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The formation enthalpy of a monovacancy in gold and aluminum under the condition of intense laser
irradiation is evaluated by means of ab initio calculations. These simulations are performed using norm-
conserving pseudopotentials and by taking advantage of an efficient parallelization scheme. Using constant-
pressure simulations and for a set of electronic temperatures ranging from 0.01 to 6.0 eV, fully relaxed geom-
etries are thus obtained. Particular attention has been paid to the size of the supercell. We found that
calculations up to 108 atoms are needed in order to obtain well-converged thermodynamic quantities. In this
respect, the monovacancy formation enthalpy of gold increases more rapidly than for aluminum at high
electronic temperatures, leading to a reduction of the monovacancy concentration. This result confirms the
increase of the melting temperature and is in good agreement with ab initio linear response calculations
previously reported.

DOI: 10.1103/PhysRevB.75.174114 PACS number�s�: 61.72.Ji, 71.15.�m, 61.72.Bb, 79.20.Ds

I. INTRODUCTION

Over the past few years, the effect of intense laser irradia-
tion on materials has become a significant field of research
with many applications ranging from laser surface treatment1

�ablation, annealing, deposition, etc.� to the understanding of
the interstellar medium structure.2 On the other hand, interest
in the thermal behavior of metals before melting, in particu-
lar the time scale of the nonequilibrium states during this
first-order transition, has also increased.3–5

Simulations of short-pulse laser illumination on gold have
shown that the ions stand around their initial lattice position
during several picoseconds before melting.6 This nonequilib-
rium thermal state is usually described by using the so-called
two-temperature model7,8 �TTM� with an initial electronic
temperature corresponding to the energy transferred during
the laser irradiation and an ionic temperature initially at
room temperature. From a fundamental point of view, the
strong modification of the electronic structure by the elec-
tronic temperature is found to increase this delay.9

When considering material undergoing intense laser irra-
diation, experimental evidence tends to show that melting
occurs into the bulk �in a superheated state “from within”�
and no more at the crystal surfaces �see Refs. 10 and 11 and
references therein�. In this case, vacancies are known to play
a crucial role since the transition occurs and nucleates around
low-coordinated atoms and is mediated by structural
defects.12 This melting is easily understood in the framework
of Lindemann’s theory13 in which the lattice instabilities are
driven by large thermal displacements. In the work of
Mukherjee et al., 14 the authors report a correspondence be-
tween the monovacancy formation enthalpy of tantalum and
melting temperature, which points out the effect of defects
on melting. These authors attribute this connection to the
similar scaling of the interatomic strength for melting or va-
cancy creation. This trend occurs over a wide range of pres-
sure �from 0 to 300 GPa�, and the same behavior is expected
for other metals.

To compute the melting temperature, several attempts
were carried out. On the one hand, the evolution of the pho-
non spectrum with respect to the electronic temperature is
computed using density functional perturbation theory
�DFPT�.9 Within the framework of the Debye-Lindemann
theory13 and the harmonic approximation,15 an indication can
be obtained about the variation of the melting temperature.
More accurate methods are also available to compute directly
the melting temperature. Ab initio molecular dynamic calcu-
lations can be performed using a two-phase �liquid-solid co-
existence with an interface� supercell16 or by computing the
free energy of these two phases separately and carrying out a
thermodynamic integration.17,18

However, these ab initio molecular dynamic calculations
are extremely demanding and become out of reach in most
cases �species with a larger number of electrons, large elec-
tronic temperature, etc.�. As a consequence, other computa-
tional methods are needed to obtain the melting temperature:
classical simulations using pair potential as previously done
for tantalum14 and recently for lead19 or tight-binding
potentials.12,20 For instance, classical molecular dynamics us-
ing modified embedded-atom model �MEAM� potential,21

fitted on ab initio equations of state, was successfully used in
a previous work9 and was found to be in reasonable agree-
ment with DFPT results.

These interatomic potentials are fitted on experimental or
ab initio equilibrium properties and can also include results
obtained with nonzero ionic temperature.22 However, none of
them use thermodynamic quantities obtained for high elec-
tronic temperature and are not able to reproduce defect-
mediated melting after an intense laser irradiation. In order
to describe this effect and to conduct molecular dynamics
simulations of melting, we need potentials taking into ac-
count the evolution of the vacancy formation enthalpy with
respect to the electronic temperature.

As prototypical metals, we consider in this work a free-
electron-like metal �aluminum� and a noble metal �gold� and
compute the vacancy formation enthalpy as a function of the
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electronic temperature. In our previous work,9 we found
some dissimilarities in their response to intense laser irradia-
tion and the same behavior is expected to take place here for
monovacancy formation. In Sec. II, we present a method to
compute the thermodynamic quantities in the framework of
supercell total-energy calculations as well as the ab initio
preliminary results obtained for the bulk. We detail in this
section the numerical convergences performed with respect
to various quantities. In Sec. III, we present and discuss the
results obtained for the formation enthalpies and their evolu-
tions with respect to electronic temperature.

II. COMPUTATIONAL METHOD

A. Monovacancy formation enthalpy

A vacancy is created in a perfect bulk lattice when an
atom is removed from its bulk position and replaced in a new
bulk lattice site. The energy change between these two con-
figurations is the so-called formation energy. In principle,
one has to evaluate the energy difference between an initial
configuration with N atoms and zero vacancy and a final one
with still N atoms but one vacancy. In practice, we perform
calculation on a lattice with N−1 atoms and one vacancy.

Depending upon the physical conditions, this calculation
can be performed in various ways. In order to reproduce the
experimental conditions, we use the �N , p ,T� ensemble, with
p the pressure of the system and T the ionic temperature. The
thermodynamic quantity to consider is the monovacancy for-
mation free enthalpy Gvac. As a consequence, changes in the
internal energy, atomic relaxation, and cell variation �related
to modifications of the electronic structure, atomic forces,
and stresses, respectively, and their interplay� contribute to
the formation enthalpy in this work.

While finite ionic temperature effects should be intro-
duced, we will compute here the formation enthalpy at zero
ionic temperature, Hvac. At moderate ionic temperature, this
is the dominant term and is consistent with our wish to use
these results for constructing MEAM potentials. The effect
of the electronic temperature Te is taken into account through
a Fermi-Dirac distribution leading to fractional occupations
and change in electronic density. In addition, an electronic
entropic term S�N ;Te� is added to the internal part E�N ;Te�
of the total energy. The new electronic free energy is

Fe�N;Te� = E�N;Te� − TeS�N;Te� . �1�

As a function of ionic coordinates, the sum of the electronic
free energy Fe and the ion Ewald energy correspond to the
ionic potential energy and will be denoted E in the following.

As far as the pressure is concerned, particular attention
must be paid. Indeed, even if we use a zero-temperature
model for the ions, the modification of the electronic density,
due to nonzero electronic temperature and vacancy creation,
changes indirectly but significantly the forces and stresses.9

In practice, in order to perform simulations at constant pres-
sure and compute the formation enthalpy, we use the pres-
sure obtained for the bulk system at the equilibrium volume,
for each electronic temperature.

The formation enthalpy of the monovacancy, Hvac, at con-
stant pressure p is written as an excess quantity:23–26

Hvac�N;p� = H�N;1;p� − H�N;0;p� , �2�

with H�N ;� ; p� the enthalpy of a supercell with N atoms and
� vacancies at pressure p. In supercell calculations, the de-
fective system with N atoms and one isolated vacancy is
impossible to construct starting from N atoms in their bulk
state. In order use some computable quantities, we replace N
by N−1 in the previous equation,

Hvac�N − 1;p� = H�N − 1;1;p� − H�N − 1;0;p� , �3�

and compute the second term of the right-hand-side member
by using the enthalpy of the system with N atoms. The for-
mation enthalpy of the monovacancy becomes

Hvac�N − 1;p� = H�N − 1;1;p� −
N − 1

N
H�N;0;p� . �4�

Let us define ��N����N ;0 ; p� and ��N−1����N
−1;1 ; p� as the volumes of the bulk and defective systems,
respectively, with E(N ;0 ;��N�) and E(N−1;1 ;��N−1�)
their associated energies. The previous equation is written

Hvac�N − 1;p� = Evac�N − 1;p� + p�vac�N − 1;p� , �5�

with Evac�N−1; p� the formation energy at constant pressure
and �vac�N−1; p� the so-called formation volume of the
monovacancy, such as

Evac�N − 1;p� = E�N − 1;1;��N − 1�� −
N − 1

N
E�N;0;��N�� ,

�vac�N − 1;p� = ��N − 1;1;p� −
N − 1

N
��N;0;p� . �6�

Equation �5� will be used to compute the formation enthalpy
of the monovacancy in gold and aluminum for various elec-
tronic temperatures Te.
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FIG. 1. �Color online� Scaling of the ABINIT code with respect to
the number of the processors.
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B. Pseudopotential calculations

Our calculations are performed by using the computa-
tional code ABINIT.27 Norm-conserving pseudopotentials are
employed in this study, and a plane-wave basis set is used to
expand the wave functions, densities, and potentials. The
preconditioned blocked eigenvalue solver LOBPCG28 in con-
junction with an efficient three-dimensional fast Fourier
transform29 �3D-FFT� were implemented. In addition, a
double-parallelization scheme over bands and plane waves
has been introduced in order to perform these large-scale ab
initio calculations.30 Good performances are obtained and a
linear scaling is achieved up to 200 processors �see Fig. 1�.
This efficiency comes from the perfect scaling of the blocked
eigenvalue solver and the minimization of the global com-
munications over the two-dimensional processor grid.

In this respect, the monovacancy formation enthalpy is
computed for aluminum and gold, a free-electron-like and a
noble metal, respectively. Exchange and correlation energy
was treated with the local density approximation �LDA� us-
ing the Teter-Padé parametrization31 for gold and with the
generalized gradient approximation �GGA� using the
Perdew-Burke-Ernzerhof �PBE� parametrization32 for alumi-
num. Norm-conserving pseudoptentials are generated fol-
lowing the Troullier-Martins scheme33 in the Kleinman-
Bylander form,34 considering 12 and 3 electrons as valence
for gold and aluminum, respectively. These two pseudopo-
tentials being the ones used in our previous work, the previ-
ous and present results can be compared in complete safety,
without any ambiguity about exchange and correlation func-
tional or number of electrons.

A cutoff energy equal to 24 and 8 hartrees for gold and
aluminum, respectively, is used to reach an accuracy over the

total energy lower than 1 mHartree. A careful convergence of
the structural parameters with respect to the number of k
points is performed and a 10�10�10 Monkhorst-Pack
�MP� mesh35 is found to be sufficient for gold, whereas a
14�14�14 is needed for aluminum. These meshes corre-
spond to 110 and 280 k points in the irreducible part of the
Brillouin zone �IBZ� when we take into account the symme-
try of the fcc cell.

The atomic volume V0, the bulk modulus B0, and the co-
hesive energy Ecoh of gold and aluminum in their fcc lattice
structure are found to be very close to the experimental data
�see Table I� and in good agreement with previous ab initio
calculations �see the work of Bercegeay and Bernard36 for
discussions�. We slightly overestimate the atomic volume
�0.3%� of gold and underestimate the aluminum one
�−0.5% �, which are not the common behaviors obtained in
the LDA and GGA. These features, although surprising, have
been already reported in previous works �see Ref. 36�.

C. Numerical convergence

Monovacancy formation enthalpies are computed through
supercell calculations. We give in this work the results ob-
tained after optimization of the structural parameters: the
atomic positions relax around the vacancy and the lattice
parameters change to keep a constant pressure. They are con-
sidered to be fully relaxed �well converged� when forces and
stresses are lower than 0.5 meV/Å and a 0.03 GPa, respec-
tively.

In order to obtain accurate monovacancy formation en-
thalpies, a careful convergence with respect to a few param-
eters has to be carried out. The first one is the number of
bands which is chosen to achieve good convergence with
respect to the occupation numbers. These numbers of bands

TABLE I. Theoretical and experimental values of the zero-
pressure equilibrium volume a0, bulk modulus B0, and cohesive
energy Ecoh of gold and aluminum in their fcc phase.

Gold Aluminium

Present experimenta Present experimentb

V0 �Å3/atom� 17.03 16.96 16.48 16.56

B0 �GPa� 189.1 173.0 78.4 79

Ecoh �eV/atom� 4.21 3.45

aReference 37.
bReference 38.

TABLE II. Number of bands used for gold and aluminum in our
calculations for various electronic temperatures and number of at-
oms �No. atom�.

No. atom

Gold Aluminium

31 107 31 107

Te=0.1 eV 200 650 60 180

Te=3.0 eV 500 1300 300 900

Te=6.0 eV 800 1950 600 1980

TABLE III. Absolute enthalpy differences �in meV� between various sets of k points for each electronic
temperature Te �in eV�. The 2�2�2, 4�4�4, 6�6�6, 8�8�8, and 10�10�10 MP meshes lead to 1,
4, 10, 20, and 35 special k points in the IBZ, respectively. Results for gold and aluminum are obtained for a
107-atom supercell and separated by the / symbol.

MP meshes Te=0.01 Te=0.1 Te=0.5 Te=1.0

4�4�4−2�2�2 55/−179 33/−275 −13/−11 /−6

6�6�6−4�4�4 −5/85 7/96 /3 /

8�8�8−6�6�6 /−84 /−26 / /

10�10�10−8�8�8 −/12 / / /
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are functions of the number of atoms and electronic tempera-
ture Te and are listed in Table II.

Up to 2000 bands are needed in some calculations, and
this number is generally not achievable for standard compu-
tational codes. Here, these calculations are feasible thanks to
the double parallelization over bands and FFT described in
the previous section and in particular the good scalability of
our code with respect to the number of bands.

The second parameter to be optimized is the number of k
points in our supercell calculations used to sample the Bril-
louin zone. This one, more precisely the IBZ, is known to
vary as the inverse of the size of the cell, for a fixed elec-
tronic temperature. However, the electronic temperature
evolves in these calculations and a convergence with respect
to the number of k points has to be performed in each case.
We show in Table III the absolute differences of the forma-
tion enthalpy between various sets of k points and for each
electronic temperature Te. The formation enthalpy is exactly
computed from Eqs. �6� and �5�. For each electronic tem-
perature Te and set of k points we compute the energy of a
pseudobulk with 108 atoms and do not multiply by 108 the
energy of a fcc cell with one atom. Indeed, in the opposite
case, if we would want to achieve a convergence of the en-
thalpy up to 10 meV, it will be necessary to obtain a conver-
gence lower than 0.1 meV for the fcc cell with one atom, a
very demanding accuracy.

In Table III we stop the convergence when the enthalpy
differences are around 10 meV. The enthalpy differences fall
as a function of the sampling when the electronic tempera-
ture increases, and we will neglect these differences for Te
=3.0 or 6.0 eV. As a function of the sampling, these differ-
ences decrease more rapidly for gold than for aluminum and
calculations up to a 10�10�10 MP mesh are needed in the
case of aluminum with a Te=0.01 eV electronic temperature.

The third parameter to be discussed is the size of the cell:
i.e., the number of atoms. Calculations are performed for
systems with 32, 64, and 108 atoms �minus one for the sys-
tems with one vacancy�, and we list again the enthalpy dif-
ferences in Table IV. If the enthalpy differences are well
converged for aluminum, enthalpy differences remain large
for gold when Te increases. A long-range interaction between
vacancies, through the periodic conditions, takes place in
gold for high electronic temperatures �3.0 and 6.0 eV�. This
behavior will be discussed thereafter and connected to melt-
ing. Calculations up to 216 or 256 atoms are out of reach for
Te=6.0 eV since 2000 bands are already taken into account.
Therefore, we will consider the formation enthalpies ob-
tained at Te=3.0 and 6.0 eV as first steps toward more pre-
cise results.

III. RESULTS AND DISCUSSION

We list in Table V the vacancy formation enthalpy of gold
and aluminum as a function of the electronic temperature.
These ones correspond to a 108-atom supercell size and to
the most converged k-point mesh. First of all, we will dis-
cuss our results at Te=0 eV and compare them to other
works. Since there is no longer a pressure effect for this
particular electronic temperature, the enthalpy formation be-
comes the so-called formation energy. In a second part we
will detail our results for higher electronic temperature.

A. Monovacancy formation energy: Te=0 eV

At exact zero electronic temperature, instabilities in the
self-consistent loop, due to degeneracies of the electronic
states close to the Fermi level, prevent us from reaching an
electronic convergence. We can overcome this drawback by
using a broadening of the occupation numbers, the electronic
temperature becoming in this case a numerical parameter
with no physical meaning. The convergence with respect to
electronic temperature �using always a k-point-converged
mesh� has to be achieved in order to extrapolate a zero-
temperature energy. This point is carried out in Table V, and
we obtain 0.782 and 0.580 eV for the monovacancy forma-
tion energies of gold and aluminum.

In addition, we deduce an error lower than 10 meV. This
uncertainty has to be compared with the two uncertainties

TABLE IV. Absolute enthalpy differences �in meV� between
various sizes of systems �32, 64, and 108 atoms� for three electronic
temperatures Te: 0.1, 3.0, and 6.0 eV. Results for gold and alumi-
num are separated by the / symbol.

Number of atoms Te=0.1 Te=1.0 Te=6.0

64-32 −83/90 55/37 3/70

108-64 25/4 −70/1 −182/37

TABLE V. Formation enthalpy of a monovacancy, Hvac, in gold and aluminum �in eV� for various
electronic temperatures Te. These results are obtained for a 108-atom supercell size. MP meshes are given for
each formation enthalpy calculation.

Te

Gold Aluminum

MP Hvac MP Hvac

0.01 6�6�6 0.782 10�10�10 0.580

0.1 6�6�6 0.796 8�8�8 0.591

0.5 4�4�4 0.804 6�6�6 0.646

1.0 2�2�2 0.950 4�4�4 0.732

3.0 2�2�2 3.291 6�6�6 1.517

6.0 2�2�2 7.327 6�6�6 2.820
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detailed in the previous section �around 10 meV each time at
Te=0 eV�. These three errors emphasize the weakness of for-
mation energy computed by mean of ab initio supercell cal-
culations and the careful convergence needed to obtain reli-
able quantities. This strong dependence with respect to size,
k-point mesh, and electronic temperature leads us to add an
average error of 40 meV to our formation energy values.

The 0.782 eV value computed for the monovacancy for-
mation energy in gold is in good agreement with other first-
principles LDA calculations26,39 �see Table VI� but underes-
timate the experimental value.40 The use of an exchange and
correlation functional in its local approximation is generally
subject to discussion for cohesive or monovacancy formation
energies. However, it yields, to our knowledge, the best re-
sult we can expect in the framework of ab initio calculations.
Indeed, this discrepancy increases when GGA exchange and
correlation functionals are employed and a lower value is
thus obtained �0.45 eV in Ref. 41�. The effects of correlation
or relativistic corrections by using LDA+U or spin-orbit
coupling, respectively, could ensure a finer description of the
electronic properties of this heavy metal and lead to better
monovacancy formation energies.

Concerning the formation energy of a monovacancy in
aluminum �0.58 eV�, its value is also close to other GGA
supercell calculations �see values in Table VII�. Nonetheless,
all previous works obtain the same result: 0.54 eV. As we
pointed out, when taking into account the various parameters
playing a significant role in this system, this 0.54 eV value
corresponds to the lower limit of our 40-meV error bar.

B. Effect of the electronic temperature: TeÅ0 eV

For both aluminum and gold metals, the monovacancy
formation enthalpy increases as a function of the electronic
temperature �see Table V�. In other words, the energy pro-
vided to the system in order to create a monovacancy has to
be larger at Te=6.0 eV than at Te=0.01 eV. Whereas this
increase of the enthalpy was previously shown by Mukherjee
et al.14 for tantalum under pressure, this is highlighted here
in the case of gold and aluminum after an ultrafast laser
irradiation.

As displayed in the left panel of Fig. 2, this trend of the
enthalpy is still connected to an increase of the system pres-
sure. This is not an external pressure, as in the work of
Mukherjee et al., but a consequence of the modification of
the electronic distribution due to a variation of the electronic
temperature. Concerning aluminum, this feature is attributed
to the excited electrons which behave as free like when Te
increases. In this case, the increase of the pressure is only
related to an increase of its kinetic part �see the left panel of
Fig. 3�; the other contributions remaining nearly constant.

As far as gold is concerned, a more complicated picture is
obtained. At odds with aluminum, the kinetic part of the
pressure decreases �see the right panel of Fig. 3�. As dis-
played in Fig. 4, this behavior is due to a slight delocaliza-
tion of the electronic density when the electronic temperature
increases.48 The behavior of the Hartree and pseudopotential
parts are also connected to this variation of the electronic
density when Te increases �see the plane-wave formulation
of stress in the work of Nielsen and Martin47�.

In conclusion, for these two prototypical metals, two dif-
ferent contributions lead to a pressure increasing: for alumi-
num, the electrons being free like, the process is kinetic,
whereas for gold, the orbitals being localized, the process
comes from a delocalization of the electronic density. We
note that the pressure increase is 2 times larger in gold than
in aluminum.

The formation volume �vac�Te� and formation energy
Evac�Te� of the monovacancy evolve in the same way as the

pressure. The ratios
�vac�Te�

�vac�0� and
Evac�Te�

Evac�0� are still approximately

2 times larger in gold than in aluminum. The behavior of
these three thermodynamical quantities �pressure, formation
energy, and volume of the monovacancy� leads to an increase
of the formation enthalpy 2 times faster for gold than for

TABLE VI. Formation energy of a monovacancy, Hvac, in gold
�in eV� at Te=0 eV: present calculation and comparisons with other
works. FPLMTO and LSGF-ASA stand for full-potential linear
muffin-tin orbitals and locally self-consistent Green’s-function
method in the atomic-sphere approximation �well suited for close-
packed structure�, respectively. These two calculations are per-
formed by using a 32-atom cell.

Present FPLMTOa LSGF-ASAb Experimentc

Hvac 0.782 0.71 0.77 0.94

aReference 39.
bReference 26.
cReference 40.

TABLE VII. Formation energy of a monovacancy Hvac in aluminum �in eV� at Te=0 eV: present calcu-
lation and comparisons with other works. NC and PAW stand for norm conserving and projector augmented-
wave �Ref. 42�, respectively. N indicates the number of atoms in the simulation cell, and MP corresponds to
the Monkhorst-Pack mesh. In Ref. 43, the k-point sampling is not precisely indicated.

Present NCa PAWb PAWc Experimentd

Hvac 0.58±0.04 0.54 0.54 0.54 0.67±0.03

MP 10�10�10 ¯ 16�16�16 4�4�4

N 108 64 32 108

aReference 43.
bReference 44.
cReference 45.
dReference 46.
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aluminum �see the right panel of Fig. 2�. This feature emp-
hazises that monovacancies are more and more difficult to
create in gold with respect to aluminum when the electronic
temperature increases.

This result about monovacancy creation gives an indica-
tion concerning the monovacancy concentration CV�Te�
achieved in the material. By using the monovacancy forma-
tion enthalpy Hvac�Te� and an Arrhenius’ law, the concentra-

tion of monovacancy becomes CV�Te ,T�=exp
−Hvac�Te�

KBT , with
Te and T the electronic and ionic temperatures. Note that T is
lower than the melting temperature in our model since we
are interested in the nonequilibrium state before the transi-
tion. At a fixed ionic temperature and as a function of the
electronic temperature, the formation enthalpies increase �see
Table V� and the monovacacy concentrations in gold and
aluminum decrease. This fall in the monovacancy concentra-
tion is even several orders of magnitude higher in gold than
in aluminum. In order to get the same monovacancy concen-

tration at 6.0 eV as at 0 eV, a 5 �10� times larger ionic tem-
perature have to be reached in aluminum �gold�.

As far as intense laser irradiation is concerned, we believe
that monovacancies play a role which exacerbates the melt-
ing process. Indeed, whatever the electronic temperature,
they are known to be responsible for melting �when it is
initiated in bulk�, since the low-coordinated atoms surround-
ing the defaults undergo large thermal displacements. We
find that monovacancy production decreases when the elec-
tronic temperature increases. We further point out that this
effect is more pronounced in gold than in aluminum. As
previously emphasized, in order to keep constant the mono-
vacancy concentration, the melting temperature has to be 5
or 10 times larger. Consequently, we attribute the delay of
melting observed in gold after an intense laser illumination
to this lack of vacancy in the materials during this nonequi-
librium state. This behavior is in good agreement with the
large �small� increase of the melting temperature obtained in
gold �aluminum� and computed by means of DFPT.9 Even if,

0 1 2 3 4 5 6
Electronic temperature T

e
in eV

2

4

6

8

10

N
or

m
al

iz
ed

va
ca

nc
y

fo
rm

at
io

n
en

th
al

py
H

va
c(T

e)/
H

va
c(0

)

Aluminium
Gold

0 1 2 3 4 5 6
Electronic temperature T

e
in eV

0

50

100

150

200

250
Pr

es
su

re
in

G
Pa FIG. 2. �Color online� Increase

of pressure �left panel� and rela-
tive formation enthalpy of a
monovacancy Hvac�Te� /Hvac�0�
�right panel� in gold and alumi-
num as a function of the electronic
temperature Te.

0 2 4 6 8
Electronic temperature (in eV)

-0.01

-0.005

0

0.005

0.01

0.015

0.02

V
ar

ia
tio

n
of

pr
es

su
re

(i
n

at
om

ic
un

its
) Al: Kinetic part

Al: Total stress

0 2 4 6 8
Electronic temperature (in eV)

Au: Pseudopotential part
Au: Hartree part
Au: Kinetic part
Au: Total Stress

FIG. 3. �Color online� The
various parts contributing to the
pressure as a function of the elec-
tronic temperature. In the left
�right� panel we display the results
concerning aluminum �gold�.

FRANÇOIS BOTTIN AND GILLES ZÉRAH PHYSICAL REVIEW B 75, 174114 �2007�

174114-6



qualitatively, the variations obtained are similar, quantita-
tively, we overestimate the melting temperature. A more so-
phisticated model have to be employed in order to get reli-
able quantities.

IV. CONCLUSION

The formation enthalpies of a monovacancy in gold and
aluminum, as a function of the electronic temperature Te, are

computed by means of ab initio calculations. We have paid a
particular attention to k-point sampling, supercell size, and
electronic temperature in order get well-converged quanti-
ties. Whereas the formation enthalpy of a monovacancy in
aluminum increases by a factor 5 between Te=0.01 eV and
Te=6.0 eV, a factor of 10 is obtained for gold. This higher
formation enthalpy confirms that melting becomes more dif-
ficult in gold than in aluminum as the electronic temperature
increases. These results would allow the construction of in-
teratomic potentials that could be fitted to the electronic
temperature-dependent quantities. These potentials are
needed to conduct molecular dynamics simulations of melt-
ing up to a few thousand atoms.
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