Tm,
boiling temperature Tb, liquid density at the melting point ρm, surface tension at the melting point σm, and enthalpy of vaporization at the
boiling point �hv(Tb).

Metal M (g/mol) [6] Tm (K) [6] Tb (K) [6] ρm(kg/m3) [6] σm (N/m) [7] �hv(Tb) (kJ/mol)

Al 26.982 933 2792 2375 1.05 294 [6]
Fe 55.845 1811 3134 6980 1.909 355 [8]
Co 58.933 1768 3200 7750 1.928 375 [8]
Ni 58.693 1728 3186 7810 1.834 378 [8]
Cu 63.546 1358 2835 8020 1.374 300 [8]
Ag 107.868 1235 2435 9320 0.955 255 [8]
Au 196.867 1337 3129 17 310 1.162 324 [6]
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FIG. 1. (Color online) (a) Coexistence curve. ρl/ρc (dashed
green curve), ρv/ρc (dotted blue), and average density (solid red).
(b) Saturated pressure (solid blue) and vapor pressure (dashed red),
calculated for iron.

The appearance of a gas bubble in a bulk liquid phase is
microscopically determined by the presence of a vaporlike
density fluctuation staying in labile thermodynamic equilib-
rium with the liquid [23] (homogeneous nucleation). This
fluctuation will generate a critical nucleus if, by acquiring even
a single additional molecule, it starts growing spontaneously.

In classical nucleation theory, assuming the liquid to be
incompressible and the vapor to behave ideally, the vapor
pressure inside critical spherical nuclei (pv) is given by [24]

pv = ps exp

[
(pl − ps)

vl

kBT

]
, (6)

where pl and vl are the pressure and the molar volume of the
liquid phase, respectively. Since the saturated vapor pressure
can be obtained through integration of the Clausius-Clapeyron
equation (2), we only need an estimation of pl in order to
calculate pv from Eq. (6). In the case of pulsed laser ablation
of metals in vacuum, pl is determined by the pressure exerted
on the molten target surface by the vaporized material. To our
purpose we can consider the surface temperature Ts to be of the
order of 0.90Tc and the environment gas pressure negligible
compared to the saturated vapor pressure ps(Ts). An idealized
solution was proposed by Anisimov [25] and further developed
by Knight [26], with the final outcome pl = 0.55ps(Ts). This
means that, under pulsed laser ablation of metals in vacuum,
the metastable liquid reaches pressures of the order of 108 Pa
due to the recoil pressure.

The radius of the critical nuclei can be described by

rc = 2σ

pv − pl

. (7)

The nucleation of such critical nuclei requires one to
overcome the energy barrier given by the free energy of
formation Wc, for which we can obtain the following Gibbs
classical expression:

Wc = 4

3
πr2

c σ = 16πσ 3

3(pv − pl)2 . (8)

Finally, the nucleation rate Js of near-critical vapor nuclei
per unit volume in the case of a steady nucleation process
can be expressed, owing to a theoretical result obtained
by Döring [27] and Volmer [28], in the form reported by

Skripov [29],

Js = nl

√
6σ

(3 − b)πm
e− �hv

RT e
− Wc

kB T , (9)

where b = 1 − pl

pv
, �hv is the molar enthalpy, R is the gas

constant, the factor nl is the number density for the metastable
liquid, and Wc can be obtained from Eq. (8).

In general, the stationary nucleation regime is reached
asymptotically, with a characteristic time lag τlag. The time-
dependent nucleation frequency can be written as [30]

J (t) = Js exp

(
−τlag

t

)
. (10)

An expression for this time lag was reported by Skripov [29]
and the explicit result is

τlag =
√

2πM

RT

4πσpv

(pv − pl)2 , (11)

where M is the molar weight of the substance. We can calculate
τlag as a function of the temperature by Eqs. (6) and (5): For
the investigated metals, τlag ranges between 10 and 100 ps for
temperatures in the range [0.90,0.95]Tc. Now focusing our
study to the nanosecond pulse regime, so that τlag is negligible
compared to the heating time scale, we are allowed to assume
stationary nucleation.

By neglecting both spatial gradients and temporal variations
of the temperature in the material, we are able to estimate the
phase explosion time τpe(T ) as a function of the temperature,
defined as the time interval between the appearance of the first
critical vapor bubble and phase explosion, at a given tempera-
ture Tpe, which occurs when the distribution of critical bubbles
will saturate the liquid volume. The vapor bubble packing
fraction can be expressed by the ratio η = Vv

Vtot
and the maxi-

mum packing fraction results to be ηmax = 0.30, according to
the MC simulation reported below. With these assumptions,
τpe(T ) results to have the following analytic expression,

τpe = α

JsVc

ln

(
1 + ηmax

1 − ηmax

1

α

)
, (12)

where α = ρl

ρv
and Vc is the volume of a critical vapor

bubble. In the following MC simulation, we chose τpe = 1 ns,
as an indicative example, with a consistent choice of the
other quantities, in particular, a constant temperature Tpe

defined by τpe(Tpe) = 1 ns: Looking at the temperature
dependence of Js in Fig. 2(b), the contribution of nucleation
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FIG. 2. (a) Critical radius of vapor bubbles in the metastable
liquid. (b) Nucleation rate of supercritical bubbles, calculated for
iron.
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at temperatures lower than that of the stationary regime results
to be ineffective, due to the negligible kinetics.

3D Monte Carlo simulation for phase explosion. In our
MC simulation we suppose the explosion to occur, according
to Ref. [30], when supercritical vapor bubbles, generated in
a metastable liquid volume through random homogeneous
nucleation, are in contact with each other, forming a kind of
percolation cluster in the considered volume. At that moment,
liquid nanodroplets and vapor are expelled and we are able
to study the final composition of the vapor/liquid mixture and
to evaluate the size distribution of the generated nanodroplets
leading to nanoparticles.

The critical radius of the vapor bubbles rc is calculated
through Eq. (7) at Tpe. The observed portion of the target is a
3D cubic volume with size L. If we consider rc of aluminum
at Tpe (rc = 1.76 nm), the largest system studied up to now is
a cubic box with side L = 250 nm, where about 30 000 liquid
droplets have been identified.

Our adopted MC method randomly generates N nucleation
sites (i.e., bubble centers with a first-neighbor distance larger
than 2rc) with a uniform distribution in order to saturate the
available volume. Then, for each site, a bubble radius r � rc is
assigned on the base of the algorithm here described. The array
of nucleation sites is arranged in ascending order according
to the first-neighbor distance so that the radius assignment
proceeds with the following rule: If the ith bubble is the first
neighbor of its first neighbor with distance d in this random
distribution, both of them will have radius r = d/2. Otherwise,
the first neighbor of the ith bubble, let us say, the j th bubble,
has to be already developed, with radius rj < d/2. In this
latter case, ri = d − rj . In this way the bubbles get in touch
with their neighbors, with no overlap. A spherical shape is
assumed for the nucleated vapor volumes: This is a simplifying
assumption, but note that the spherical shape is associated with
the minimization of the free energy of the system.

In our case, with a random packing of nonmonodispersed
spheres, we obtained a maximum packing fraction of about
ηmax = Vbubbles

Vtot
≈ 0.30. This value, which represents the intrin-

sic saturation of our bubble nucleation algorithm, has been
taken as a reference for the definition of a dense and connected
distribution of supercritical bubbles, as discussed above.

The final step is to study the breaking of the remaining inter-
volume into liquid nanodroplets. In particular, the remaining
liquid phase is still connected, but it is full of vapor bubbles
which are in touch with each other along many directions.
This 3D problem is rather complex and the adopted algorithm
described below is the choice we made after testing different
solutions.

In order to separate the intervolumes, a fixed quantity of
probe sites is randomly generated in the liquid volume, and
for each site the distance from the first liquid-vapor surface
is evaluated along 40 directions. Through a weighted average
procedure, a radius is associated with each site and the eventual
overlapping between adjacent liquid spheres is then evaluated.
In this way a distribution of disconnected liquid clusters is
identified.

In particular, the 3D adopted algorithm, as described above,
when transferred to two dimensions (2D), gives results easily
viewable and checkable, as reported in Fig. 3.
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FIG. 3. (Color online) 2D simulation: Supercritical bubbles in
white and liquid intervolumes with different colors.

Results and discussion. In Fig. 4(a) we show the resulting
bubble and droplet distributions, where the physical param-
eters of silver have been considered (rc = 1.67 nm). We can
compare our result with some recent experimental observation
of silver nanoparticles as deposited in vacuum on a sub-
strate and detected by transmission electron microscopy [31]
[Fig. 4(b)]. The peak in the diameter distribution observed
with our simulation is predicted at about 2.00 nm (1.63 nm
if we consider the thermal contraction from Tpe to room tem-
perature). The experimental histogram shows a peak diameter
of about 5 nm. Some modifications of the distribution are ex-
pected due to in-flight interactions and shape arrangement after
attachment on the substrate, but the general outcome of this
measurement is the observation of a large relative abundance
of nanometer-sized particles, in line with our simulation.

A more interesting result can be shown if the volume
distribution of the liquid nanodroplets is displayed in a log-log
histogram. The 3D liquid droplet size distribution obtained
through our algorithm [see Fig. 5(a)] is in good agreement with
a power law f (N ) ∝ N−a , where N is the number of atoms per
nanodroplet and the exponent a has been estimated as 1.9. The
power law has been observed in a quite wide range, between
300 and 10 000 atoms per droplet. Very recently, a molecular
dynamics (MD) simulation of an aluminum target irradiated
with a 100 fs laser pulse has obtained a detailed result of the
size distribution of the ablated atomic clusters [32]. A power
law behavior is observed, with different slopes in different
size ranges: In particular, in the same range studied by our
MC method, the exponent emerging from the MD simulation
is a ≈ 1.43, not much different from ours.

In Table IV we summarize some significant results of our
model, in a nanosecond time scale: The estimated temperature
ratio for phase explosion, the critical radius calculated at
Tpe, the number of atoms per nanodroplet for peak-size
clusters (rpeak), and the vapor/liquid atomic ratio Nv/Nl

which expresses the final relative composition of the ablated
material. Here, we can see that for the studied metals,
Nv/Nl falls between 30% and 45%. These estimations are
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FIG. 4. (Color online) (a) Diameter distribution for Ag (rc =
1.67 nm): Bubbles in blue (dashed) and droplets in red (solid). (b)
Experimental diameter distribution of pure metallic Ag nanoparti-
cles [31].

in qualitative agreement with experimental measurements:
A recent paper [33], which deals with femtosecond laser
ablation of copper and gold pure targets in vacuum, reports
experimental measurements of the vapor/total number ratio
in the ablated plume. The measurement is based on emission
intensities integrated over all the plume volumes and were
performed at different laser fluences. In particular, at high
laser fluences (some J/cm2) the estimation of Nv

Ntot
≈ Iatoms

Itot
is almost constant, with values of about 40% for copper
and 8% for gold. These values correspond to Nv

Nl
≈ 0.69

for copper and Nv

Nl
≈ 0.09 for gold. It has to be noted

that our presented algorithm is specifically designed to give
information only about the phase explosion mechanism, while
of course the experimental values may be the product of
several concurrent phenomena, such as vaporization alone or
spallation.

Conclusions. In this study we showed promising results of
a thermodynamic modeling of the phase explosion process in
metastable liquid metals. We performed our calculations for
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FIG. 5. (Color online) Volume distribution of the nanodroplets:
(a) Our method, liquid Al NPs; (b) MD simulation on Al [32].

seven different transition metals, which are frequently used
in laser ablation experiments, to show the generality of our
results. The phase explosion conditions have been discussed,
in particular, focusing on nanosecond pulse regime.

Our model was able to describe many aspects of the
liquid nanodroplets directly produced in the external layers
of the target through the phase explosion mechanism. In

TABLE IV. Parameters estimated at Tpe.

Metal Tpe/Tc rc (nm) Natom/cluster Nv/Nl

Al 0.91 1.76 145 0.29
Fe 0.92 1.57 114 0.38
Co 0.93 1.54 97 0.41
Ni 0.92 1.42 118 0.33
Cu 0.92 1.49 135 0.31
Ag 0.91 1.67 128 0.32
Au 0.91 1.66 127 0.31
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particular, we studied the size distribution of the produced
liquid nanodroplets, which give rise to a significant fraction
of the ablated material. The size distribution function of
nanodroplets was found to fit with a power law in the range
between 300 and 10 000 atoms per nanodroplet. Moreover,
the experimental observation of nanometer-sized particles in
the laser ablation of pure metals can be attributed to the
solidification of liquid nanodroplets formed through the phase
explosion mechanism.

The present work may be a starting point for future
developments. In particular, the description of the nucleation
process could be improved by introducing more complicated

aspects of the dynamics of vapor bubbles, such as their growth
rate and the possibility of bubbles merging at an early stage of
nucleation. The simulation may be made more realistic, taking
into account a temperature gradient inside the target and a time
dependence.
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