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Electrical conductivity and equation-of-state study of warm dense copper:
Measurements and quantum molecular dynamics calculations
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Absolute measurements of the pressure and the electrical conductivity of expanded copper in the warm
dense matter regimé=0.5-0.3 g/cr and 6000 K<T<30000 K) are obtained in an isochoric plasma
closed-vessglEPI). Quantum molecular dynamics simulations are found to be in excellent agreement with the
experimental results, allowing for a detailed interpretation of the optical conductivities. A shift in energy of the
4s— 4p atomic line is explained by the rise of ionization with temperature.
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[. INTRODUCTION esting because it maps the transition from low density atomic
vapor to the partially ionized plasma. Such a regime, also
Expanded liquid metals are a very important field of re-referred to as warm dense matter, is also characterized by
search because they are a privileged system to study thstrongly coupled ions and partially degenerate electrons.
metal-nonmetal transitiofdMNM).> This transition occurs The goal of this paper is to show, by a careful comparison
when a metal vaporizes into a low density atomic phase owith experimental data, that quantum molecular dynamics
when it is brought through the region of the critical point. simulations are particularly well suited for describing this
Due to their low critical temperatures, metals such as cesiunfegime and are providing a consistent view of the system in
rubidium, or mercury have been intensively studied for theterms of the equation of stateOS and the transport prop-
MNM transition. In the case of transition metals such aserties.
copper, which have a high and imprecisely determined criti-
cal temperaturgbetween 5000 and 10 000)R2 accurate
experimental results are more difficult to obtain. Conse- The experiments were conducted with the EPI facility,
quently, to avoid the liquid-gas coexistence region, experiwhich has been described in detail in previous papers.
ments must be performed at high temperatuitgpically
T>10000 K corresponding to pressures of order of 1 or

Il. EXPERIMENTS
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2 GPa. This regime which combines low density and high A Expt. 10000K
temperatures is of a great interest because two opposite be- 6 A& QMD 10000K el
haviors are competing: a strong lowering of the electrical @  Expt S0000K

O QMD 30000K

conductivity with decreasing densitiYINM-like transition)
and a thermal activation of the conductivifipnization.

These two behaviors are illustrated in Fig. 1 where previ-
ous experimental data for the dc conductivity of copper,
measured for different temperatures and densities are
reported! For T=10 000 K, the experimental conductivities
(filled triangles are decreasing with the density with a
power-law behavior and a minimum at a very low density
(p<0.1 g/cn¥). At higher temperaturéT=30 000 K, filled
circles, the conductivity versus density quickly saturates at
higher values. These two behaviors are well reproduced by
the quantum molecular dynamid®QMD) simulations we 3 _1'.5 : _'1 ' _6"5 Y 0!5 :
will describe later (open symbols For a given density log, p [p:(glem’)]

(p=0.5 g/cn? or p=0.3 g/cnd) the enhancement of the dc 10
conductivity with the temperature is clearly evident. Itis @ £ 1. dc conductivity of copper vs density for two tempera-
behavior characteristic of a semiconductor in contrast with quresT=10 000 K(triangles andT=30 000 K (circles. Symbols in
Simple metal where the electrical CondUCtiVity diminiSheSgray correspond to DeSilva and Katsouros’ experimésée Ref.
with the temperature. The shaded area corresponds to tha§ and open symbols to quantum molecular dynamics simulations.
experimental domain accessible with the EPI facilitén-  Black lines are shown to help identify the two regimes. The shaded
ceinte a Plasma IsochoneThis region is particularly inter- area covers the experimental regime for the EPI facility.
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E (MJ/kg) p=0.5 g/cnt andp=0.3 g/cni. Same symbols as in Fig. 2.

FIG. 2. Pressure vs energya p=0.5g/cnf and (b)  table® our values of the dc conductivity are in agreement
p=0.3 g/cnt. Filled symbols in grey are EPI experiments and openwith DeSilva and Katsouros’ previous measureménts.
symbols QMD simulations. Corresponding SESAME ETSII
line) and BLF EOS(dotted line.

IIl. QUANTUM MOLECULAR DYNAMICS SIMULATIONS

This facility allows absolute measurements of the energy, o .
pressure, and conductivity without the help of any external Quantum molecular dynamics simulations were generated
models. The amount of matter in the chamber yields th&Vith the QMD packagevasp, developed at the Technical
exact density of the plasma which, due to the slowness of the/niversity of Vienna The projector augmented way@AW)
discharge (250 us) is almost homogeneous. The plasmaPotentials® were used for the ion-electron interaction, and
heating is assumed to be done along an isochore. Two piez§XChange correlation terms were treated at the level of the
electrical sensors with 2s rise time are placed at each end 9eneralized gradient approximatid®GA), in the Perdew
of the sapphire tube to measure the pressure during the diénd Wang parametrizatioh. . _
charge. The sensors are acceleration compensated and allowF"om the knowledge of the matrix elements, the optical
one to measure a maximum press@@e7 GPa lower than conductivities(OC) are obtained with the Kubo-Greenwood
the plasma pressure. There is no contact between them af§G) formulationt** (atomic unit3
the plasma. A surface divider piston reduces by a factor of 4 o1l

: e : k_ £k
the applied pressure and transmits it to the sensor. Adynamic ~ o(w) = ———= > W(K) >, (f& = f) (| Vol )
and static calibration is performed before each experiment. A Bw 2% nm,ae
free-falling known mass is dropped onto a piston, creating a X5(E|"(n_ Eﬁ— how), (1)
pressure pulse onto the sensor. By measuring the drop-mass
velocity before and after the impact, the applied momentunwherew is the frequencyg is the electronic chargey, and
on the sensor is deduced. The uncertainty in the drop mads, are the electronic eigenstates and eigenvalues for the elec-
after impact velocity measurements produces a 15% unceftonic bandn at a giverk point in the Brillouin zone with the
tainty in the pressure of the plasma. To measure the statid/(k) k point weight using the Monkhorst-Pack scherfgis
coefficient, a well-defined force is applied to the sensor. Théhe Fermi distribution function, and,, is the velocity opera-
force is obtained by measuring the crushing of small coppetor along each directiofw=x,y,2). Here, the KG formula-
cylinders. These two procedures lead to two different calition is applied using the all electron PAW potential and does
bration coefficients which are equal to within 5%. The elec-not require the correction term related to the nonlocality of
trical conductivity is deduced from the time evolution of the pseudopotential that would be needed if ultrasoft pseudo-
current and voltage. Note that all quantities are known versupotentials were use:'#:15
the internal energy variation; to preserve the absolute char- The § function is resolved by using a Gaussian
acter of our data we will show them this wésee Figs. 2 and regularizationt* The dc electrical conductivityry. is ob-
3). The uncertainties in the measurements of the conductivityained by extrapolating the low frequency optical conductiv-
are related to the accuracy of current and voltage measuréy to w=0. The eigenstates and eigenvalues are here the
ments and are estimated at about 15%. The uncertainty in treolutions of the Kohn-Sham equations and are thus com-
internal energy variation is a little bit more complex to esti- puted within the local density approximation.
mate, due to the ablation of the internal channel containing For copper, 10 electrons and delectron must be consid-
the plasma. When the energy is translated into temperatuigred in the construction of the pseudopotential. Thus 11 elec-
with an external model as for Fig. 1, such as a SESAMBrons must be handled making simulations expensive. A
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- ! | ! | ! | ! TABLE I. dc electrical conductivityr and estimated number of

z'gz - T=30000K—7 free electronsN, from the fits to the optical conductivities at

004 p=0.5 g/cnd.
0.02
0 T OJdc
0.08 (K) (Qcm™t Ne
0.06
oo 30000 700 0.73
0.02 25000 540 0.56
0 20000 310 0.32
zgz 15000 200 0.21
| 10000 100 0.10

0.04
0.02 —

density [Fig. 2(@)] experimental pressures are below the
SESAME 3332 EOS and the Russian EOS B2Fhe QMD
pressuregopen symbolsare higher than the experimental
pressures. For the lowest dengjfyig. 2(b)] the BLF EOS
reproduces accurately the experimental data. QMD simula-
tions are also in excellent agreement with data in the low
energy region(E<20 MJ/kg. It is worth noting that at
higher energies, the QMD points join with the SESAME
EOS. For a given energy, the increase of the density leads to
a corresponding increase in the pressure, which is satisfac-
tory.
In Fig. 3 the experimental electrical conductivities versus
energy are compared for both densities. The striking feature
0 s 10 15 20 is that now no density dependency for the dc conductivity is
o (eV) observed in contrast with Likalter's predicton of
700(Q cm)t at 0.5 g/cmi and 130(Q2 cm)™* at 0.3 g/cm
FIG. 4. Optical conductivity vs energy for different tempera- ¢5, g temperature of 7600 K corresponding to an energy of
tures at 0.5 g/crh about 10.5 MJ/kg. Values fqs=0.5 g/cni (gray triangles
andp=0.3 g/cni (gray circle$ are indistinguishable, which
300 K fcc QMD simulation of the solid phase with 32 atoms corresponds to a plateau in Fig. 1. Conversely, a clear en-
sets the reference energy. All further energies are given relarancement of the electrical conductivity with ener@nd
tive to this reference energy. In accord with the experimentstemperaturgappears well reproduced by the QMD simula-
two densities were explored 0.5 and 0.3 gfc®imulations  tions.
were done al” point with 32 atoms for the highest density
(0.5 g/cn¥) and with 20 atoms for the lowest one
(0.3 g/cn?). For each density, the ionic temperature was var-
ied and the electronic temperature was set to the same value. The excellent agreement between experiments and simu-
The pressure was measured and the electrical conductivitgtions observed for the dc conductivities and simultaneously
was computed afterwards and averaged over 5-10 indepegood agreement for the EOS motivates further theoretical
dent configurations extracted from the ionic trajectories, fol-interpretation of the simulations. We proceed by considering
lowing the procedure discussed in preceding pap&4To  the whole optical conductivity as given by the KG formula
increase the precision of the calculation of the conductiity, (1). We have shown that for aluminum the OC was perfectly
a better 8-k points Brillouzin zonéBZ) sampling was used described by a Drude behavior in the liquid phase, but was
and more bands were included to satisfy the sum rule ogominated by atomic transitions in the expanded

conductivity[see Eq(20) in Ref. 18. For the lowest density regime®1416This is also clearly evidenced for copper by the
with 20 ions the number of bands was increased from 170 tevolution of the OC with temperature as shown in Fig. 4.

900 at 6000 K and from 400 to 2000 at 30 000 K. The dcThree conclusions can be drawn from the inspection of Fig.
electrical conductivity computed for the reference case4. First, the zero-frequency value of w) which yields the
(0,300 K) yields 60x 10* (2 cm)~* in excellent agreement dc electrical conductivity increases with temperature. Sec-
with the experimental value of 5710* (2 cm)™ found in  ond, we observe a well defined peak at low temperature
handbooks? which moves towards higher energies with temperature. By
comparing with isolated atomic lines this peak can be iden-
tified as the 4— 4p transition. Third, a small peak, at about
The experimental pressures are reported in Fig. 2 for thé eV at low temperature, is also seen to move to higher
two densities considerefilled symbols. For the highest energies at 30 000 K. The interpretation of such a spectra can
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V. OPTICAL CONDUCTIVITIES

IV. RESULTS
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no longer be done by the mean of the sole Drude model. Asonsequence of the increasing number of free electrons. The
quoted by authors doing experiments with ultra-shortfrequency of this transition, located at 3.8 eV for atomic cop-
laserd:?? the OC in this regime must be computed usingper, shifts to 5.5 eV in the singly ionized atom. The density
both the Drude model and the atomic polarizability. This isfunctional theory(DFT), which considers statistically popu-
particularly clear for the 30 000 K case where the spectruntated levels, realizes a continuous transition from the atomic
can be considered as the superposition of a Drude centréd the singly ionized state and, hence, a continuous shift, as
peak with a few isolated peaks, as already observed in thalso observed for expanded aluminéiThis shift in the
very dilute regime for aluminurk We have thus adopted a frequency can be traced back to the substantial change of the

formulation for the dielectric function density of state with pressure and temperature as explained
- in a previous papéf The case of the small peak, which
e(w) =1+ 4m a(w) + Amo(w) (2)  moves from 5.2 to about 12 eV is more complex, but appears

to be related to the®— 4p transition.

in which n, is the number of atomsy(w) is the polarizabil-
ity, and o(w)=Ng&7p/M.X 1/(1-iw7) is the usual Drude VI. CONCLUSION

conductivity. o _ _ To summarize, we have obtained experimental results for
The atomic polarizability can be described by a simplehe pressure and electrical conductivity of expanded copper
Lorentz model, t_)y summing over a f|n.|te number of oscilla-fo, two densitiesp=0.5 g/cnd and p=0.3 g/cn¥ and tem-
tors of frequenciess;, and relaxation timesy. The whole  peratures ranging from 6000 to 30 000 K. These results are
shape ofo(w) is easily fitted for the highest temperature fajrly well reproduced by quantum molecular dynamics
(30000 K where a clear Drude contribution can be identi- simulations. In this regime, close to the saturation curve, the
fied unambiguously. The inputs for the fit are the dc conducexperimental pressures are in better agreement with the BLF
tivity and the frequencies of a few dominant peaks. The reEQS for both densities. At higher temperatures, the QMD
laxation times(m, and 7,) are then adjusted by a mean simulations approach the Sesame result. The behavior of the
square minimization algorithm. For the 30 000 K case, thisglectrical conductivity shows a weak dependance with the
procedure yields a relaxation time of 74807*°s and a  density and a more pronounced dependance with the tem-
number of free electrons of 0.73 per copper atom. At lowelperature, confirmed by QMD simulations. The simulations
temperature, this procedure would lead to too small relaxare also used to interpret the optical conductivities, and the
ation times because the zero frequency peak is vanishing arghift of the main atomic transitions4- 4p towards high en-
hidden by some low frequency contributions forming aergy.
shoulder at about2 eV. In order to estimate the Drude part
of the OC we have supposed that, at the zeroth order, the ACKNOWLEDGMENTS
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