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Thin aluminum foil strips tamped by polished glass plates were rapidly heated by means of a pulse current.
The experimental technique has ensured a sufficiently homogeneous heating of the foil samples during con-
tinuous expansion from the liquid to gaseous state at a pressure of 7–60 kbar. Results on the electrical
resistivity of aluminum were obtained in a density range extending from about the normal solid density down
to a density 30 times less and in a temperature range from 6000 to 50 000 K. A dielectriclike dependence of the
resistivity on temperature along isochore was observed at a density, which is 4 times less than the normal solid
density. A maximum in the temperature dependence of the resistivity was detected along an isochore corre-
sponding to a density that is 5.4 times less than the normal solid density. Present results confirm recent
theoretical predictions based on finite-temperature density-functional theory about the behavior of the electrical
resistivity of aluminum in the liquid and gaseous state.
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I. INTRODUCTION

Much work has been done in the last decade in the explo-
ration of thermodynamic and transport properties of liquid
metals, the density of which has been significantly lowered
ssay, with respect to the triple point densityd. These studies
were focused mainly on two general problems: a description
of the metal-nonmetal transition occurring in such systems1–4

and the dense metallic plasmas characterized by strong inter-
particle interactionsstrongly coupled plasmasd.5–8 There is
also a practical interest in studying such states of matter
caused by some pulse-powered applications, in which a me-
tallic sample is rapidly heated so that due to inertia its den-
sity remains relatively high despite a considerable rise in
temperature. Phenomena such as electron band crossings,
electron shell ionization, and phase transitions all may occur
in the hot dense matter generated under these conditions.5

A theoretical description of expanded metals and dense
metallic plasmas presents a complicated problem that is still
not well understood. Recently several theoretical papers have
been published, in which the electrical conductivity and ther-
modynamic functions of aluminum were calculated in wide
domains of temperature and density including condensed and
gaseous states as well.9–12 To validate the calculations the
corresponding experimental studies are highly desired.

The available experimental data on expanded metals are
restricted to relatively low temperatures and pressures. In the
case of aluminumT,4000 K, andPø3 kbar,13 which cor-
respond to a narrow density range of 2.7–1.8 g/cm3. Only
some alkali metals and mercury have sufficiently low critical
points to be studied by means of a steady-state technique in
the so-called metal-nonmetal transition region, i.e., during a
continuous expansion from the liquid to gaseous state with-
out crossing the liquid-vapor equilibrium line. To study met-
als with higher critical pointssfor example, aluminumd dy-
namic methods should be utilized.5

The most extensive data at the higher temperatures and
pressures were obtained in the experiments on exploding
wires8,14,15and foils.10,11The main goal of those studies was

to measure the electrical conductivity of dense plasmas. To
perform the measurements at sufficiently high densities dif-
ferent confinement media were usedslead-glass,8 silica
glass,14 and water15d. In those experiments the electrical con-
ductivity was determined assuming the temperature, pres-
sure, and other quantities are distributed uniformly over the
plasma. Shadow images of the plasma column formed by an
exploding wire demonstrated in some experiments its axial
symmetry and uniformity along the length. However, efforts
to control the radial distributions of the quantities were un-
successful. In all experiments mentioned above at the initial
stage of the heating process the dynamic pressure generated
was not sufficiently high to prevent the liquid-vapor phase
transition. Volume vaporizationsboilingd at the heating rates
utilized in those measurements leads to nonuniform tempera-
ture and pressure distributions in the expanding column due
to a large difference between the sound speeds and resistiv-
ities of a liquid and that of the two-phase liquid-gas
mixture.16 Therefore the question about the uncertainty of the
measurements8,10,14,15remains unanswered.

In present work we use the experimental technique17,18

that ensures a highly homogeneous heating of metallic
samples during continuous changing from a condensed into a
gaseous state. Thin metallic foils tamped by relatively thick
silica glass or sapphire plates are heated by an intense current
pulse so that the dynamic pressure generated is sufficiently
high to prevent the liquid-vapor phase transition. As a result,
uniform, sufficiently long-lived sù100 nsd single-phase
states are produced, which are amenable to comprehensive
diagnostics and simulation. Earlier,18 we reported the results
of experiments utilizing this technique to measure the elec-
trical conductivity of mercury in the metal-nonmetal transi-
tion region. Comparison of the data obtained in those experi-
ments with steady-state measurements1 has shown a fairly
good agreement, justifying that the developed dynamic tech-
nique is capable of performing sufficiently accurate measure-
ments.

In this paper the dependence of the aluminum resistivity
on the temperature and density is reported in a density range
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extending from about the normal solid density down to a
density 20 to 30 times less and in a temperature range from
about 6000 up to 50 000 K. We compare the data obtained
with the published experimental results8,10,14,15and discuss
the cause of the discrepancies observed. Comparison of
present results with those of the calculations7,9–12has shown
good agreement, but only with the results of the molecular
dynamics simulations based on finite-temperature density-
functional theory.9,12

This paper is organized as follows. In Sec. II we present
in detail the experimental technique utilized. This technique
does not allow us to measure directly all the quantities,
which are necessary to determine the electrical resistivity and
to characterize completely thermodynamic state of the
sample. Some quantities are calculated using a magnetohy-
drodynamicsMHDd code and an equation of state model of
aluminum. In Sec. III the equation of state models used are
described. The procedure of the MHD calculations is pre-
sented in Sec. IV. The main results on the electrical resistiv-
ity of aluminum are given in Sec. V. Comparison of present
data with the literature data is discussed in Sec. VI. Conclu-
sions are presented in Sec. VII.

II. EXPERIMENTAL SETUP AND DESCRIPTION
OF THE APPROACH

The experiments were carried out with aluminum foil
strips, with a thicknesssdd of 9 to 16.5µm, a widthshd of 1.5
to 3 mm, and a lengthsld of about 10 mm. A foil sample was
placed between two polishedsof mirror qualityd sapphire or
silica glass plates having a thickness of 3 to 5 mm, a width of
10 mm, and a length of about 10 mmssee Fig. 1d. The
experimental assembly was made in such a way that there
were no gaps between the sample and the plates. High qual-
ity tamping is ensured by epoxy glue, completely filling the
space between the aluminum foil and the glass plates. As a

result, the positions of the plates with the foil strip pressed
between were fixed precisely. An optical microscope exami-
nation was used to check the quality of the assembly.

Geometrical dimensions of the experimental assembly
were chosen such that a one-dimensional expansion of the
sample is realized, i.e., the sample material moves along the
x axis mainlyssee Fig. 1d; we introduced a Cartesian coor-
dinate system, thex axis of which is directed perpendicular
to the foil strip surface and thez axis along the heating
current. The reason for the one-dimensional expansion is the
following. For a foil strip whose dimensions satisfy the in-
equalitiesl @h@d sas was the case for all our experimentsd
the acoustic time corresponding to the sample thicknessd/c1
sc1 is the sound speed of the sample materiald is much
smaller than those corresponding to the sample width and
length. In this case the pressure gradient in the bulk of the
sample is directed along thex axis and therefore the sample
material moves in this direction. At the same time one should
keep in mind that the boundary conditions at the foil strip
edges differ only slightly from those at the front surface far
from the edgessthere are no gaps between the sample and
the glass platesd; therefore the displacement of the sample
material along they axis at the sample edges is of the same
order of the magnitude as that at the sample front surface far
from the edges in thex direction. It should be noted that in
order to produce the one-dimensionals1Dd expansion the
pressure wave formed in the glass plates should be rather
flat. In our experiments it is ensured by an appropriate tem-
poral dependence of the Joule heating power, which causes
glass acceleration during a sufficiently short time with re-
spect to the acoustic timeh/c2 sc2 is the longitudinal speed
of sound in glassd.

The pulse heating of the foil samples was accomplished
by discharging a 72-µF capacitor bank at a charging voltage
of 5 to 24 kV. Schematics of the electrical circuit producing
the current pulse, the aluminum foil confined by two glass
plates, and the diagnostics used are depicted in Fig. 2.

Diagnostics in these experiments were the following. The
voltage across the foil strip was measured by means of a
resistive divider, and the current through it by a Rogowski
coil. All electrical waveforms were recorded with a four-
channel, 1-GHz sample rate digital oscilloscope, Tektronix
TDS 754C. The resistance of the sampleR and the specific
Joule heat dissipated in itq as functions of time were deter-
mined from the measured quantities by

R= UR/I , s1d

q =E
0

t

IURdt8/M , s2d

whereUR is the resistive voltage contribution,I is the elec-
trical current,M is the sample mass, andt is the time. The
voltageUR was calculated by subtracting from the measured
voltageU an inductive voltage contribution

UR = U − LSdI/dt, s3d

whereLS is the sample inductance. To get the sample induc-
tance we measured the current and voltage waveforms for a

FIG. 1. Photograph of an aluminum foil strips1d confined by
two polished silica glass platess2d. The sample endss3d were bent
and pressed to the electrodes delivering the current pulse. The gap
s4d between the glass plates was filled with epoxy. The foil strip
shown has a thickness of 9µm, a width of 3 mm, and a length of
about 10 mm.
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shorted circuit, where a copper wire of 1 mm in diameter and
1 cm long was used in place of the sample.

To check that our current and voltage measurements were
performed accurately we compared the dependence of the
normalized resistanceR* = RS0/ l sS0 is the initial cross-
sectional area of the foil strip andl is its lengthd on the
specific Joule heat released with the literature data. For a
homogeneously heated sample, the resistance so normalized
is equal to the ratio of the resistivitys−1 ss is the conduc-
tivity d to the relative volumeV/V0, whereV0 is the specific
volume of the sample material at normal conditions. In Fig. 3
the dependencies of the normalized resistance versus specific
enthalpy measured in our experiments are compared with the
data obtained by Gathers.13 It can be easily seen that the
specific Joule heatq practically coincides with the enthalpy
in the enthalpy range, for which the data of Ref. 13 were
obtained. As one can see there is a fairly good agreement
between our results and those presented in Ref. 13 for an
isobaric heating atP=3 kbar. The discrepancy seen at small

enthalpies is due to the skin effect and a low signal to noise
ratio in the current and voltage signals at the early beginning
of the heating process in our measurements. Figure 3 dem-
onstrates that our measurements are rather accurate and the
resistive voltage contributionUR was determined correctly.
The dynamic pressures generated in our experiments at a
value of the Joule heat of 10 kJ/g are also indicated in
Fig. 3. The pressures were calculated using an equation of
state model for aluminum and a one-dimensional hydrody-
namic code describing the foil expansion. This point will be
discussed in detail in Secs. III and IV.

The electrical conductivity was determined according to
the formula

s =
l

SstdR
, s4d

whereSstd is the current cross-sectional area of the sample,
i.e., the product of the sample widthh and thicknessdstd.
The thickness as a function of time was calculated using 1D
MHD code assuming the sample length and width are con-
stant.

Temporal dependencies of the current through the foil
strip, the voltage drop across its lengthsthe resistive partd,
and the Joule heat released in it measured in a typical experi-
ment are shown in Fig. 4. As one can see, the heating power
sthe slope of the Joule heat dependenced changes consider-
ably for about 100–200 ns and then remains nearly constant.
Such temporal dependence is very important for realizing
homogeneous heating of a sample, whose thickness increases
significantly. The voltage curve shows a maximum, which
manifests a transition of aluminum from a metallic to a di-
electric statesplasmad; as the current variations at later times
st.600 nsd become relatively small the resistance temporal
dependence is similar to that of the resistive voltage. Hence,
the resistance increases up to the Joule heat values of about
40 kJ/g that exceeds three times the cohesion energy of alu-
minum f12.1 kJ/gsRef. 19dg and then at higher Joule heat
values sq.40 kJ/gd it monotonically decreases like a
plasma does with a rise in temperature.

FIG. 2. Schematics of the electrical circuit producing the heat-
ing current pulse, the foil sample confined by two glass platessside
viewd, and the diagnostics used in these experiments. The current
pulse was produced by discharging the capacitor bank in the circuit
containing the foil sample, a ballast resistors0.18Vd and a shunt
resistors1.3 Vd. A Nd:YAG laser pulse of 9 ns duration was used
for high-speed optical photographing of the expanded foil strip to
control the sample symmetry during the measurements.

FIG. 3. Normalized resistance vs specific enthalpy: our data
slinesd, experiments on isobaric heating atP=3 kbar sRef. 13d
sopen trianglesd. Pressures for our experiments are indicated for an
enthalpy of 10 kJ/g.

FIG. 4. Temporal dependencies of the current through the foil
samples1d, the resistive voltages2d, and the specific Joule heat
releaseds3d. The foil strip sample had a thickness of 16.5µm, a
width of 3 mm, and a length of 10 mmspulse 5d.
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To prove that the sample symmetry during the measure-
ments is kept and the bulk of the sample material moves
along thex axis, high-speed optical photographing of the foil
samples during the pulse heating process has been per-
formed. A Nd:YAG sYAG denotes yttrium aluminum gar-
netd laser operated at the second harmonicsl=532 nmd with
a pulse duration of 9 ns was used for the frame shadowgra-
phy. A laser beam propagating in thex direction formed a
shadow image of the sample at the input of a CCD camera
ssee Fig. 2d. Before reaching the CCD camera objective, the
light was transmitted through a narrow-band interference fil-
ter scentral wavelength of 532 nm, with a full width at half
maximum of 1 nmd. The frame images of the foil sample
before the heating current is switched onsad and after a ten-
fold expansion along thex axis sbd as it was predicted by 1D
MHD calculations are shown in Fig. 5. It can be clearly seen
that the sample edges after the tenfold expansion are still
sufficiently straight. The displacement of the sample material
along they axis estimated from these images is within 100–
200 µm, which is comparable to that in thex direction sthe
initial thickness of the foil was 16.5µmd. The nontransparent
regions adjacent to the sample edges are due to the failure
wave generated in silica glass, which was observed by Kanel
et al.20 The white spots on the sample area seen in photo-
graphsbd are due to the light scattered from the optical in-
terfaces of the experimental assembly.

In conclusion, in this section we present some estimates
supporting the assumption of homogeneity of the foil
samples during the measurements. The electric current pulse
produced by the discharge circuit was chosen in such a way
that the characteristic timetj, for which the heating power
increasesssay, twofoldd is considerably larger than the acous-
tic time d/c1 sthis time increases from about 1 ns when the
sample is in the solid state to about 100 ns in a plasma stated.
As a result, the pressure profilesdistribution as a function of
position along thex axisd remains uniform. On the other
hand, the acoustic timeD /c2 is much larger than the timetj,

whereD is the glass plate thickness. The time during which
the measurements are carried out is smaller than the time
2D /c2, for which the compression wave formed in a glass
plate reaches its free surface and then a rarefaction wave
arrives at the sample. This time is about 2µs for the silica
glass plates and 0.9µs for sapphire platessboth having a
thickness of 5 mmd. Consequently, during this time the pres-
sure in the sample remains high and the temperature and
density profiles in the sample are not disturbed by the wave
reflected from the free surface. It is easy to see that geometri-
cal dimensions of the experimental assembly are such that
the pressure wave propagating in they direction also does
not disturb the sample for the measurement time.

To ensure homogeneous heating the sample thickness was
chosen to be smaller than the skin depth. It is easy to see also
that the temperature gradient due to the thermal conduction
is formed in a very thin layer of the glass plate close to the
sample surface. Indeed, the thickness of the layer is of the
order of Îx2tm, wherex2 is the thermal diffusivity of glass
and tm is a typical time of the measurements. For a timetm
,1 ms and forx2,0.01 cm2/s, this estimate gives a value
of the order of 1µm, which is much smaller than the thick-
ness of an expanded samplesthat is, within 200–300µmd.
Therefore the energy losses and the wall ablation effect can
be neglected. Estimates show that the energy losses due to
the radiation should be taken into account atT.50 000 K
when the sample density decreases 30–50 times. Another
factor that can violate the pressure uniformity in the sample
is the ponderomotive forcesthe pinch effectd. In our experi-
ments this pressure contribution was usually of the order of
0.1 kbar, which is a small value compared with the typical
pressure level generated in present experiments.

III. THERMODYNAMIC FUNCTIONS OF ALUMINUM
AND THE CONFINING MEDIA

As described in the preceding section we measure directly
only two quantities: the resistance of the foil and the Joule
heat released in it. The sample thickness and thermodynamic
quantitiessdensity, pressure, and temperatured were calcu-
lated using an equation of state model and the 1D MHD code
utilized earlier.16–18 Since the relevance of the 1D approach
in the simulations is controlled by high-speed photography,
the quality of present data on the electrical resistivity de-
pends mainly on the quality of the equation of statesEOSd
model used. In this work we utilized theSESAMEEOS model
ftable no. 3720sRef. 21dg and the wide range semiempirical
EOS model described in Refs. 16 and 22. TheSESAMEtables
were used in many works devoted to the measurements
of the electrical conductivity of dense aluminum
plasmas,8,10,14,15 and this was the main reason to use the
tables in this work.

The analytical multiphase equation of state model of Ref.
22 was carefully analyzed in Ref. 16 for the region of the
liquid-to-vapor phase transitionsup to the critical pointd in
the case of tungsten. Thermodynamic functions of the EOS
model in the condensed state were taken in the form pro-
posed by Young.23 Ionization effects were described in the
average atom approximation.24 It should be noted that the

FIG. 5. Photograph of an Al foil strip confined between two
polished silica glass platessfront viewd before the current is
switched onsad and after a tenfold expansion in thex directionsbd;
electrical current flows in thez direction. The Joule heat released in
the sample at the instant of time corresponding to photographsbd
reaches a value of 39 kJ/g. The initial width of the foil strip was 2.0
mm and the thickness of 16.5µm. The arrows show the sample
edges1d and the failure wave front propagating in silica glasss2d.
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average atom approximation cannot reproduce accurately the
ionization states in the metal-nonmetal transition region and
the corresponding uncertainties can be remarkable. We be-
lieve that our hydrodynamic calculations of the sample thick-
ness are not affected essentially by these uncertainties as
long as the sample resides in this domain of the phase dia-
gram during a sufficiently short period of time.

In Fig. 6 the dependencies of the relative volume versus
specific enthalpy calculated by means of the two EOS
models21,22 are compared with the experimental data.13,25As
one can see, theSESAMEmodel shows a large discrepancy in
the relative volume of liquid aluminum compared to the
measured data. The model22 has turned to be more accurate
in describing the liquid aluminum thermodynamics. Com-
parison of both EOS models in the gaseous state region with
some other models found in the literature10,11,26is presented
in Fig. 7. It should be noted that in the gaseous state region
there are no reliable experimental data. As it follows from
Fig. 7 both EOS models used in this work give very similar
results in this region.

For the hydrodynamic calculations of the sample thick-
ness we need also an EOS model for the surrounding me-
dium confining the sample, i.e., for silica glass and sapphire.
The following semiempirical EOS model describing uniaxial
adiabatic flow generated in the medium was utilized:

P =
B

n
FS r

r02
Dn

− 1G , s5d

where the coefficientB and the exponentn are assumed to be
constant. These constants are related by an equation with the
longitudinal sound speedc2 and the densityr02 of the mate-
rial at standard conditions. The coefficientsB and n were
found by fitting of the literature data on the mechanical prop-
erties of the materials27–29 and are listed in Table I.

IV. MHD CALCULATIONS OF THE SAMPLE THICKNESS

Numerical simulation in the framework of the complete
1D MHD model17,18was performed to choose the parameters

of our experiments, which ensure sufficiently homogeneous
heating. All experiments were done for the parameters of
choice. In the case of homogeneous heating the calculations
of the sample thicknessfto obtain the conductivity according
to Eq. s4dg can be essentially simplified in comparison to
those performed using the complete MHD model. In particu-
lar, these calculations can be done for prescribed temporal
dependencies of the Joule heating power and the electrical
current through the sampleswhich can be taken in this case
from the corresponding experimentd. In doing so one should
solve instead of the complete system of the MHD equations
only the hydrodynamic part of the equationssexpressing the
laws of conservation of mass, linear momentum, and en-
ergyd, the right-hand parts of which are some given functions
of time ssee Ref. 17 for detailsd. Thus, there is no need for a
conductivity model in these calculations. The system of
equations in this case takes the form

]r

]t
+

]srud
]x

= 0, s6d

]srud
]t

+
]

]x
sru2 + Pd = −

4p

c2 jstd2x, s7d

]

]t
Sr« +

ru2

2
D +

]

]x
FruSw +

u2

2
DG = r

dqstd
dt

, s8d

wherer , u, P, and« are density, velocity, pressure, and spe-
cific internal energy, respectively,w is the specific enthalpy,

FIG. 6. Dependence of the relative volume of liquid aluminum
vs enthalpy for an isobarP=3 kbar calculated using the EOS model
from Ref. 22ssolid lined, SESAMEtable 3720sRef. 21d sdashed lined,
measured in Ref. 13sopen squaresd and measured in Ref. 25ssolid
circlesd.

FIG. 7. Pressure as a function of temperature at constant density
sV/V0=27d calculated by means of the wide range EOS modelsRef.
22d ssolid lined, SESAME table 3720sRef. 21d sdashed lined, calcu-
lation results of Ref. 11sopen squaresd, and calculated by theVASP

code sRef. 26d ssolid squaresd. The points corresponding toVASP

results were taken from Fig. 5 of Ref. 11.

TABLE I. Parameters of the EOSs5d used in the hydrodynamic
calculations.

r02 B

sg/cm3d sGPad n

Silica glass 2.2 50 0.6

Sapphire 3.98 499 2.8
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which is related to the internal energy byw=«+P/r, andc is
the speed of light in vacuum. All the variables are functions
of the positionx and the timet ssee Fig. 1d. The electrical
current densityj is expressed through the total currentIstd by

jstd =
Istd

hdstd
. s9d

Since the effects of heat conduction, viscosity, and heat
transport by radiation are insignificant, the corresponding
terms do not enter the equations of motions6d–s8d.

The equations of motion for the confining medium have
the same forms6d–s8d, but in this case the right-hand parts
are equal to zero, i.e., it is assumed that the medium is a
good insulator. The interface between the sample and the
glass is treated like a contact surface. It should be noted that
in the case of an inhomogeneous heating such an approach
can no longer be applied and a conductivity model is needed.

The paths in thesP,Td plane of several heating processes
realized in our experiments with aluminum foil strips tamped
by glass and sapphire plates are presented in Fig. 8. The
paths were calculated using the above-mentioned approach,
i.e., for the prescribed temporal dependencies of the Joule
heating power and the current. Each of the experiments
shown in this figure is illustrated by two trajectories repre-
senting two thin layers in the sample: a surface layersdashed
lined and a layer near the symmetry planessolid lined. These
two layers correspond to two cells from the 50–100 cells in
the sample region of the spatial mesh used in these simula-
tions. As follows from Fig. 8, variations of the temperature
and pressure across the sample did not exceed 5%. Such
nonuniformities are developed mainly due to the pinch effect

and the effect of inertia when the heating power changes
rapidly. To relate the path for pulse 5 to the temporal depen-
dencies shown in Fig. 4 the time marks in the 250 ns interval
are indicated.

A series of experiments was carried out in this study to be
certain that the sample is heated homogeneously. In particu-
lar, experiments with different sample widths and thickness
and different confining mediassilica glass and sapphired
were carried out. None of these parameters appeared to have
a remarkable influence on the electrical conductivity results.
Many of our experiments were repeatedsat least two timesd
to get the information about the uncertainty of the measured
quantities. It was determined that the current and voltage are
measured with an uncertainty less than 5%. The resistance as
a function of the Joule heat released for different pulses with
all parameters kept constant shows a scatter of less than
10%.

To demonstrate that the complete procedure of determina-
tion of the resistivity is self-consistentswhen some quantities
are measured and other are calculatedd, several experiments
were performed, in which a thermodynamic statefsay, in the
sP,Td planeg is achieved by substantially different paths. The
gray circles in Fig. 8 mark two such states. Experiment 9 was
carried out using relatively thin sapphire platess1.5 mmd so
that the rarefaction wave reflected from the free surface
reaches the sample in a shorter time in comparison to experi-
ments 5 and 14. The heating current pulse was taken in this
case so that the sample thickness is still rather small so the
homogeneous state of the sample is not disturbed essentially
by the rarefaction wave. As a result it was found that the
values of the resistivity determined for these two states in
different experiments are within the experimental uncertainty
of 10–20 %. This can be clearly seen in Fig. 9.

V. ELECTRICAL RESISTIVITY OF ALUMINUM
IN LIQUID AND GASEOUS STATES

The results obtained on the resistivity of hot aluminum in
the metal-nonmetal transition region for 13 pulses are pre-
sented in Fig. 9. The dashed lines represent the dependencies
of the resistivity versus temperature for 8 experiments. The
corresponding lines for the remaining 5 experiments were
dropped to avoid image oversaturation because those experi-
ments repeat some of the experiments presented in Fig. 9.
The dynamic pressure generated in all 13 experiments was
remarkably higher than the critical pressure. Both the tem-
perature and the sample thickness were calculated in this
case using the EOS model from Ref. 22. As one can see, the
lines representing experiments 9 and 5 intersect at a tempera-
ture of about 23 500 K, which agrees well with the calcula-
tions of the temperature at the point where the corresponding
thermodynamic paths intersectssee Fig. 8d. The dependen-
cies of the resistivity on temperature for experiments 14 and
9 also have an intersection point but it is located at a sub-
stantially higher resistivity valuesof about 34mV m, and the
temperature at that point is about 30 000 Kd, which is out of
the scope of Fig. 9. The gray circles show the resistivity
values corresponding to four fixed relative volumes:V/V0
=1.93, 2.7, 4.0, and 5.4; the data along isochores represent

FIG. 8. Evolution of the thermodynamic state of aluminum foil
strips confined in glassspulses 14 and 18d and sapphire plates
spulses 5, 8, and 9d during the pulse Joule heating calculated by
means of the 1D hydrodynamic code using the EOS model of Ref.
22. Thermodynamic paths of the two fixed particles of the sample
sin the sense of the continuous media mechanicsd for each experi-
ment are presented: a particle situated close to the specimen surface
sdashed lined and a particle near the symmetry planessolid lined; for
pulses 9, 14, and 18 both lines nearly coincide. The melting line
smd, and the boiling curve with a critical pointsCPd are also shown.
The open triangles indicate the time marks in 0.25-µs intervals.
Gray circles mark two states reached by different paths.
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all 13 experiments to show scattering of our data. Solid lines
are fits of these data sets. The points along isochoresV/V0
=1.93 and 2.7 were fitted by straight lines, and the points at
V/V0=4.0 and 5.4 were fitted by parabolas. Left points for
V/V0=4.0 and 5.4 were not included in the data sets for the
fitting. These points show a new tendency in the resistivity
behavior at the lower temperaturessT,12 000 Kd. The fit-
ting curves clearly demonstrate a change in the temperature
dependence of the resistivity in the metal-nonmetal transition
region. The measurement results by Gathers13 are also pre-
sented in this figuresopen trianglesd. As it can be seen in Fig.
9, the results from Ref. 13 are very close to present data at
Tø4000 K. Our measurements at the low temperatures
agree well also with the calculations fulfilled by Silvestrelli9

for liquid aluminum at the relative volume of 1.93.
It is obvious that the resistivity values along the isochore

V/V0=2.7 are in excellent agreement with the calculation
results from Ref. 12, which demonstrate practically a con-
stant resistivity value over the whole temperature range in-
vestigated in this work. ForV/V0=5.4 reasonable agreement
also takes place with the results obtained in Ref. 7. Never-
theless, in contrast to the theoretical predictions our results
demonstrate a maximum in the temperature dependence of
the resistivity along this isochore. At this isochoresand even
at V/V0=4.0d the temperature derivative of the resistivitysat
T.12 000 Kd becomes negative, manifesting a transition of
aluminum in a dielectric state.

The dependencies of the resistivity on temperature for
relative volumesV/V0=9 and 27 are presented in Figs. 10
and 11. Published experimental results10,11,14,15along with
the theoretical predictions7,10–12are also shown for compari-
son. A considerable discrepancy forV/V0=9 takes place be-

tween present results and the measurement results presented
in Refs. 10 and 15. However, for both these isochores our
data are in good agreement with those of Ref. 14. Compari-
son of our data with the calculated dependence presented in
Ref. 12 shows good agreement in the caseV/V0=9. For
V/V0=27 our measurements give resistivity values that are
remarkably higher than those predicted in all theoretical
works.7,10–12 It is obvious that our results demonstrate the
best agreement with the finite-temperature density-functional
calculations results.9,12

FIG. 9. Resistivity of aluminum vs temperature in the metal-
nonmetal transition region. The dashed lines represent our experi-
ments. The gray circles correspond to present data at the isochores
V/V0=1.93, 2.7, 4, and 5.4. The solid lines are fits of our data at
these isochores. The other designations are measurements by Gath-
erssRef. 13d sopen trianglesd, calculations by SilvestrellisRef. 9d at
V/V0=1.93sopen circlesd, calculations by Desjarlaiset al. sRef. 12d
at V/V0=2.7 and 5.4ssolid trianglesd, calculations by Kuhlbrodt
and RedmersRef. 7d at V/V0=5.4 ssolid squaresd, the measure-
ments by Mostovych and ChansRef. 4d sopen starsd. For purpose of
clarity the data points of Refs. 4, 7, and 12 are connected by dotted
lines.

FIG. 10. Resistivity of dense aluminum plasma vs temperature
at constant densitysV/V0=9d. The gray circles represent our data,
the thick solid line is a parabolic fit of our data points, measure-
ments by Renaudinet al. sRef. 10d sopen trianglesd, measurements
by Krish and KunzesRef. 14d sopen squaresd, calculation results of
Ref. 10ssolid starsd, calculations by Kuhlbrodt and RedmersRef. 7d
ssolid squaresd, calculations by Desjarlaiset al. sRef. 12d ssolid
trianglesd.

FIG. 11. Resistivity of dense aluminum plasma vs temperature
at constant densitysV/V0=27d. The gray circles represent our data
and the thick solid line is a parabolic fit of our data pointsserror
bars are shown for present experimentsd, measurements by DeSilva
and KatsourossRef. 15d sstarsd, measurements by Krisch and Kunze
sRef. 14d sopen squaresd, measurement results by Renaudinet al.
sRef. 10d sopen trianglesd, calculation results of Ref. 10sthin solid
lined, calculations by Desjarlaiset al. sRef. 12d ssolid trianglesd,
calculations by Kuhlbrodt and RedmersRef. 7d ssolid squaresd.
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VI. DISCUSSION

The present results show a remarkable discrepancy with
respect to the measurement results obtained in Ref. 10.
Those measurements were performed with aluminum foils
confined in a high-pressure vessel to provide an isochoric
heating. The foils were heated by a current pulse of rather
low densitysduring 300 to 700µsd. Due to a relatively large
ratio of the vessel volume to the initial volume of the sample
s9 and 27d the plasma was generated by vaporization of the
foil at a pressure that is essentially lower than the critical
pressure. As a result, an inhomogeneous two-phase liquid-
vapor mixture filled the vessel at a vaporization stage of the
heating process. The authors10,11 assume that at later times
the plasma becomes homogeneous. It can be clearly seen in
Fig. 2 from Ref. 10 where the current and voltage traces are
shown that the resistance of the sample monotonically in-
creases during the experiment. The authors10 have found that
due to substantial energy lossesswhich take more than 50%
of the total Joule heat imparted into the foild the internal
energy actually decreases despite the continuing heating. As
a result, a plasmalike dependence of the resistivity of the
sample was detectedsa fall in the resistance with tempera-
tured, but only in a narrow temperature range from 14 500 to
16 000 Kssee Fig. 10d. Since the energy losses were proved
to be so important, the sample mass could change remark-
ably due to the wall ablation effect. Therefore the cause of
the discrepancy seen in Figs. 10 and 11 between our results
and those reported in Ref. 10 can be explained by the wall
ablation effect and the uncertainty in the internal energy cal-
culation for a system that starts its evolution from an inho-
mogeneous state.

The measurement results presented by Krisch and
Kunze14 for three relative volumess5.4, 9, and 27d are rather
consistent with our dataswithin an experimental uncertainty
of 20–25 % given in Ref. 14d. To get the data points for the
resistivity at the three isochores shown in Figs. 9–11 linear
interpolations between the nearest-neighbor points presented
in Ref. 14 were used. For the relative volumes of 5.4 and 9
the difference between our data and those of Ref. 14 is re-
markably largersespecially atT,20 000 Kd than that for
V/V0=27. In Ref. 14 aluminum wires were placed in thick
glass capillaries, one end of which was open. The plasma
column diameter was measured by photographing the diam-
eter of the plasma jet emanating from the open end of the
capillary. The experimental uncertainty of such measure-
ments was not determined in Ref. 14, but we assume that it
can be considerable. Due to the uncertainty in the plasma
density determination the discrepancy between our results
and those of the work by Krisch and Kunze14 is maximal in
the density range where the dependence of the resistivity on
density is strong. At the relative volumeV/V0=27 where this
dependence becomes weaker the data obtained in Ref. 14
agree reasonably with present results.

The data presented in Ref. 15 were obtained using the
exploding wire technique with water as a confining medium.
Those data agree with our results well only forV/V0=27
when Tù20 000 K. At smaller volumes and temperatures
there is an essential difference. The data points from that
work for the relative volumes of 5.4 and 9 are out of the

scope of Figs. 9 and 10. For instance, the resistivity values
from Ref. 15 forV/V0=5.4 are two times larger than present
data. Our simulations show that this discrepancy is caused
mainly by inhomogeneous heating of the plasma generated
in experiments by DeSilva and Katsouros.15 The maximum
inhomogeneity is developed when the plasma column diam-
eter is 2–4 times larger than the initial wire diameter. At
larger diameters the temperature and density profiles become
fairly uniform due to some features in the hydrodynamic
flow generated in those experiments.

Now we pass to comparison of our data with theoretical
predictions. Molecular dynamics simulations based on the
finite-temperature density-functional approach were per-
formed by Silvestrelli.9 The simulations were done to inves-
tigate the temperature and density dependencies of the elec-
trical conductivity of liquid aluminum, whose density is 30–
50 % lower than the normal solid density and the
temperature is within the range of 3500 to 9000 K. At these
temperatures and densities the reflectivity measurements of
Ref. 4 indicated a sharp decrease in the conductivity. The
simulation results9 did not support the conclusions drawn in
Ref. 4 about the onset of a metal-insulator transition in this
density range. As it can be seen in Fig. 9, our results reason-
ably agree with those presented in Ref. 9. The maximal rela-
tive volume at which the calculations were done isV/V0
=1.93. At this volume the resistivity was calculated for two
temperature values only: 5000 and 8000 K. It is interesting to
note that even the slope in the dependence of the resistivity
on temperature seen in our data is practically the same as
predicted by Silvestrelli.9 The data inferred from the reflec-
tivity measurements are also shown in Fig. 9 forV/V0
=1.93. It is likely that the results of Ref. 4 suffer from a
considerable error in the density evaluation.

An approach very similar to that of Ref. 9 was used by
Desjarlaiset al.,12 where the calculations were done in a
wide density range from near solid to one-hundredth solid
density and in a temperature range from 2000 to 30 000 K.
For the molecular dynamics runs, the ions and their respec-
tive core wave functions were modeled using the Vanderbilt
ultrasoft pseudopotentials. The calculations were done for
two isochores in the condensed state regionsV/V0=1.35 and
2.7d and for three isothermss10 000, 20 000, and 30 000 Kd
in the gaseous state region. Our measurement results demon-
strate a reasonable agreement with those of the calculations12

for V/V0=2.7. It should be noted that the last point on the
left in Fig. 9 from Ref. 12 forV/V0=2.7 corresponds to a
thermodynamic state of expanded aluminum located deeply
inside the two-phase regionsT=2000 Kd. The estimates of
the critical temperature of aluminum give the values ranging
from 6000 to 8000 K.5,23

To investigate the resistivity behavior at lower pressures
sto reach the lowest temperature point of Ref. 12 forV/V0
=2.7d several experiments were done with wires and foils
submersed in water. In this case the dynamic pressure was in
the range of 2–4 kbar. The resistivity values obtained in
these experiments turned out to be remarkably higher than
those obtained in our experiments with glass and sapphire
plates. For instance, forV/V0=2.7 instead of the resistivity
value of 3mV m we obtained a value of about 5mV m. 1D
MHD simulations performed for these experimental condi-
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tions have shown that such a resistivity increase can be rather
accurately described by the volume vaporizationsboilingd
model,16 which neglects by the vaporization kinetics effects
seffects of overheatingd. The boiling kinetics effects were
proved to be in the case of tungsten not significant up to the
heating times of the order of 1 ns.30 It was assumed in the
hydrodynamic simulations that the substance in the two-
phase region is a fine dispersed mixture, which can be treated
as an effective medium. As result of the simulations it was
concluded that in our experiments the one-phase states close
to the left point of Ref. 12 forV/V0=2.7 cannot be achieved.
Probably it will be possible to reach the superheated states
swithout onset of boilingd when aluminum samples of very
high purity are used.

Our data show a nonmonotonic behavior of the resistivity
versus temperature forV/V0=5.4 sand even forV/V0=4d.
Desjarlaiset al.12 discuss a gap in the electronic density of
states, which begins to form near the Fermi level atV/V0
=5.4. This is the possible reason for the change in the slope
of the resistivity on temperature dependence for this iso-
chore. The calculation results12 in the gaseous state region
sV/V0=9d also show a rather consistent behavior of the re-
sistivity compared to that seen in our data. Nevertheless our
results demonstrate two new features in the resistivity behav-
ior: the clearly expressed negative slope in the resistivity on
temperature dependence atV/V0=4.0, and the maximum
along the isochoreV/V0=5.4.

A very difficult question is how to estimate the accuracy
of present data because not all quantities were measured and
we utilize the EOS model, whose accuracy is unknown over
the whole temperature and density range investigated. We
have compared the resistivity values obtained using the two
EOS models.21,22As a result it was found that in the gaseous
state regionsV/V0.6d the difference between these resistiv-
ities is less than 20%. Taking into account this value as an
uncertainty and the experimental uncertainties in the current,
voltage, and the sample dimensions measurements the error
bars shown in Fig. 11 were obtained.

Before finishing the discussion we present some estimates
showing that the features discovered in this study can be
interpreted based on the metal-nonmetal transition concept.
First, it is interesting to note that at a relative volumeV/V0
=2.3 the mean free pathLe of the valence electronsscon-
ducting electronsd becomes equal to the interionic separation
dii. Therefore at the larger expansionssV/V0.2.3d the Ioffe-
Regel condition, that is,Leùdii, is violated. To calculate the
mean free path we used the experimental values of the con-
ductivity assuming the following formula is valid:

s =
nee

2Le

mvF
, s10d

where ne is the valence electron number density,e is the
electron charge,m is the electron mass, andvF is the Fermi
velocity. The electron number density is related to the ionic
number densityni by ne=zni, where z is the number of
the conducting electrons per ionsz was taken to be 3d. The
interion spacingdii was calculated according to the relation-
ship

p

6
dii

3ni = 0.63. s11d

This relation expresses a condition that the hard sphere pack-
ing fraction in the liquid state is equal to 0.63 as in the case
of dense random packing. Based on such estimates of the
mean free path one can conclude that at the larger expan-
sions, i.e., atV/V0.2.3 the abrupt resistivity increase ob-
served in our experiments is due to a decrease in the valence
electron number density rather than in the mean free path
sbecause it has reached its minimal value,Le<diid. There-
fore the point of localization also represents the limit of char-
acterizing the aluminum as a free-electron metal, which has
been pointed out by Silvestrelli.9

Another estimate supporting this conclusion can be done
using the Clausius-Mossotti relationship:

« =

1 +
8p

3
ani

1 −
4p

3
ani

, s12d

where« is the dielectric constant anda is the atomic polar-
izability. The metal-nonmetal transition in a compressed alu-
minum vapor occurs when the dielectric constant diverges.
The corresponding value of the relative volume calculated is
3.3. We used for the atomic polarizability of aluminum atom
a valuea=56.28a0

3 from Ref. 19sa0 is the Bohr radiusd. At
this relative volume the transition from a dielectric to a me-
tallic state occurs in an aluminum vapor when it is pressur-
ized at a sufficiently low temperature. This value agrees well
with the present experimental result, which demonstrates a
dielectriclike behavior in the temperature dependence of the
resistivity at the relative volume value of 4 and a metalliclike
behavior atV/V0=2.7.

VII. CONCLUSIONS

We have found that a sharp increase in the temperature
dependence of the resistivity of expanded liquid aluminum
takes place at a density of about 1.3 g/cm3 sV/V0<2d when
the pressure is in a range of 7–20 kbar. When the pressure
approaches a value of about 20 kbar the sharp resistivity
increase disappears and the temperature dependence of the
resistivity is like that in the solid state region. Along the
isochoreV/V0=2.7 the resistivity is practically constant over
the whole temperature range investigated in present study
s6000–20 000 Kd. A dielectriclike dependence of the resistiv-
ity on temperature is observed at a density that is 4 times less
than the normal solid density. At a temperature of about
12 000 K for an isochoreV/V0=5.4 a maximum in the tem-
perature dependence of the resistivity was detected.

It is interesting to note that practically all measurements
sexcept of that of Ref. 10d give very close conductivity val-
ues forV/V0=27. At this density a typical discrepancy be-
tween the measurement results and theoretical predictions is
50–100 %.

The present results are in essential agreement with those
of the molecular dynamics simulations based on finite-
temperature density-functional theory.9,12
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