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The electrical conductivity of warm, dense aluminum plasmas and liquids is calculated alsiimitio
molecular dynamics and the Kubo-Greenwood formula. The density range extends from near solid to one-
hundredth of solid density, and the temperature range extends from 6000 K to 30000 K. This density and
temperature range allows direct comparison with experimental results obtained with the tamped exploding wire
technique.
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A particularly fruitful area for the study of metals is their local density and generalized gradigi@GA) approxima-
evolution through various phases with associated transitionéons, the latter using the parametrization of Perdew-Wang
in the electrical properties. Such environments, as alkali met91 [12], with the plane wave cutoffE¢,) at 129 eV. The
als around the liquid-vapor coexistence boundgty and bulk of the MD calculations were carried out using only the
tamped wires exploded by an intense electrical curren} POint for representation of the Brillouin zoiiBZ). Several
[2—4], provide but two important examples. The results of(?:T) Pairs were also examined with higher-ordepoint
such examinations have profound ramifications to a diversS€tS: Such as the Monkhorst-Pack 2x 2 [13], or the Bal-

set of fields: materials modeling, plasma characterization anoﬁr?hsgrélorrr;gzgo\ﬁ:jl?negpfé?;&bg\eitt;vgglga:tli%wﬁcam effect
production, and systems under extreme conditions, for ex= Following the molecular dynamics simulation, a total of

ample, planetary interiors. In the case of high-energy dens_|t en to twenty configurations are selected from an equilibrated

physics experime_nts employing ex_ploding wires, the materi in an average senpgportion of the molecular dynamics run,
moves from a solid, through a liquid, to a plasma state. Mostyica|y sampling the final picosecond of evolution. For
of the complexity appears in the first two decades of decreagsach of these configurations, the electrical conductivity is
ing density below solid, and for temperatures up to a few eVgg|culated using the Kubo-Greenwood form[d%—17. For
Since this experimental data is only obtained along the tragese static configuration calculationssp is run in the
jectory in density and temperature space that the wire tracq§GA with E.~180 eV, using the projector augmented
as it explodes, practical limits exist to the completeness ofyave (PAW) potentials|18,19. The PAW potentials provide
the experimental data. In addition, in many of these experia significant advantage over the US-PP in applying the
ments, the temperature is not measured directly, but rathekKubo-Greenwood formula since the all electron PAW treat-
inferred through auxiliary equations of state and simulationsment avoids the complication of calculating an awkward cor-
leading to some additional uncertainty in the results. In thigection term related to the nonlocal pseudopotential operator.
paper, we use a combination & initio molecular dynamics The Kubo-GreenwoodKG) formula is a general expres-
and a first principles conductivity calculation to examine thesjon for the conductivity, and includes electron-atom,
conductivity in this regime. This serves as a very useful comelectron-ion, and electron-electron interactions. Since the
parison with the experimental measurements, permits an exG formula calculates the conductivity directly from the
tension into densities and temperatures not covered by thelectronic wave function, one avoids the difficulties of cal-
experiments, and provides insight into the underlying physculating or modeling, independently and consistently, the
ics. population of free electrons, the various relaxation times be-
lon configurations for the conductivity calculation are ob-tween the electrons and other species, and the proper form of
tained by performingab initio molecular dynamic§MD)  the pseudopotential and screening model. While this latter
simulations within the framework of the finite temperature approach has proven quite successful at lower densities
density functional theoryFT-DFT) of Mermin [5]. These where the Debye screening model appli28,21] difficulties
MD calculations are performed usingsp (Viennaab initio  have been noted in the dense plasma limit where stronger
simulation program a plane-wave density functional code coupling occurs and the Debye screening model becomes a
developed at the Technical University of Vienf&-9]. For  poor approximatiof21].
the MD runs, the ions and their respective core wave func- The Kubo-Greenwood formula for the electrical conduc-
tions are modeled using the VanderhilO] ultrasoft pseudo- tivity as a function of the frequenay (also referred to as the
potentials(US-PPH supplied withvasp [11]. These ultrasoft optical conductivity for a particulark point in the Brillouin
pseudopotentials significantly reduce the computational efzone of the simulation supercell may be written
fort, particularly for large supercells. The DFT exchange and

correlation functionals are calculated at the level of both the 2me
olw

zhz N N 3
2, 2 2 [F(ei)—Fe]

3m?wQ =1 1=1 471

*Electronic address: mpdesja@sandia.gov X Vol Wi )20 k— € k—hw), (D)

1063-651X/2002/6€2)/0254014)/$20.00 66 025401-1 ©2002 The American Physical Society



RAPID COMMUNICATIONS

M. P. DESJARLAIS, J. D. KRESS, AND L. A. COLLINS PHYSICAL REVIEW EB6, 025401R) (2002

wheree andm are the electron charge and mass. Thed]
summations are over thd discrete bands included in the

triply periodic calculation for the cubic supercell volume el- -+
ement(). The a sum is over the three spatial directions and = 5.
improves the statistics=(¢; ) is the Fermi weight corre-
sponding to the energy;,  for theith band ak; ¥; , is the Ef

nite simulation volume and resulting discrete eigenvalues. o
the & function must be broadened; we use a Gaussian broac C
ening of thes function that is taken to be as small as feasible ,_% 3
without recovering the local oscillations in the optical con- ©
ductivity resulting from the discrete band structure. A good

initial starting point for the width of the Gaussian is the

average of the nearest neighbor change in the ei_genvajue _25 _2 _15 _1 _ﬂﬁ D []'5
weighted by the corresponding change in the Fermi function. . 9
In general, the integration over the Brillouin zone is per- logio p [in g/cm”]

formed using the method of specialpoints[13,14], ] ) o
FIG. 1. (Color) Aluminum dc electrical conductivity versus den-

sity for data and calculations at 6 kidiamonds, 10 kK (triangles,
o(w)=2, o (@)W(K), (2) 20 kK (squares and 30 kK(starg. Calculation results are in red;
k the data from the experiments of DeSilva and Katsouros are in gray

] o o (6 and 20 kK and black(10 and 30 kK.
where W(k) is the weighting factor for the poirk in the

Brillouin zone. Finally, the average of(w) is taken over the to about one hundredth of solid (0.025 gRymand for tem-
ensemble of configurations sampled. The dc electrical conperatures of 6, 10, 20, and 30 kK, corresponding to data sets
ductivity is given byoy=0c(0). from DeSilva and Katsourd®]. Examination of the dynami-
We examine a range of densities from 0.025 to 2.0 g/cm cal properties, such as the self-diffusion coefficient, indicates
For densities of 1.0 to 2.0 g/cinthe simulations were done that the system moves from a liquid to a near vajmmized
with 108 atoms in the supercell. Because of computationabver this density regime. The agreement between the simu-
limitations, it was necessary to drop the number of atdiys lations and the data is very good and holds up well over the
as the size of the supercell increased. For densities frortwo decades of density variation.
0.05 g/cni up to 1.0 g/cm, we used 32 atoms per supercell.  There are several interesting features of the conductivity
For 0.05 and 0.1 g/cfy we performed simulations with 16 behavior as a function of density and temperature. For a
atoms per supercell, and dropped to as few as eight atoms @iven temperature, there is a density above which the con-

the supercell at the lowest density 0.025 g?cmt each re- ductivity gffeptively merges with a limiting e'nvelopelof thg
duction inN,, comparisons were made between two Super_c;onducnwty isotherms. However, the density at which this
cells, say 16 and 32 atoms, at the same physical density, FcUrs does depend on temperature. Examining the band
rule out significant differences due to the number of atoms iFt'ucture and corresponding optical conductivity as the den-
the supercell. In all cases these differences were within 10961 iS lowered from the dense liquid limit, we find that the
An important and useful check on the consistency of thddc conductivity departs from the limiting envelope at the

optical conductivity calculation is the well-known sum rule density at which a gafor pseudogapseparating the 8and
[17] 3p levels forms about the Fermi energy. This gap forms at

higher densities for higher temperatures. Thus one finds that
omQ [ for lower temperatures the conductivities trace the envelope
S= f o(w)dw=1, (3)  to lower densities before breaking off. This behavior is con-
me?NgJo sistent with the experimental results and is also seen in par-
tially ionized plasmdPIP) calculationd20,21]. For densities
whereN, is the number of electrons in the supercell volumeabove this critical density for a given temperature, the dc
Q) —three valence electrons per atom for the specific Al-PAWconductivities are very weakly dependent on the tempera-
potentials used here. In general, since the low-frequency pattire, but are strongly dependent on the density;scales
of o(w) converges with increasing number of bands muchapproximately ag”>. As the density drops significantly be-
faster than the high-frequency tail, the dc conductivity conHow the transition density, the gap at the Fermi energy broad-
verges well before the sum rule. We maintained a sufficienéns and the dc conductivity results mostly from the tail of the
number of bands to satisfy the sum rules to at least withirFermi distribution above the gap. This effect is increased
7%, and typically much bettef2%), which means the dc further with the higher temperatures and lower densities, be-
conductivities are converged to an even higher degree. loause of the increased Fermi broadening and increased den-
addition, we obtain highly accurate valuesaffw) by sam-  sity of states, respectively. Proper resolution of this tail can
pling between 10 and 20 well separated MD steps. require a very large number of bands in the simulation; as
The results of the DFT-MD, Kubo-Greenwood calcula- many as 2000 bands for the 20 and 30 kK cases may be
tions are shown in Fig. 1 for densities from near solid, downnecessary for convergence of the dc conductivity at the low-
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FIG. 2. Aluminum dc electrical conductivity versus temperature

at 1 g/cni (squares and 2 g/cmi (triangles. Also shown for

2 glcnt are MD-KG results from Ref[22] (open triangles an

experimental data point from Rd#] (open diamonyg and for both

1 and 2 g/cr, the average-atom DFT results of REZ3] (stars.

FIG. 3. The aluminum optical conductivity verswsat 2 g/cni
and 10 kK(solid line) and for 0.5 g/cr and 20 kK(scaled by 10,
dashed ling

show the optical conductivityr(w) in units of eV for a

est densities shown. Fortunately, in this limit, the results argyensity of 2 g/cr, and a temperature of 10 kéolid line).
not sensitive to the choice &fpoints, and it has been proven For these conditions, a Drude fit to the optical conductivity
sufficient to use only th&' point,k=(0,0,0), which, through 5= 4,/(1+ w?7?) is almost indistiguishable from the plot,
the symmetry, significantly reduces the computational effortindicating the nearly-free-electron nature of the system. This

The largest differences between the calculations and thg typical of the higher densities.
data appear at lower temperatures and densities, where the For a range of intermediate densities, the optical conduc-
sensitivity to the temperature is greatest and the results aigjity shows no Drude character at low frequencies. The
within the error bars for the inferred temperature. Howevergashed line in Fig. 3 shows 18(w) (to use the same scale
because the dc conductivity in this limit results from thefor 5 density of 0.5 g/cthand a temperature of 20 kK. At
Fermi tail above the gap that forms at the Fermi energythis density and temperature a pseudogap is just beginning to
another possible cause for this difference merits discussiofgrm at the Fermi energy with lowering density and the op-
It is well known that DFT underestimates the size of thetjcal conductivity peaks near 4 eV.
band gap in insulators and semiconductors with varying de- At the lower densities investigated here, there is a reemer-
gree depending on the material. This phenomenon coulgence of a Drude-like component in the low-energy optical
have a systematic effect on the calculated dc conductivitiegonductivity. This is illustrated in Fig. 4 for a density of
at low densities. However, we expect this effect to be smalp 025 g/crd and a temperature of 30 kK. The prominent
because gap corrections at the level of a “scissors” operatopeak at 5.8 eV is characteristic of the-3 3p transition for
do not significantly change the contribution of adjacentan jsolated aluminum atom. The optical conductivity is well
bands to the dc conductivity in this limit. fit by the Drude formula out to about 0.5 edashed ling

Itis also evident from Fig. 1 that there is, for the tempera-one can use the Drude fit to the optical conductivity with
ture range considered here, a qualitative change in the scgf: = n_e27/m to estimate the effective conduction electron

ing of the dc conductivity with temperature at a density of yengjtyn, . For the example shown in Fig. 4, this gives an
about 1.0 g/cri For densities above this value, the conduc- =

tivity is inversely proportional to temperature, similar to the
well-known behavior for the solid. This is illustrated more
clearly in Fig. 2 that shows the behavior of the conductivity
with temperature at both 1.0 g/éntsquaresand 2.0 g/cr
(triangles. At 1.0 g/cn?, the conductivity shows almost no
variation with temperature in this range. Also shown, for

effective averag&=n./N, of 0.88. This is in reasonably
good agreement with the PIP calculation of Redrjz],
where a value of-1.15 was obtained for the same condi-
tions. Examination of the states and band structure indicates
that the Drude-like conductivity behavior seen here comes

comparison to the 2.0 g/chmesults are the results of similar 0.12
MD-KG calculations by Silvestrell{22] (open triangles ~ 01
and an experimental data point from Benagel. [4] (open e

. . . . — 0.08
diamond obtained from measurements of exploding wires ]
tamped with lead glass. Our results are in good agreement f 0.06
with both, lying somewhat in between. The open stars show g 0.04
two results for 17.4 kK1.5 eV) from the average atom DFT b .02
approach of Perrot and Dharma-wardd@88] based on the ' MJA
extended Ziman formula for the conductivit®4]; the lower

. 0 2 4 6 8 10

star is for 1.0 g/crfy the upper for 2.0 g/cfa The extrapo- ® (V)
lated agreement is within a few percent for the upper point
and about 30% for the lower point. FIG. 4. The aluminum optical conductivity versus at

The character of the optical conductivity changes dramatio.025 g/cm and 30 kK. The Drude fit to the lower energies is
cally over the density range examined here. In Fig. 3 weshown with the dashed line.
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almost entirely from those states far out on the tail of thenew conductivity results have proven extremely useful in
Fermi distribution. As mentioned above, this requires a venimproving our conductivity modeling algorithm5] and
large number of bands, 2000 in this case, to obtain convetables for use in simulation codes and have allowed dramatic
gence on the dc conductivity. This finding is consistent Withimprovement in simulations of exploding wird26] and
the medium beginning to form a fully ionized plasma with magnetically launched flyer plat¢87].
the electrons now occupying the high-lying continuum states
of the system. That a condensed matter approach can repre- We gratefully acknowledge useful discussions with Alan
sent the basic characteristics of a diffuse plasma augurs wdleSilva, Stephane Mazevet, Ronald Redmer, and Sandra
for the systematic treatment of diverse states of matter. ~ Kuhlbrodt. Sandia is a multiprogram laboratory operated by
The dc electrical conductivities obtained from thie ini-  Sandia Corporation, a Lockheed Martin Company, for the
tio MD-KG simulations presented here give good agreement/nited States Department of Energy under Contract No.
with the data obtained in tamped exploding wire experiment®E-AC04-94AL85000. The work of J. D. Kress and L. A.
and demonstrate a useful tool for expanding on, and provid€ollins was performed under the auspices of the United
ing additional corroboration to, the experimental results ovelStates Department of Energy through the Theoretical Divi-
a broad range of density and temperature conditions. Thesgon of Los Alamos National Laboratory.
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