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Electrical conductivity of hot expanded aluminum: Experimental measurements
and ab initio calculations
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Experimental measurements and theoretical calculations of the electrical conductivity of aluminum are
presented in the strongly coupled partially degenerate regime (r50.3 g/cm3, 5000,T,15 000 K). The ex-
periments were performed in an isochoric plasma closed vessel designed to confine electrical plasma dis-
charges up to 1.5 GPa. Aluminum properties were determined theoretically byab initio molecular dynamics
simulations in the local density approximation, from which the conductivity was computed using the Kubo-
Greenwood formula. The theoretical results were validated in the dense coupled regime against previously
published experimental results and then applied to our experimental low density regime, showing that the
theoretical results overestimate the experimental conductivities.
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I. INTRODUCTION

There is growing interest in the exploration of transp
properties of strongly coupled~SC! partially degenerate plas
mas, which are encountered in astrophysics, laser-prod
plasma studies, or exploded wire experiments in connec
with intense x-ray generation@1#. This regime, also referred
to as warm dense matter, opens a challenging field for b
experiments andab initio simulations.

Most experimental attempts to reach the SC regime
based on heating provided by an electrical discharge or b
intense laser pulse. Plasma created by a fast electrical
charge can be confined by a capillary lead glass tube@2# or
by embedding the exploding wire in water@3,4#. For laser
heating experiments, aluminum samples can be tamped
transparent layers@5#. A third way to study SC plasmas is t
use an electrically created quasistatic isochore plasma
confined vessel. This is realized in an isochoric plas
closed vessel~enceinte a` plasma isochore: EPI!. In the EPI
device, the plasma is kept in a constant volume channel
ing a slow electric discharge (250ms). The confinement is
realized here by the mechanical properties of the cham
and the plasma phase can be considered almost isoch
This allows direct measurements, in one electrical discha
of mass density, input energy, and electrical conductivity@6#.

From the theoretical point of view, there are many mod
that predict the electrical conductivity, using various assum
tions about electronic and ionic structure. In the partia
degenerate SC regime those quantities are difficult to ob
because the interaction is screened by the electronic p
ization and up to now there has been no correct mode
account for nonlinear screening.Ab initio molecular dynam-
ics is ideally suited for this type of problem, precisely b
cause no adjustable parameters or empirical interionic po
tials are needed. The energetics of the system and the fo
on the ions are calculated by first-principles quantum me
ods and the leading ionic structure is consistent with
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degeneracy of the electrons. This method has been suc
fully used on liquids@7–10#. We are presenting here a
implementation of anab initio evaluation of the electrica
conductivity in order to compute properties of a SC partia
degenerate plasma corresponding to the experimental de
obtained in the EPI (r50.3 g/cm3). This represents the ap
plication of ab initio simulations and computation of th
electrical conductivity in a diluted metallic system. In ord
to verify our implementation of the method, we will firs
present results in the dense degenerate regimer
52 g/cm3, 1000 K,T,15 000 K) where experimental re
sults and computational estimations are available.

This paper is organized as follows. In the next section,
will describe the experimental setup. In the third part, theab
initio simulations are introduced, and the Kubo-Greenwo
formulation is recalled and generalized to nonlocal pseu
potentials. In the last part, the method is checked aga
previous results~theoretical and experimental! at high den-
sity and then applied to our experiments.

II. EXPERIMENTAL SETUP

Experiments were performed in the EPI, where a meta
sample at normal density and room temperature is tur
into a plasma with a known density, passing through liqu
and vapor phases. The choice of the plasma density is g
by the current technical possibilities of the chamber: te
perature and pressure must be lower than 40 000 K and
GPa, respectively, to ensure an efficient confinement with
loss of energy.

A schematic diagram of the experimental setup is sho
in Fig. 1. The EPI combines two techniques: a high pu
power bank to obtain a heating of the metallic sample an
high-pressure closed vessel. The body of the vessel con
of an alternate stack of autofrettaged metallic rings~1 cm
thickness! and electrical insulator Kapton foils (125mm).
The maximal pressure~1.5 GPa! is limited by the sealing
performance of the Kapton foil. A sapphire ring is insert
into the center of each high-pressure ring forming, on
stacked, a tube of 20 cm in length and 1.2 cm in diame
Sapphire is a good thermal insulator. It sustains high pres
©2002 The American Physical Society12-1
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very well and is transparent to wavelengths from 0.2
5 mm. The external surface of the sapphire is coated w
aluminum to confine the plasma radiation by a mirror refl
tion. A 25 mm thick pure aluminum foil at normal densit
and room temperature is placed inside the vessel wit
shape that fills the internal volume~see Fig. 1!. This foil is in
contact at each end with an electrode, of the same meta
the foil. We use a slow capacitor bank charged to an ene
of 225 kJ to produce a current, which rises to a peak of 1
kA in 150 ms ~see Fig. 2!. Current is driven from four ca-
pacitors connected in parallel, totaling 2.42 mF, and
switched by a pressurized spark gap switch. The inte
inductance of the circuit without the foil is 6mH, which is

FIG. 1. Experimental setup of the EPI device.

FIG. 2. Measurement of the current~dashed line! and voltage
~solid line! as a function of time.
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very large in comparison with that of the foil (0.4mH). With
this experimental setup, the sample is heated for f
400 ms. The plasma volume is controlled mechanically
the closed-vessel walls.

The characteristic time of the pulse-power supply is lo
enough to allow the formation of a homogeneous plasm
and short enough to limit the effects of wall ablation, whi
are supposed to be negligible during the plasma heating.
assumption of homogeneity is supported by different theo
ical arguments.

~1! The duration of the energy input is about 100ms and
the sound-propagation time across a 0.6 cm thick ioni
vapor of aluminum is about 3ms, according to Ref.@11#.

~2! At 10 000 K, the diameter of a free burning arc
equilibrium, dissipating the same power as in our expe
ment, is 2.5 cm, which is twice the inner diameter of t
vessel.

~3! The skin depthd of a conductor having the sam
resistivity as the plasma, at a frequencyf of 5 kHz ~band-
width derived from a Fourier transform analysis of the cu
rent signal! with conductivitys and permeabilitym is given
by

d5A 1

p f sm
~1!

and is six times as large as the inner radius of the vesse
~4! The magnetic pressure for a 100 kA current in a 1

cm diameter cross section is about 30 MPa, which is sm
compared to the 1 GPa reached in the vessel during the
periment.

Since the plasma is homogeneous, the density depe
only on the initial mass of the material placed in the vess
A total mass of aluminum of 6.7 g leads to an average d
sity of 0.3 g/cm3. A Rogowski belt surrounds one electrod
to measure the time derivative of the current and a resis
divider is used to measure the voltage drop across
plasma. The time derivativedI/dt of the current and the
inductanceL of the plasma (0.4mH) are small enough to
make theL3dI/dt term negligible compared to the mea
sured voltage, except at the very beginning of the discha
Therefore, no inductive correction is needed to obtain
plasma resistivity from the current and voltage measu
ments~shown in Fig. 2!.

At each shot, the input energy and the electrical resistiv
of the plasma are inferred from the current and voltage m
surements. The resistivity of the plasma is determined
using the relationr(t)5pr 2(t)R(t)/ l (t) where the length
l (t) and the radiusr (t) of the plasma are the length and th
inner radius of the vessel, respectively. The uncertainty
current and voltage measurements produces a 15% un
tainty in the resistance of the plasma. The internal ene
variation dU can be evaluated from the electrical ener
input Eel and is given bydU5(Eel2Erad)1dW, whereErad
are the thermal losses at the vessel walls. The mechan
work lossdW due to the vessel expansion under pressur
less than 1% ofEel and can be neglected. The thermal loss
are assumed to be radiative during the plasma phase,
negligible before. The internal energy is obtained at ea
2-2
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ELECTRICAL CONDUCTIVITY OF HOT EXPANDED . . . PHYSICAL REVIEW E66, 056412 ~2002!
time by resolving the following differential equation
dU/dt5dEel2as0ST(U)4, where s0 is the Stefan-
Boltzmann constant,S is the plasma surface andT is written
as a function ofU using the SESAME tables@11#. Because
of the isochoric and monophasic assumption, the maxim
internal energy, electrical conductivity, and pressure
reached at the same time. At this time,a is measured and
depends only on the instantaneous powerdEel /dt.

III. AB INITIO CALCULATIONS

The most general formulation for computing the electri
conductivity is given by the Kubo-Greenwood formulation
which no particular assumptions are made on the ionic st
ture or on the electron-ion interactions. In the framework
the quasi-independent particule approximation, the Ku
Greenwood expression@12,13# in the linear response theor
yields the real part of the optical conductivity expressed

s~v!5
2pe2

3v E dk(
n,m

~ f n2 f m!

3 z^cnuv̂ucm& z2d~Em2En2\v!, ~2!

wherev is the frequency,e is the electronic charge,cn and
En are the electronic eigenstates and eigenvalues for
electronic staten, f n is the Fermi distribution function, andv̂
is the velocity operator. Calculations of the eigenstates
eigenvalues are made in the framework of density functio
theory.

For disorded systems, such as liquids or plasma, den
functional theory~DFT! provides a unique tool for comput
ing electronic properties and ionic structure. DFT assum
that the ground state energy of a system of interacting e
trons moving in an external potential is a unique function
the electronic densityne @14#. For a given external potentia
~an ionic configuration! minimization of the electronic en
ergy of the system yields the exact ground state~variational
principle!. The set of electronic orbitalscn of electronic state
n that minimize the Kohn-Sham energy functional is giv
by the self-consistent solutions to the Kohn-Sham equat
@15#:

F2\2

2me
¹21Vion~r!1VH~r!1VXC~r!Gcn~r!

5Encn~r!, ~3!

where En are the Kohn-Sham eigenvalues,Vion(r) is the
static total electron-ion potential,VH(r) is the Hartree poten
tial, and VXC(r) is the exchange and correlation potenti
These Kohn-Sham equations are a set of eigenequations
the terms within the square brackets can be regarded
Hamiltonian. The exchange and correlation term is not
actly known. It is approximated by the local density appro
mation ~LDA ! based on the exact result for a homogene
electron gas, and the generalized gradient approxima
which accounts for density gradients. Only the valence e
trons are treated explicitly, the interaction between the
lence electrons and the atomic cores being represente
05641
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pseudopotentials. For systems at a temperature close to
Fermi temperature (u.1), DFT can be extended to a finit
temperature, as shown by Mermin, and the variational p
ciple still holds with the electronic free energy@16#. This
finite temperature functional procedure provides a highly
curate determination of the forces that operate on ions. E
tronic orbitals are populated according to a the Fermi-Di
distribution. In contrast with the zero temperature case wh
states beyond the Fermi level are empty, a large numbe
excited states must be considered. The molecular dynam
generalization of the method that was previously introduc
by Car and Parrinello is now realized by a step by step m
mization using efficient algorithms.

All of our simulations use constant density and volum
We use a finite sample in a basic cubic reference cell, wit
finite number of electrons. We also invoke periodic bound
conditions. Simulation of periodic systems introduces
question of Brillouin zone sampling. Methods have been
vised for obtaining very accurate approximations to the el
tronic potential and the contribution to the total energy fro
electronic orbitals by calculating the electronic states at s
cial k points in the Brillouin zone~BZ!. For large disorded
systems, this constraint become less compelling and sim
tions at theG point can be used. The electrical conductivi
and more generally optical properties are very sensitive
detailed description of the electronic density. In particular
correct BZ sampling is necessary to obtain accurate res
This observation led us to use a two-step procedure.

First, ionic structures are generated with theab initio code
VASP developed by Kresse and Hafner@17#, in which ion-
electron interactions are described with Vanderbilt ultras
pseudopotentials@18#. The Perdew and Wang parametriz
tion of the generalized gradient approximation@19# is used
for the exchange and correlation potential. The generatio
atomic structures is done at theG point and is performed for
32 or 108 atoms for 300–500 time steps of 2 fs after equ
bration without thermostat~pure microcanonical!. We con-
sider electronic states occupied down to 1026.

In a second step, for selected statistically independ
atomic configurations, a self-consistent ground state calc
tion is performed with theABINIT code @20,21# to get the
detailed electronic structure. The electronic calculation
done in the local density approximation with the Ceperle
Adler @22# exchange-correlation energy as parametrized
Perdew and Wang@23#. The pseudopotential used in ou
work is generated by the method of Troullier and Marti
@24#: 3s and 3p states are treated as valence electrons
we use ad nonlocal part. Orbitals are expanded in pla
waves up to a cutoff of 12 Ry. The Brillouin zone wa
sampled with the Monkhorst-Pack scheme@25# and conver-
gence ink vectors was tested. We find that, for simulatio
with 108 atoms, convergence is reached with the usag
four specialk points. With increasing temperature, it appea
that electronic structure is less sensitive to the number ok
points and to the number of atoms in the cubic cell. Mo
over, to compute optical properties we need to introduce
occupied excited states. For high density, between 250~for
T51000 K) and 500 orbitals~for T515000 K) are consid-
2-3
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ered for a 108-atom cubic cell. For low density, between 3
and 500 orbitals are considered for a 32-atom cubic cell

In most publications using the Kubo-Greenwood form
ism @8,9,26#, the velocity operatorv̂ is expressed as the mo
mentum operatorp̂. This is correct if the Hamiltonian con
tains only a local potential. In our case, nonloc
pseudopotentials are used and this equivalence is no lo
valid. The definition of the velocity operator in the Heise
berg representation,

v̂5
i

\
@Ĥ,r#, ~4!

must be used.Ĥ represents the total Hamiltonian of the sy
tem. Then,v̂ is expressed in terms of]Ĥ/]k. The integration
in the BZ is replaced by a summation over specialk points:

s~v!5
2pe2

3v

1

V(
k

W~k!(
n,m

~ f n
k2 f m

k !

3
1

~2p2!
U K cn

kU]Ĥ

]k
Ucm

k L U2

d~Em
k 2En

k2\v!, ~5!

where W(k) is the k-point weight in the Monkhorst-Pac
scheme. Technical details of the computation of the ma
elements^cn

ku(]Ĥ/]k)ucm
k & can be found in Refs.@27,28#.

The d function can be resolved by averaging over a fin
frequency intervalDv @29#:

s~v l !5
1

DvEv l2Dv/2

v l1Dv/2

s~v!dv. ~6!

Introducing Eq.~6! in Eq. ~5! eliminates thed function and
yields a simple sum over states. The above formulas ap
for an ionic configuration at a single time step within a m
lecular dynamics trajectory. Optical properties are calcula
for selected configurations until convergence is reached.

The conductivitys(v) must satisfy the sum rule@12#

S5
2meV

pe2ne
E

0

`

s~v!dv51, ~7!

whereme is the electron mass andne the electronic density
Since a finite number of excited states is included in
calculation, s(v) is computed correctly for\v,uEmax
2Efu whereEf is the Fermi level andEmax is the energy of
the highest level computed. To obtain a well converged s
rule, we need to introduce more unoccupied electronic st
than for the determination of the dc electrical conductiv
s(v→0). The dc electrical conductivitysdc computation is
made by extrapolating the optical conductivity tov50. In
our calculationsS is always smaller than 1.

IV. RESULTS

The plasma phases can be characterized by the ion
coupling parameterG which is the ratio of the mean electro
static potential energy to the mean kinetic energy:G
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5Z̄2e2/(4pe0kBTa), wheree is the electronic charge,e0 is the
vacuum dielectric constant,kB is the Boltzmann constant,T
is the temperature,a5(4/3pni)

21/3 is the mean ion-sphere
radius, andni is the ionic number density.Z̄ is the average
ionization degree of atoms, which depends on the den
and temperature conditions. The plasma is said to be stro
coupled when this ratio is greater than 1.

The electronic degeneracy parameteru is the ratio of the
temperature to the Fermi temperatureTF . If ne5Z̄ni is the
electronic density in cm23 and T the temperature in K,u
5T/TF52.2931010Tne

22/3. When u→0, the electrons are
fully degenerate, which is the case for a metal under nor
conditions. The first case presented below (r52 g/cm3) en-
ters into this category, whereas the low density caser
50.3 g/cm3) can be regarded as partially degenerate.

A. Dense degenerate regime„rÄ2 gÕcm3
…

As mentioned in Sec. II, we first performedab initio
simulations with theVASP code using 108 particles at thre
temperatures~1000 K, 5000 K, and 15 000 K!. Trajectories
are generated for 500 time steps of 2 fs at theG point. The
equation of state~pressure versus temperature! obtained from
the molecular dynamic simulations is shown in Fig. 3. T
equation of states deduced from the SESAME tables@11# is
shown too.

In order to check our implementation of the method, w
compute the electrical conductivity at a density of 2 g/c3

representative of expanded liquid aluminum. From the m
lecular dynamics simulation done at theG point, the elec-
tronic structure is computed for five statistically independ
configurations with fourk points. The densities of state
~DOS’s! for the three temperatures are presented in Fig. 4
expected for this regime, they show a free-electron-like
havior at all temperatures. There is neither a gap nor a m
mum near the Fermi level.

The real part of the optical conductivity is plotted in Fi
5. Each curve is the result of the conductivity averaged o
five ionic configurations statistically independent for t

FIG. 3. Pressure as a function of temperature for two densit
r52 g/cm3 andr50.3 g/cm3 ~multiplied by a factor of 10).
2-4
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three temperatures considered. For all temperatures, the
S is equal to 0.9 showing that the convergence of electro
structure is sufficient for the evaluation of the dc electri
conductivity.

The extrapolation to zero frequency must be perform
carefully since in a finite system energy levels are alw
discrete ands(v) falls to zero for small values ofv @8#.
Therefore, it is more convenient to use a functional form
extrapolating to zero. A natural functional form for fitting th
calculateds(v) in this regime would be the Drude formula

s~v!5
sdc

11v2t2
, ~8!

wheret is the relaxation time. The Drude formula, plotted
Fig. 5, is found to accurately reproduce the computed opt

FIG. 4. Density of states for three temperaturesT51000 K, T
55000 K, andT515 000 K atr52 g/cm3.

FIG. 5. Computed optical conductivities~full circles! versus fre-
quency for three temperaturesT51000 K, T55000 K, and T
515 000 K atr52 g/cm3. Full lines are the Drude fits using re
laxation timest and dc conductivities given in Table I.
05641
um
ic
l

d
s

r

al

conductivities, showing the metallic character of aluminu
at r52 g/cm3. Using this fit, the zero frequency limit yield
the dc conductivity~see Table I!.

From the computed electrical conductivity and relaxati
time, we computed the electronic density in cm23 using the
Drude formula

ne5
mesdc

te2
, ~9!

whereme ande are the electron mass and charge. We fou
1.360.0531023 cm23 for the three considered temperature
On the other hand, the electronic density in the cubic c
considering three valence electrons, is 1.2731023 cm23.
This shows that the ionization deduced from the Drude
proach is equal to three. Using this average ionization,
compute the coupling parameterG.50 for T515 000 K. It
is about 170 forT55000 K. The degeneracy parameter
nearly 0.1 for all temperatures.

The electrical conductivity as a function of temperature
plotted in Fig. 6, and is compared to the highest dens
reached in the experiments of Benageet al. @2# at aboutT
515 000 K and of Mostovych and Chan at aboutT
55000 K @5#. The electrical conductivity decreases with i
creasing temperature, as expected for a metal. This i
agreement with the calculated density of states. At high te
perature, our results are very close to the experimental res
of Ref. @2# for T515 000 K. AtT55000 K, our theoretical

TABLE I. Relaxation times and dc electrical conductivities ve
sus temperature obtained in the dense regime atr52 g/cm3 by the
Drude fit @Eq. ~8!# of the optical conductivities.

T ~K! 1000 5000 15 000

t (10216 s) 6.7 4.9 3.8
sdc @103(V cm)21# 23.9 17.0 14.6

FIG. 6. Electrical dc conductivity versus temperature atr
52 g/cm3. Our model~full circles! is compared with simulations o
Silvestrelli ~full square,@8#! and with the experiments of Ref.@2#
~up triangle! and @5# ~down triangle!.
2-5
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RECOULESet al. PHYSICAL REVIEW E 66, 056412 ~2002!
estimations are in better agreement with the experime
results of Mostovych and Chan@5# than the theoretical pre
dictions of Silvestrelli@8#. This discrepancy between the tw
theoretical results can be traced back to the fact that Sil
trelli used the momentum operator in the Kubo-Greenwo
formula instead of the velocity operator in the Heisenb
representation. The nonlocal contributions, which are
counted for in our calculations, are probably greater th
expected even in this regime@30#. We conclude that our
implementation of Kubo-Greenwood formulation is satisfa
tory.

B. Partially degenerate regime„rÄ0.3 gÕcm3
…

Using the same procedure, we generate ionic config
tions representative of the plasma created in the EPIr
50.3 g/cm3). It must be noted that such a small density
much more demanding in computer resources than the
vious case because of a bigger simulation box and, co
quently, the number of plane waves to be computed. Thi
why micro-canonical simulations are performed for only
atoms, for 300 time steps after equilibration forT
57600 K, 11 700 K, and 16 400 K. As in the previou
case, the optical analysis is derived afterwards from sele
ionic configurations.

The DOS’s shown in Fig. 7 are very different from tho
at a higher density. We no longer observe a free-electron-
form and a structure appears in the DOS. One remain
limitation of the plane wave technique is that the extend
basis set does not provide a natural way of quantifying lo
atomic properties. One can hardly extrapolate the natur
the peak of the DOS and only some general trends can
drawn. As the temperature increases, states become mo
calized. The band centered on;23 eV is due to the 3s
electrons and the shoulder around;22 eV is due to the 3p
electrons.

Clearly, the optical conductivities, plotted versus fr
quency on Fig. 8 are no longer characteristic of a simple f

FIG. 7. Density of states for three temperaturesT57 600 K,
T511 700 K, andT516 400 K atr50.3 g/cm3.
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electron Drude metal but are more reminiscent of nonme
lic systems@7,26#. The sum rule has the value of 0.9, whic
is satisfactory to compute the dc electrical conductivity.
view of the difference in the density of states between
two densities, it is not surprising to find that the electric
conductivity changes dramatically. There is a peak aroun
eV which might be a result of transitions between the ba
at ;3 eV below the Fermi level of 3s character and the
unoccupied states with energies;2 eV above the Ferm
level of 3p character.

Table II presents the theoretical results of molecular
namics~MD! and the experimental measurements. This
lows a direct comparison between theoretical and experim
tal results. As shown in Table II, there is a slight increase
conductivity versus internal energy variation.

The electrical conductivity is plotted as a function of tem
perature in Fig. 9. For the experimental points obtained
the EPI, the temperature is deduced from the internal ene
variation using the SESAME tables@11#. The vertical error
bars indicate the uncertainty in the conductivity measu
ments. The temperature uncertainty is assumed to be equ
the electrical energy uncertainty, i.e., 15%. Other experim
tal results obtained from@3,4# have been added in Fig. 9 an

FIG. 8. Optical conductivities versus frequency for three te
peratures T57600 K, T511 700 K, and T516 400 K at r
50.3 g/cm3. Dashed lines are here to guide the eyes.

TABLE II. Computed temperature, internal energy variatio
pressure, and dc electrical conductivity of aluminum atr
50.3 g/cm3, and experimental internal energy variation and co
ductivity. For the computed internal energy variation, the refere
energy is the internal energy of solid density at room temperatu

T ~K! DU int ~MJ/kg! P ~kbar! s(V cm21)

7600 12.9 4.0 460.0
M.D. 11 700 17.0 9.9 480.0

16 400 19.3 15.0 520.0
24 800 37.0 31.0 700.0

Expt. 22.0 207.0
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are in rather good agreement with our experimental data.
the theoretical conductivities, the extrapolation to zero f
quency is much more difficult due to the statistical noise
the optical spectra at low frequency, leading to large er
bars in Fig. 9. The extrapolation is done using a cubic reg
sion on the fourth first point. The order of magnitude of t
conductivity is characteristic of a semiconductor. The dep
dency of the electrical conductivity on temperature is diff
ent from that in the high density case~see Fig. 6!. The slight
increase in temperature is in accordance with the experim
tal results.

The average ionization was estimated using the ave
atom model SCAALP @6# for r50.3 g/cm3 and T
515 000 K. In these conditions, the fraction of electro
having their energy level beyond the Fermi level is equa
1.25. Following this, and using Fermi-Dirac occupations,
computed a number of electrons of 1.23, in excellent ag
ment with theSCAALP prediction.

This average ionization leads to a coupling parameteG
55 and a degeneracy parameter ofu50.9, characteristic of
a SC partially degenerate plasma@31#. For the three higher
temperatures, the coupling parameter is between 4 an
whereas forT57600 K it is about 0.6~lower than 1!.

V. CONCLUSION

To summarize, we have carried out an experiment dire
measuring electrical resistivity, mass density, and internal

FIG. 9. Electrical dc conductivity~full circles! versus tempera-
ture at r50.3 g/cm3 compared with our experimental data~open
circles! and with those of Refs.@4#.
.
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ergy variation of a strongly coupled aluminum plasma. W
stress that all the above mentioned quantities are measur
an absolute way, without any external models.

Then we showed a calculation of electronic structure a
conductivity for aluminum at r52 g/cm3 and r
50.3 g/cm3 usingab initio molecular dynamics. The electri
cal conductivity was computed using the Kubo-Greenwo
formula. Simulations gave reasonnably good results co
pared to the experiments atr52 g/cm3 in a regime where
the system is correlated and degenerate. The use of the
locity operator defined in the Heisenberg representation
proves the computational results compared to those using
momentum operator. In the partially degenerate regimer
50.3 g/cm3, the theoretical result overestimates the expe
mental conductivities.

The fact that the plasma is partially degenerate (u50.7)
indicates that the temperature is close to the Fermi temp
ture and consequently that finite temperature effects are
longer negligible. This is accounted for by the Mermin fun
tional. To be fully consistent, a temperature dependent fu
tional form for the exchange and correlation term should
used, and this could improve our results@6,32,33#.

The calculation of the DOS and optical properties us
DFT relies on a calculation of the Kohn-Sham eigenvalu
with the real eigenfunctions. Then, the use of Kohn-Sh
eigenvalues to estimate the excitation spectrum might
questionable@34#. Moreover, in practice, the exact function
is not known and approximations such as the LDA must
used. This results in an approximate Hamiltonian and ad
tional errors in the Kohn-Sham eigenvalues and eigenfu
tions. The well-known band gap underestimation when co
puted in LDA@35# affects optical properties for smallv and
leads to very high electrical conductivity. In a metallic sy
tem with no gap, the error is probably small, which expla
why our results are in better agreement with experiment
the higher density showing a metallic DOS. The introducti
of quasiparticle energy can improve the DFT-LDA results
the partially degenerate regime.
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