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Minimum metallic conductivity of fluid hydrogen at 140 GPa „1.4 Mbar…
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Electrical conductivity measurements indicate that fluid hydrogen achieves the minimum conductivity of a
metal at 140 GPa, ninefold initial liquid-H2 density, and 2600 K. Metallization density is defined to be that at
which the electronic mobility gapEg is reduced by pressure toEg;kBT, at which pointEg is filled in by fluid
disorder to produce a metallic density of states with a Fermi surface and the minimum conductivity of a metal.
High pressures and temperatures were obtained with a two-stage gun, which accelerates an impactor up to 7
km/sec. A strong shock wave is generated on impact with a holder containing liquid hydrogen at 20 K. The
impact shock is split into a shock wave reverberating in hydrogen between two stiff Al2O3 anvils. This
compression heats hydrogen quasi-isentropically to about twice its melting temperature and lasts;100 ns,
sufficiently long to achieve equilibrium and sufficiently short to preclude loss of hydrogen by diffusion and
chemical reactions. The measured conductivity increases four orders of magnitude in the range 93 to 140 GPa
and is constant at 2000~V cm!21 from 140 to 180 GPa. This conductivity is that of fluid Cs and Rb undergoing
the same transition at 2000 K. This measured value is within a factor of 5 or less of hydrogen conductivities
calculated with~i! minimum conductivity of a metal,~ii ! Ziman model of a liquid metal, and~iii ! tight-binding
molecular dynamics. At metallization this fluid is;90 at. % H2 and 10 at. % H with a Fermi energy of;12
eV. Fluid hydrogen at finite temperature undergoes a Mott transition atDm

1/3a* 50.30, whereDm is the
metallization density anda* is the Bohr radius of the molecule. Metallization occurs at a lower pressure in the
fluid than predicted for the solid probably because crystalline and orientational phase transitions in the ordered
solid do not occur in the fluid and because of many-body and structural effects. Tight-binding molecular
dynamics calculations by Lenoskyet al. suggest that fluid metallic hydrogen is a novel state of condensed
matter. Protons are paired transiently and exchange on a timescale of a few molecular vibrational periods,
;10214 sec. Also, the kinetic, vibrational, and rotational energies of the dynamically paired protons are
comparable.@S0163-1829~99!02805-2#
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I. INTRODUCTION

Determining properties of hydrogen (Z51) at very high
pressures is challenging experimentally because of the d
culty in achieving extreme conditions and challenging th
retically because of the large zero-point motions of the m
ecule and absence of core electrons in the atom. As a re
standard theoretical approximations are not valid for hyd
gen and experiments are essential.

Solid hydrogen has been the prototypical system of
insulator-to-metal~IM ! transition ever since Wigner an
Huntington predicted that the insulating molecular so
would transform to a conducting monatomic solid at su
ciently high pressureP and densityD at temperatureT
50 K.1 Substantial pressure is required to do this beca
solid molecular hydrogen is a wide bandgap insulator at a
bient (Eg515 eV). Since Wigner and Huntington, the pr
dicted pressure of this transition has varied from 25~Ref. 1!
to 2,000 GPa~Ref. 2! at 0 K. Raman vibron data3 suggest
metallization might occur at 300 GPa.4 Calculations of this
IM transition with an intermolecular potential derived fro
shock data and theory of the monatomic metal predict an
transition at 300–400 GPa.5 Metallization might occur
within the molecular solid phase itself. Electronic bandga
calculated for diatomic hydrogen at 0 K predict metallization
pressures in the range 150–300 GPa, depending on mo
lar orientation in the hcp phase.6,7 However, the hcp structure
is energetically unfavorable and lower energy structures h
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wider band gaps.8 Thus, the transition pressure is structu
dependent and the crystal structure at metallization at 0 K is
not known.

Experimentally, solid hydrogen at 300 K is transparent
pressures up to 340 GPa, indicative of the insulating sta9

Pressure-volume data have been measured by x-ray dif
tion in the hcp solid up to 120 GPa.10 These data suggest th
dissociative transition pressure in the solid might be as la
as 620 GPa. The metallic solid has not been observe
optical spectroscopy experiments in the range 190 to
GPa.11–13

In the fluid, electrical conductivity measurements und
shock compression indicate that hydrogen becomes met
at 140 GPa, ninefold initial liquid density, and;3000 K.14,15

Metallization occurs under pressure when the electronic b
gap decreases from 15 eV at ambient16 down to ;0.25 eV
~3000 K!, the temperature. Extrapolation of the meltin
curve of H2 measured at relatively low pressures17,18 gives a
melting temperature of;1500 K at 140 GPa, which is com
parable to theoretical predictions.19,20 Thus, this observed
metallization most probably occurs within the warm flui
Metallization in the cold solid, as predicted by Wigner a
Huntington, is yet to be observed.

Electrical conductivity has also been measured un
single-shock compressions up to 20 GPa and 460021

Those measurements show that electronic conduction is t
mally activated in the semiconducting fluid. Electrical co
ductivity experiments using explosively driven magnetic fl
3434 ©1999 The American Physical Society
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compression to isentropically compress liquid hydrogen h
shown that the conductivity becomes greater than
~V cm!21 at 200 GPa and 400 K.22 Although that conductiv-
ity is not metallic, that experiment demonstrates that elec
cal conductivity increases at high pressure and tempera
Shock Hugoniot ~pressure-volume! and temperature dat
have also been measured for fluid deuterium a
hydrogen.23–28

Hydrogen is of great importance for planetary science
cause its cosmological abundance is about 90 at. %. Ju
and Saturn contain over 400 Earth masses, most of whic
hydrogen. The interiors of giant planets are at high press
and high temperatures in the fluid19,20 because of their large
mass and low thermal conductivity. Implications for Jupi
of our recent measurements on hydrogen have b
discussed.29–33

The equation of state of fluid hydrogen is important f
inertial confinement fusion~ICF!. In laser-driven ICF a fuel
pellet composed of the hydrogen isotopes deuterium and
tium is placed in a hohlraum and radiated by a multistepp
high-intensity laser pulse.34,35The first step of the laser puls
produces a;100 GPa shock and the successive pulses c
prise a quasi-isentrope, similar to the compressive proc
used in these conductivity experiments. In order to achi
efficient nuclear-fusion reaction of deuterium and tritium,
is necessary to achieve the highest possible areal mass
sity of the deuterium-tritium fuel. In order to achieve a re
tively high areal mass density with a relatively low inves
ment of laser energy, it is necessary to compress most o
deuterium-tritium fuel on a low-lying isentrope. This is a
complished by achieving maximum first-shock density w
the lowest possible entropy. These electrical conductiv
measurements yield electronic excitation energies which
needed to calculate the equation of state of hydrogen in
regime of importance to ICF. Scientific and technologic
possibilities for metastable solid metallic hydrogen if it cou
be quenched to ambient, including room-temperat
superconductivity,36,37 are discussed elsewhere.38

Because of the high kinetic energy~0.5 MJ! of the impac-
tor which produces high pressures in these experiments
are working at a confluence of high-energy and conden
matter physics. This energy is comparable to the total kin
energy of the proton-antiproton beams in the Tevetron at
Fermi National Accelerator Laboratory.39 This kinetic en-
ergy enables discovery of novel states of condensed ma
analogous to the discovery of novel states of subnuclear m
ter. The purpose of this paper is to describe details of
shock compression experiments which were used to mea
electrical conductivities of dense fluid hydrogen as it und
goes the transition from a semiconductor to a state with
minimum conductivity of a metal.

II. FINITE TEMPERATURES

The distinguishing feature of these experiments is
achievement of hydrogen at 3000 K~0.3 eV! and 100 GPa
pressures. A temperature of 0.3 eV is relatively low and
fluid is quantum in nature because the Fermi energy is;12
eV, which means the electronic system is degenerate,
because the spacing between the first few vibrational le
of the H2 molecule is;6000 K,40 which means the system i
e
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essentially a quantum-mechanical harmonic oscillator wit
zero-point vibrational energy of;3000 K. This quantum
metallic fluid is primarily molecular with some of the mo
ecules in an excited vibrational state and;10 at. % H. Vir-
tually all previous high-pressure hydrogen experiments h
been performed on a crystalline solid at room temperatur
below. Possible explanations for this include~i! theoretical
predictions of metallization have all been based on calcu
tions at 0 K. ~ii ! It is extremely difficult to statically hea
hydrogen in a diamond anvil cell because static heating
hydrogen often causes diamond anvils to fail17,18 and the
diffusion coefficient of hydrogen at high temperatures is s
ficiently large that the hydrogen sample rapidly diffus
away into the diamonds and gasket which contain
hydrogen.18 For this reason hydrogen experiments are of
performed in diamond anvil cells cooled to 77 K.41 ~iii ! In
general, disorder is expected to delay the onset pressur
metallization from band overlap.42 For example, molecular-
H2 orientational disorder on an hcp lattice atT50 K requires
twice the metallization pressure than if the molecular axis
aligned.7 This result suggested that disorder in general inh
its metallization, which is not true in the case of hydroge

Given that hydrogen metallization has not been obser
at high static pressures, it is desirable to find a way to low
the metallization pressure so it can be observed. The pres
required for the IM transition in a solid, or more properly th
nonmetal-metal~NMM ! transition at finite temperature, i
known to decrease with temperature.43 In addition, phenom-
ena which inhibit metallization in dense solid H2; namely,
crystalline and orientational phase transitions,44,45 do not oc-
cur in a disordered fluid. Thus, it is desirable to look for t
NMM transition at higher temperatures in the fluid. Sho
compression is ideal because the sample is heated inst
neously, adiabatically, and uniformly on compression a
the temporal width of a shock front is,1 ps. It is also
essential to use a temperature pulse. The duration of
pulse should be sufficiently long to achieve equilibrium a
sufficiently short that the hydrogen sample cannot diffu
away nor react chemically. The;100 ns duration of shock
compression satisfies these criteria.

III. EXPERIMENT

A layer of liquid H2 or D2 at 20 K is compressed by
high-pressure shock wave reverberating between two s
electrically insulating anvils. The compression is initiated
a strong impact-generated shock incident from one of
anvils into the liquid hydrogen. Electrical resistance of t
hydrogen sample is measured versus time by inserting e
trodes through the other anvil, as illustrated in Fig. 1.

The incident shock was produced by impact of a pla
metal plate accelerated up to;7 km/sec with a two-stage
light-gas gun. A two-stage gun, illustrated in Fig. 2, achiev
higher velocities and twice the shock pressures achie
with a plane-wave explosive system and is a reusable la
ratory facility. Each stage consists of driving gas plus p
jectile, either a piston or an impactor. This gun consists o
breech containing up to 3.5 kg of gunpowder and a pu
tube filled with 60 g of hydrogen gas, not to be confus
with the liquid-hydrogen target. The rupture valve consists
two steel disks each with two perpendicular groves cho
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FIG. 1. Schematic of electrical conductivity experiments~not to scale!. Four electrodes in~a! were connected to circuit in~b!. For
conductivities lower than metallic, two probes were used. Metal impactor is accelerated to;7 km/sec with gas gun in Fig. 2.
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such that this valve opens when the hydrogen gas pressu
the pump tube reaches;0.1 GPa. The highest impactor ve
locity is achieved with the driving gas having the highe
sound velocityc in order to transmit pressure to the impact
at the most rapid rate. Since the driving gas behaves es
tially as an ideal gas,c5(gkBT/M )0.5, whereg is the ratio
of specific heat at constant pressure to that at constant
ume,kB is Boltzmann’s constant,T is the temperature of the
compressed gas, andM is its molecular weight. Since hydro
gen has the smallestM of any gas, it has the highest soun
velocity and, thus, achieves the highest impactor velo
and pressure of any driving gas.

The 25-mm-diameter impactor plate consisted either o
Al or Cu plate 3.0-mm thick, hot-pressed into a Lexan po
carbonate sabot. Hot gases from the burning gunpow
drive a heavy piston~4.5 to 6.8 kg! down the pump tube
which is 10-m long and 90 mm in diameter, compressing
hydrogen gas. At a pressure of about 0.1 GPa, the gas br
the rupture valve and enters the narrower, evacuated ba
9-m long and 28 mm in diameter, accelerating the 20-g
pactor toward the target. The mass flow rate of the driv
gas is constant because the weight of the piston is large c
pared to that of the gas. Thus, the reduction in diameter f
pump tube to barrel causes the velocity of the gas to incre
substantially. The magnitude of the pressure generated b
impact is determined by the measured impact velocity46 and
the Hugoniot equations of state of impactor and target.47,48

In order for the hydrogen sample to achieve the high
densities and lowest temperatures at high pressures,
in
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sample must have a relatively high initial density. High in
tial densities were achieved by using a liquid sample near
saturation curve at atmospheric pressure and 20 K.25,49Since
the sample holder is destroyed by the impactor, a new on
required for each experiment.

We have measured electrical conductivities of seve
liquids21,50–53and applied these techniques to the configu
tion illustrated in Fig. 1. The liquid H2 or D2 sample was
0.5-mm thick, 25 mm in diameter, and contained betwe
two electrically insulating sapphire~single-crystal, z-cut
Al2O3! anvils, 2.0-mm thick and 25 mm in diameter. In tur
these sapphire disks are contained between two 2.0-m
thick Al ~alloy 1100! disks of the main body of the Al cryo
genic target assembly. Al is strong, ductile, and a good th
mal conductor at 20 K, which facilitates condensing t
sample from high-purity gas. The Al2O3 disk containing the
electrodes and the adjacent Al disk were bonded togethe
a thin glue layer. The room-temperature densities of the s
phire and Al~alloy 1100! were 3.99 and 2.712 g/cm3, respec-
tively. The hydrogen layer was relatively thin~0.5 mm! so
that the experiment would have a sufficiently short time d
ration that deleterious effects could not occur~interfacial in-
stabilities and loss of the high-temperature hydrogen by m
diffusion and chemical reactions!, while being sufficiently
long to achieve thermal and electrical equilibrium.

As discussed below, the strong single shock incident fr
the stiff Al2O3 disc, or anvil, on the leftside of the soft hy
drogen @Fig. 1~a!# is split into multiple, relatively weak
shocks reverberating in hydrogen between the two Al2O3 an-
FIG. 2. Schematic of two-stage light-gas gun. Gas gun used in these experiments is 19-m long.
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vils. Each time one of these shocks strikes the anvil on
right a portion of the wave is reflected back into the hyd
gen, compressing it further, and the other portion is transm
ted forward into the Al2O3. Each transmitted shock is a
successively higher pressure and velocity until the final p
sure is reached. At this point the leading shock is agai
strong single wave. Because the hydrogen layer is initia
only 0.5-mm thick and compresses a factor of;10, the re-
verberation is completed well before the leading shock e
the Al2O3, which is initially 2.0 mm thick and compresse
only a factor of;1.4. The experiment is over when the lea
ing shock wave exits the Al2O3 containing the electrodes
When the leading shock reaches the rear interface betw
Al and vacuum, the sample holder blows out and is
stroyed. Since shock velocities are;10 km/sec and the volt
age signals travel at the speed of light of their coaxial cab
the measurement is made prior to destruction of the sam
holder.

Either H2 or D2 samples were used, depending on the fi
density and temperature desired. That is, because the in
mass densities of liquid H2 and D2 at 20 K differ by a factor
of 2.4, their final shock-compressed densities, temperatu
and conductivities also differ substantially at the same fi
pressure. At the relatively high densities and temperatu
achieved, possible effects of different zero-point vibratio
energies for hydrogen and deuterium are negligible. Th
the two isotopes are used to achieve different thermo
namic states, rather than to look for an isotope effect
calibrated Pt resistance thermometer@not shown in Fig. 1~a!#
is inserted into the sample chamber to indicate when
liquid sample is condensed.

Stainless steel~type 302! electrodes to measure electric
resistance exit the sample holder to the right@Fig. 1~a!#. Steel
was chosen because it has a shock impedance and the
contraction similar to Al2O3, which makes steel relatively
transparent to the shock wave in Al2O3 and less likely to
open a vacuum leak at low temperature prior to the exp
ment. In addition, it has a relatively high electrical resistiv
which means that current flow will diffuse relatively rapid
from the outer cylindrical surface in towards the center
produce an equilibrated current density in the 100-ns du
tion of the experiment. This is important because the calib
tion calculations relating resistance to resistivity assume
current density is equilibrated over the cross sectional are
the current electrodes. Also, because stainless steel is an
pure alloy, its resistivity changes relatively little on sho
compression. The electrodes had flat surfaces which w
initially flush with the right interface@Fig. 1~a!# between the
hydrogen sample and sapphire anvil. In the metallic phas
hydrogen four electrodes were used; two outer electrodes
current and two inner electrodes to measure potential dif
ence. These electrodes were collinear and 0.75 mm in d
eter with 1.5 mm between their centers. Two electrodes
mm in diameter separated by 3.5 mm between their cen
were used if the pressures were such that the hydrogen w
poor conductor and contact resistance was negligible. T
ger pins were used to turn on the recording system, T
tronix DSA 602A digital oscilloscopes and 7103 analog o
cilloscopes with;2 ns time resolution, at the appropria
time. In order to measure relatively low potential differenc
in a noisy environment, the oscilloscopes were used i
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differential mode; i.e., voltage was measured on each pr
relative to ground and then voltage difference was de
mined to eliminate common electrical noise on both cabl

The electrical circuit for four-probe measurements
shown in Fig. 1~b!. All cables are coaxial. A power suppl
charges a capacitor through two charging resistorsRC ~0.5
MV!. Just prior to impact~;20 msec! the circuit switch is
closed, which causes current to flow in the load resistorsRL
~;100V! and in the shunt resistorRS ~0.1 to 5V at 20 K! in
parallel with the sample.RS was a nickel-film resistor whose
resistance remains essentially constant when the target c
down from room temperature to 20 K.RS was;5 times the
resistance of the hydrogen cell and it was mounted on
outside of the cryogenic sample holder. Shock compress
switches the hydrogen sample into the circuit when its c
ductivity becomes significant. The voltages across the
inner probes and across the two outer probes were meas
differentially. The voltage across the two outer electrod
~Fig. 3! gives the resistance of the parallel combination ofRS
and the hydrogen sample. These voltages were also m
sured with Tektronix 7103 analog oscilloscopes for redu
dancy. The current was measured with a Rowgowski c
Typical currents were;1 A and voltages were a few tens o
mV. The current density in the hydrogen sample was;500
A/cm2 for 100 ns.

The voltage measured across the two outermost e
trodes, which are in parallel withRS , is shown versus time
in Fig. 3 for the shot at 180 GPa, the maximum pressure
this series. A voltage spike occurs att50 when the shock
first hits the electrodes because of a small tilt (;10) of the
impactor and thus of the shock wave, which causes a sl
difference in the shock arrival times at the two electrod
The voltage then decreases when the hydrogen conduct

FIG. 3. Voltage versus time measured across two outerm
electrodes in experiment at 180 GPa. Initial voltage of 0.34 V
potential difference across shunt resistorRS @Fig. 1~b!#. When hy-
drogen conducts under shock compression, resistance of pa
combination ofRS and hydrogen cell decreases relative toRS .
Time is zero at first-shock arrival at electrodes@Fig. 1~a!#; t1 is time
shock exits Al2O3; t2 is time shock reaches rear Al surface
sample holder. Horizontal arrow indicates steady voltage of m
sured resistance. Experiment is over att1 .
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begins to increase and then plateaus after the pressure
the conductivity have reverberated up to their maxima. T
shock reverberations are not resolved because of the tilt
the short time duration of each reverberation. The voltag
steady while the shock traverses the insulating Al2O3 be-
cause the metallic state of hydrogen is equilibrated. T
steady voltage gives the electrical resistance of the hydro
The experiment is over att1 , the calculated time at which
the shock reaches the interface between the Al2O3 and Al.
Subsequently, the shock traverses the Al disk and the vol
is erratic because current can flow through the Al if t
shock induces conductivity in the thin glue layer holdi
each electrode in the Al. Eventually the shock reaches
rear Al surface att2 ; this Al surface and the electrodes the
blow outward into vacuum towardRS , causing the signal to
change dramatically. The circuit for the two-probe config
ration is the same one described previously for measuring
electrical resistivity of sapphire shocked to 100 G
pressures.54 For the highest hydrogen resistivities no shu
resistor was used.

The measured electrical resistivity of shock-compres
sapphire is five orders of magnitude larger than that of
drogen at metallization,54 which means that sapphire is a
electrical insulator in these experiments. The electrically
sulating nature of Al2O3 at 100 GPa shock pressures is n
affected by the fact that Al2O3 undergoes a diffusive phas
transition at;100 GPa pressures and;1000 K.55 The mea-
sured resistivities of Al2O3 shocked to 100–200 GPa an
;1000 K ~Ref. 54! are much too large to affect these hydr
gen conductivity results. Also, electrical conductivities
water were measured in this same sample holder.56 Water
was chosen because its charge carriers and conductivitie
expected to be different than those of hydrogen. The do
nant charge carrier in water is the proton57 and its conduc-
tivity at these pressures is expected to be similar to that m
sured previously.50 As expected, the measured conductiviti
of water differ from those of hydrogen in terms of their ma
nitudes and pressure dependance.

Additional issues about the experiment are discusse
the Appendix. Hydrogen conductivities in the semicondu
ing fluid similar to those reported here have been measu
elsewhere using a reverberating shock wave generated
high explosives.58

IV. THERMODYNAMIC STATES

A reverberating shock59–62 achieves states of highly
condensed matter relatively close to the 0 K isotherm. The
reverberation for the experiment at 180 GPa is illustrated
Fig. 4~a!, plotted as pressureP versus mass velocityup be-
cause these quantities are continuous across an interfac
Fig. 4~b! the dependence on timet of pressure at the mid
point of the hydrogen layer is shown. The values of the pr
sure steps are caused by the shock reverberating betwee
stiff sapphire disks, as illustrated in Fig. 4~a!. The values of
P, up , and t in Fig. 4 were obtained by computation
simulation.63

Sapphire is extremely strong at shock pressures below
GPa, having a Hugoniot elastic limit of;20 GPa.64,65 This
raises the possibility of a strength-induced two-wave sh
structure. However, we measured a single-wave shoc
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sapphire at 80 GPa, which means that at the 93 GPa
higher in these conductivity experiments the shock wave
Al2O3 incident onto the hydrogen sample have a sim
single-wave structure.

Because sapphire is so stiff, its shock compression a
thus, its shock heating are relatively small. For example,
temperature rise caused by a shock pressure of 100 GP
only ;1000 K,66 which causes a very small thermal pre
sure. As a result, the shock48 and static67 P-V curves are
nearly identical in the 100 GPa range. Thus, thermal pres
of the Al2O3 is negligible and theP-V curve is essentially
reversible. Thus, because strength is overdriven and the
effects are small, the mirror reflection inP-up space of the
Al2O3 Hugoniot is an excellent approximation for pressu
release curves of shocks in the 100 GPa pressure rang
Fig. 4~a! the Al2O3 curve on the left is its Hugoniot; the
Al2O3 curve on the right is the pressure release curve,
mirror image of the Hugoniot.

The impact causes an initial pressurePf in the Al2O3.
When this shock reaches the liquid hydrogen, the press
drops until the release pressure of sapphire matches
Hugoniot of liquid hydrogen~state 1 in Fig. 4!. This drop is
about a factor of 30 in pressure. The shock in hydrogen t
reverberates back and forth between the sapphire anvils
the pressure reachesPf , the pressure incident initially from
the sapphire. For a typical initial 5 GPa shock in hydrog
the pressure increases a factor of 50 000 from ambi
which causes some shock heating. However, the succes
reverberations are very weak shocks because the pres
increases only a factor of 4 or less on each of these refl
tions. Thus, the total of all the shock reflections off sapph
corresponds to a quasi-isentrope. This fast compression
cess is adiabatic and the hydrogen is heated. About 40%
the final temperature is caused by the first shock and

FIG. 4. Shock reverberation in hydrogen. These curves w
calculated~Ref. 63! for 140 GPa.~a! PressureP versus mass veloc
ity up . Reflection side is sapphire on right and impact side is s
phire on left in Fig. 1~a!. State 1 is first shock in hydrogen; state
is reached when first shock reflects off Al2O3 on right in Fig. 1~a!;
etc. Even-numbered (P,up) states lie on Al2O3 Hugoniot; odd-
numbered states lie on mirror reflection of Al2O3 Hugoniot. ~b!
Pressure versus timet at midpoint of hydrogen layer. Time duratio
of each pressure step shortens as hydrogen compresses. Sta
shock; states 2 and higher are very weak shocks and compr
quasi-isentrope.Pf is final pressure in hydrogen, equal to pressu
incident from sapphire. Thermal equilibrium is achieved within ri
time of each step.
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remainder by the quasi-isentrope. This shock reverbera
process causes a final temperature which is about an ord
magnitude smaller than would be achieved by a single sh
to the same final pressure.

The variation of mass velocity of the sapphire with pre
sure is relatively modest. As maximum pressure increa
from 90 to 140 GPa, the mass velocity atPf increases from
2.16 to 3.03 km/sec. The corresponding mass velocity
state 1 increases from 4.18 to 5.95 km/sec. Electrical re
tivity decreases more than three orders of magnitude in
same range.

The pressure pulse applied to hydrogen is illustrated sc
matically in Fig. 5~a!. The initial shock isPf /30. The follow-
ing quasi-isentrope, which is comprised of the pressure s
in Fig. 4~b!, is represented schematically by a ramp in pr
sure fromPf /30 up toPf . The corresponding effect on th
thermodynamics is illustrated in Fig. 5~b!. Shock reverbera-
tion is necessary to reach metallization near 0.7 g/cm.3 The

FIG. 5. Illustrations of effect of rise time on pressure.~a! First
pressure in hydrogen is;Pf /30 ~state 1 of Fig. 4!. Successive re-
verberations, states 2 and higher in Fig. 4, comprise quasi-isent
This quasi-isentrope is represented by ramp over;50 ns from
Pf /30 up to Pf . Ramp illustrates thatPf is reached after severa
10’s ns, which produces isentropic compression, rather than in,ps,
which produces shock compression.~b! Equation-of-state curves
plotted as pressures versus density: 0 K isotherm, points reached b
shock reverberations, and single-shock Hugoniot. Initial poin
liquid H2 at 1 atm and 20 K.
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various pressure-density curves were calculated using
equation of state of Kerley.68

The densities and temperatures must be known to ana
the electrical conductivities. At present there is no way
measure these. Shock temperature is determined by me
ing the graybody spectrum of thermal radiation emitted fro
singly or doubly shocked hydrogen.26 Although the sapphire
anvils are initially transparent, under the series of hig
pressure high-rate deformations caused by the shock re
berations, transparent single-crystal sapphire beco
opaque, defected, polycrystalline alumina. Thus, thermal
diation cannot exit the sample and the temperatures mus
calculated. The calculational method is the one used pr
ously to calculate pressure history.25 This calculation also
yields density and temperature.

The densities and temperatures were calculated with
representative hydrogen equations of state. The first was
veloped by Kerley68 before recent shock data were availab
and neglects molecular dissociation at the conditions in
experiments. This model is contained in a database for
drodynamic simulations. Densities and temperatures w
calculated by computationally simulating all these impact
periments. As a check on the results, the calculated fi
pressures in the hydrogen or deuterium all agree to wit
1% with the initial shock pressures in the sapphire anvils (Pf
in Fig. 4! calculated by shock impedance matching t
known Hugoniot equations of state of the impactor and
Al and Al2O3 of the sample holder. These results were us
in our previous analysis.15

The second hydrogen equation of state was that of R
which includes molecular dissociation.26,69,70This model was
not available in a database for hydrodynamic computer sim
lations. So, hydrogen densities and temperatures were ca
lated by a method which is different but equivalent to the o
above. The first shock pressure in the hydrogen or deuter
was calculated by shock impedance matching the releas
the first shock in Al2O3 down to the previously measure
Hugoniot of hydrogen or deuterium~state 1 in Fig. 4!. This
shock state was then taken as the initial state of an isentr
which was calculated up toPf . Since the first-shock state i
different for each experiment, each experiment is on a
ferent isentrope. Since Ross’ model is based on experime
data, we take these results as the preferred values, alth
the basic conclusion is the same for both models. The ca
lated densities, temperatures, and dissociation fractions
listed in Table I; the pressures were obtained by shock
pedance matching.

The results of calculations using both models are plot
in Fig. 6 as density versus pressure and in Fig. 7 as temp
ture versus pressure. Fig. 6 shows that the densities ca
lated with the two models differ by about 3%, which is e
cellent agreement and implies that pressure is relativ
insensitive to dissociation. That is, if a molecule dissociat
both of the atoms are still present and contribute to the p
sure. The calculated temperatures~Fig. 7! have an offset at
100 GPa. At higher pressures, Ross’ model calculates t
peratures which increase less rapidly than Kerley’s. This
caused by energy absorbed in dissociation which lowers t
perature. Based on the differences between these calc
tions, the systematic uncertainties in calculated density
temperature are 6 and 30%, respectively.

pe.

s
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TABLE I. Electrical resistivities of fluid H2 and D2. Error bars for resistivities are in parenthesis. Initial densities were 0.071 g/cm3 for
H2 and 0.171 g/cm3 for D2. UI is impact velocity. Pressures were determined by shock impedance matching Hugoniots of impactor,
sapphire. Densities, temperatures, and dissociation fractions were calculated with model in Ref. 26.

Experiment Impactor
UI

~km/sec!
Resistivity

~V cm!
Pressure
~GPa!

Density
~mol/cm3!

Temperature
~K!

Dissociation
fraction

SLDMS4-D2 Al 5.59 1.4~0.3! 93.1 0.291 2090 7.031023

SLDMS5-D2 Al 6.76 1.3(0.5)31022 121 0.321 2760 4.931022

SLDMS8-D2 Al 7.33 2.4(1.2)31023 135 0.334 3090 9.431022

SLDMS6-H2 Al 5.90 3.8(0.8)31021 100 0.303 1670 2.731023

SLDMS13-H2 Al 6.10 1.4(0.5)31021 105 0.308 1810 5.031023

SLDMS7-H2 Al 6.90 7.4(3.0)31023 124 0.326 2230 2.331022

SLDMS9-H2 Al 6.91 3.2(0.7)31023 124 0.326 2230 2.331022

SLDMS12-H2 Cu 5.58 4.2(2.2)31024 141 0.342 2560 5.731022

SLDMS10-H2 Cu 5.96 6.0(1.2)31024 155 0.357 2730 9.231022

SLDMS11-H2 Cu 6.65 5.0(2.0)31024 180 0.380 2910 1.631021
en

o
ts
e

is

e

ce

e-
r

cur-
is

gh
by

the
tive

s
ply

n
is

of

it

of

cu-
rgy is
In principle the hydrogen equation of state could be g
erated using the measured 300 K isotherm10 and adding ther-
mal pressure to it. However, this requires knowledge
Gruneisen parameters, heat capacities, and latent hea
fusion, which are not known accurately at these high pr
sures.

V. CELL CONSTANT

To derive electrical resistivities from the measured res
tances the cell constant must be known. If the resistivityr of
the sample is spatially uniform, the measured resistancR
must be directly proportional tor, so that

R5C1r, ~1!

whereC1 is a geometry-dependent parameter called the
constant.

To determine C1 , we performed steady-state, thre
dimensional~3D! current-flow computer simulations of ou

FIG. 6. Densities of hydrogen and deuterium calculated w
model of Ross~Partial dissociation, Ref. 26! and model of Kerley
~Molecular, Ref. 68! plotted versus pressure,Pf in Fig. 4.
-

f
of
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-
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sample-probe geometry. The assumption of steady-state
rent flow is justified by the fact that the measurement time
much longer than the magnetic flux diffusion time throu
the sample. The sample was simulated computationally
means of a finely meshed, 3D network of resistors, and
voltages of the nodes adjacent to the positive and nega
electrodes were set equal to11 and21 V, respectively. By
requiring that the net current flow into any node is zero~Kir-
choff’s law!, a self-consistent solution for this network wa
found by an iterative method. The resistance is then sim
R52 V/I total, whereI total is the total current flowing betwee
the probes. The resistivity of the 3D cubic resistor network
determined by the grid spacing~the number of resistors! and
the value of the individual resistors. We used a network
400 V resistors with a 3D node separation of 25mm to give
a network resistivity ofr51 V cm. From thisr and R the
cell constantC1 was found using Eq.~1! for the two-probe
configuration.

h

FIG. 7. Temperatures of hydrogen calculated with models
Ross ~Partial dissociation! and Kerley ~Molecular! plotted versus
pressure,Pf in Fig. 4. At pressures above 130 GPa, Ross’ cal
lated temperatures increase slower with pressure because ene
absorbed in molecular dissociation.
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For the four-probe geometry, in addition to the ou
probes fixed at11 and21 V potential, there were two inne
voltage probes between the two outer current probes.
voltages of these inner probes were not fixed, but were
lowed to float. However, since we assume that the electr
conductivity of the metal probes is much higher than that
the sample, the voltages of the nodes adjacent to each i
probe must all be equal to each other. Since the impeda
of the 50V coaxial cables connected to the inner probes
much higher than the resistance of the sample between
inner probes, we assume that the inner probes draw n
gible current. By noting the total voltage drop across
inner probesVinner a second cell constantC2 relatesVinner to
the sample resistivity for the four-probe geometry:

Vinner/I total5C2r. ~2!

Thus, in the case of a four-probe experiment, we have
separate methods of determining the resistivityr, given by
Eqs. ~1! and ~2!. Using the inner probes and Eq.~2! is pre-
ferred. That is, since the inner probes draw little curre
Vinner should be insensitive to contact resistances, and
measurements with the inner probes allow us to virtua
eliminate contact resistance effects. If contact resistan
were significant, then resistivity measurements using
voltage drop across the outer probes and Eq.~1! should give
higher resistivities than those calculated using Eq.~2!.
Within the resolution both methods give the same valu
Thus, contact resistance is negligible.

For these calculations the electrode surfaces were
sumed to be flush with the interface between hydrogen
sapphire. In actuality the electrodes move into the hydro
a few 10mm in ;50 ns because the shock impedances
steel and sapphire are not identical. However, perturbatio
the current flow by this motion is small because the hyd
gen layer is thin~;50 mm!.

Figure 8 is a plot ofC1 as a function of sample thicknes
for the two-probe geometry. The calculated curve was de
mined using the method outlined above with a 3D resis
network simulating an 8 mm38 mm area around the elec
trodes; thicknesses were 1.0 mm or less. Since current

FIG. 8. Cell constants for two-probe configuration. Static ca
bration experiments were performed with an electrolytic solut
for layer thicknesses of 0.2–1.0 mm. Computer simulations are
scribed in text. For hydrogen layer thicknesses of;0.05 mm in
experiments, cell constants were calculated with computer sim
tion.
r

he
l-
al
f
er

ce
s
he
li-
e

o

t,
so
y
es
e

s.

s-
d
n
f
of
-

r-
r

w

is concentrated between the electrodes, we find that the
sults are insensitive to the use of larger volumes. Also sho
in Fig. 8 are the cell constants determined by electrical m
surements in a mock experimental static cell with an elec
lytic solution to represent the sample. As seen in Fig.
agreement between the two methods of determiningC1 is
excellent for layer thicknesses at which both calculations
experiments were performed~0.2–1.0 mm!. Because of this
good agreement, the cell constant was simply calculated
the ;50 mm layer thicknesses in the shock experiments.

The results for thicknesses below 200mm were fit to the
relationC5Ax21, whereA is a constant andx is the thick-
ness of the sample layer in cm. The following cell consta
were obtained:~a! Two-probe geometry (C1) with two
probes 1.0 mm in diameter with centers separated by
mm: A50.390. ~b! Four-probe geometry (C1) with four
probes 0.75 mm in diameter with centers of adjacent pro
separated by 1.5 mm using only the two outer probesA
51.144. ~c! Four-probe geometry (C2) with four probes
0.75 mm in diameter with centers of adjacent probes se
rated by 1.5 mm:A50.312. The cell constant for a particula
experiment was obtained by calculating the final hydrog
thickness and applying the appropriate relation above.
electrical resistivities determined from the measured re
tances and appropriate cell constants are listed in Table

VI. SEMICONDUCTING FLUID HYDROGEN

The purpose of this analysis is to show that the mobi
gap decreases relatively rapidly with density as the meta
state is approached. The experimental data are plotte
log10(r) versus pressure in Fig. 9. The electrical resistivit
decrease from about 1V cm at 93 GPa to 531024 V cm at
140 GPa and are constant within the error bars between
and 180 GPa. When plotted versus pressure, log10(r) follows
the same curve for both hydrogen and deuterium beca
density and temperature increase monotonically with pr
sure for both isotopes.15 The change in slope at 140 GPa
indicative of the transition to the metallic state. We analyz

-
n
e-

a- FIG. 9. Logarithm of electrical resistivity of H2 and D2 plotted
versus pressure. Slope change at 140 GPa is transition from s
conducting to metallic fluid. H2 and D2 were used to reach differen
temperatures and densities.
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results in the range 93–120 GPa, a semiconducting reg
by fitting the data to21

s5s0 exp@2Eg~D !/2kBT#, ~3!

wheres is electrical conductivity,s0 depends on densityD,
Eg(D) is the density-dependent mobility gap in the ele
tronic density of states of the fluid,kB is Boltzmann’s con-
stant, andT is temperature.

Six data points with error bars of 20 to 50% were fit
Eq. ~3!. These error bars are sufficient because the cond
tivity varies almost four orders of magnitude. The error b
were caused primarily by signal dispersion in the lo
thermal-conductance steel coaxial cables used in most o
experiments. Signal dispersion was much less for Cu coa
cables. For these six points density varied from 0.291
0.326 mol/cm3 and temperature was in the range 1700
2800 K. The data are plotted as log10(s) versus (2kBT)21 in
Fig. 10. In this plot the data split systematically into resu
for hydrogen and for deuterium. The reason is that at a gi
temperature, hydrogen and deuterium are at different de
ties, which means different energy gaps.~This difference in
conductivity is not caused by an isotope effect!. Because of
the relatively few data points and their error bars, the fitt
function was chosen such thats0 is a constant in this rang
of density,Eg(D) is assumed to vary linearly with density
and temperature dependences ins0 and Eg(D) are ne-
glected. The measured conductivities and the densities
temperatures calculated with Ross’ model were least-squ
fit to Eq. ~3!. The conductivity values calculated from this
differ from the measured values by the magnitude of
error bars. The results of this least-squares fit to Eq.~3! are

Eg~D !51.222~62.6!~D20.30!, ~4!

where Eg(D) is in eV, D is in mol/cm3 ~0.29–0.32!, and
s0590 (V cm)21. Because of the experimental uncerta
ties, the results of the least-squares fit are sensitive to
initial parameters chosen in the fitting procedure. Exami
tion of several fits shows that the density at whichEg(D)

FIG. 10. Logarithm of electrical conductivities of H2 and D2

plotted versus (2kBT)21. The dashed lines are guides to the eye
e,

-

c-
s

he
ial
o

n
si-

g

nd
es

e

-
he
-

→0 varies by 2% and the slope ofEg(D) varies by 20%.
These uncertainties are adequate for describing the N
transition. Similar fitting results were obtained using Ke
ley’s calculated densities and temperatures:15 Eg(D)
50.9052(67.7)(D20.30) ands05140 (V cm)21. A value
of s05200– 300 (V cm)21 is typical of liquid
semiconductors.71 The fact that the fits gives0 within a fac-
tor of 2–3 of the typical result shows that this result is re
sonable. Chacham and Louie7 showed theoretically that the
electronic bandgap of the hcp solid atT50 K decreases lin-
early with density as metallization is approached. Their c
culated rate of bandgap closure is 40 eV/~mol/cm3!, which is
comparable to our value of;60 eV/~mol/cm3!.

The Eg(D) derived from this fitting procedure andkBT
are equal at a density of 0.32 mol/cm3 and a temperature o
;2600 K ~0.22 eV!. In this region the energy gap is smear
out thermally, activation of electron carriers is complete, d
order is saturated in the fluid, and conductivity is expected
be weakly sensitive to further increases in pressure and t
perature, provided the nature of the fluid does not cha
significantly. At 0.32 mol/cm3 the calculated pressure is 12
GPa, which is close to the 140 GPa pressure at which
slope changes in the electrical resistivity~Fig. 6 indicates
that a 20 GPa pressure difference corresponds to a 6%
sity shift!. The initial 10% increase in density from 0.29
0.32 mol/cm3 causes the bandgap to decrease from 1.8 eV
;0.25 eV, where it is filled in by fluid disorder and therm
smearing. Thus, fluid hydrogen becomes metallic at ab
140 GPa and;2600 K via a continuous transition from
semiconducting to metallic fluid.

Because conductivities are thermally activated in
semiconducting regime~Fig. 10!, it is probable that elec-
tronic states at the Fermi level of this disordered material
localized, as in alkali-metal fluids undergoing the NM
transition.72 Because densities were not measured, it is
possible to know experimentally if a density discontinu
occurs at metallization. Nevertheless, it is our opinion t
because of the high densities and temperatures, a de
discontinuity does not occur at metallization.

VII. METALLIC FLUID HYDROGEN

The metallization process in dense fluid hydrogen is qu
complex and not yet understood in detail.73 However, the
following is a simple preliminary discussion whose ma
goals are to show that our measured value of metallic c
ductivity is reasonable and to develop a simple picture of
nature of this metallic fluid.

A. Metallization process

Since these experiments are at finite temperatures in
disordered fluid, the density of electron states~DOS! around
the Fermi level is not zero, as for a crystalline semiconduc
at T50 K. Thermal smearing and disorder cause a sm
nonzero DOS near the Fermi level in semiconducting fl
hydrogen.74 Increasing pressure reduces the 15 eV band
and thermal disorder fills it in. When pressure and tempe
ture are such thatEg /kB5T;2600 K, the depression in th
bandgap is filled in, a metallic density of states is achiev
and the electronic system has a Fermi surface characte
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FIG. 11. Schematic electron densities of states near Fermi
ergy EF in fluid hydrogen: ~a! insulator at low pressures (P
,50 GPa); ~b! semiconductor at intermediate pressures (50,P
,140 GPa)~Ref. 74!; ~c! metal at high pressures (P.140 GPa).
Because conductivity is thermally activated in semiconducting fl
~b!, states aroundEF are probably localized and electron carrie
are excited across mobility gap.

FIG. 12. Characteristic energies plotted versus density: e
tronic mobility gapEgap @Ref. 21 and Eq.~4!#, molecular dissocia-
tion energyEdiss extrapolated from Ross’ model~Ref. 26!, and cal-
culated temperatureskBT achieved in these experiments.
of a metal. This process is similar to those in conventio
liquid semiconductors75 and is illustrated in Fig. 11.

Characteristic energies are plotted versus density in
12. Eg produced by single-shock compression21 is the point
at 0.13 mol/cm3. The linear dependence ofEg near 0.3
mol/cm3 was determined in the present multiple-shock e
periments@Eq. ~4!#. These two determinations are interp
lated linearly by the dashed line. The molecular dissociat
energyEdiss was extrapolated from Ross’ model.26 The cal-
culated temperatures in these conductivity experiments
also shown plotted askBT. Figure 12 shows that the tem
peratures are relatively low compared toEg and Ediss and
that these conductivity experiments are sensitive primarily
electronic excitation, with a relatively small amount of m
lecular dissociation. This is consistent with the suggest
that conduction in dense hydrogen is caused by electr
delocalized from H2 molecules, which causes H2

1 ions.36 The
free H2

1 ion is quite stable, having a dissociation energy
2.8 eV,76 and thus it is reasonable to expect them to exis
these conditions. At metallization it is estimated26,69,70 that
about 10 at. % of the fluid isH monomers, assuming only H2
and H need be considered.

B. Similarity of H 2 to Cs, Rb, and I2

Hensel and Edwards have shown that fluid Cs and R
2000 K are semiconducting fluids and that pressures of o
;10 MPa are required to produce the minimum conductiv
of a metal. The values of conductivities of metallic fluid C
and Rb are essentially identical to those of fluid meta
hydrogen.77 I2 is a molecular system which undergoes t
NMM transition by bandgap closure or thermal smearing
much lower pressures in the fluid than in the solid. Solid I2 at
300 K becomes metallic at 16 GPa.78 Fluid I2 becomes me-
tallic at only 3 GPa at 1000 K.79 The pressure dependenc
of the resistivities of H2 and I2 are quite similar near
metallization.80

C. Nature of the fluid

H2 and H probably form a mutual solution. As shown
Fig. 13 the hydrogen atom and the spherically averaged m
ecule have essentially the same Bohr radius, based on c
lations of Barbee.81 The free hydrogen molecule is esse
tially spherical because the anisotropy in its char
distribution is only about 6%.82 Because of their similar size
and shapes and because the temperature of the flui
;3000 K, molecules and atoms form a mixture and the m
sured electronic energy gap is that of the mixture. Based
similar energy gaps or ionization energies at low pressu
15 eV for solid H2 ~Ref. 16! and 13.6 eV for the free atom
the energy gap of the mixture might not be very sensitive
the relative concentrations of molecules and atoms.

Tight-binding molecular dynamics calculations of L
noskyet al.74 also show that fluid metallic hydrogen at 300
K is essentially ‘‘molecular.’’ These simulations show
peak in the proton-proton pair distribution function at a d
tance corresponding to the separation between protons in
molecule. A low dissociation fraction of H2 was estimated a
r s51.54 (0.37 mol/cm3) and 3000 K, which is in the metal
lic range. The strong tendency to have paired protons at h
pressures has been noted by other authors as well.5,7,26,83–86

At lower densities of 0.17 mol/cm3 at 3000 K, this disor-
dered semiconducting fluid is composed of a mixture of m
ecules and a few percent of atoms. A depression exists in
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DOS around the Fermi level. About half of the relatively fe
states at the Fermi level come from diatomic molecules
half from atoms, both of which occupy a common ener
band.74

These MD simulations also show that ‘‘molecules’’ a
short-lived (10214– 10213sec). A proton pair exists for a
few molecular vibrational periods and then on subsequ
collision breakups into atoms, which combine with other
oms to form new dimers or remain unpaired as atoms, an
forth. Because of the short lifetimes, a better term to desc
such an object is ‘‘transient pair.’’ It is also reasonable
assume that a particular electron might bind two protons
one H2

1 transient pair and then be the conduction electron
its next transient pair. Several species, such as H2

1, H2, H1,
H, H3

1,87 and possibly higher order H clusters might
present. Presumably their compositions are constant if in
such particles are well-defined at high densities and temp
tures and if compositional averages are taken over a s
ciently long time interval, say 10212sec, which is shorter
than the time resolution of our experiments,;1029 sec.
These MD simulations also show that kinetic, vibration
and rotational energies of the transient pairs are compar
and dissociation commences at conditions near those fo
onset of metallization. A fluid in which protons in transie
pairs and monomers are continually exchanging on a tim
cale of;10214sec and in which characteristic times for co
lisions, vibrations, and rotations are comparable describ
new state of condensed matter.

In this tight-binding picture conduction electrons have
very short mean free path, namely, the distance between
jacent particles supplying conduction electrons. A condu
ing electron exchanges with its neighbor when electro
overlap is sufficiently large to allow an electron to hop to
nearest neighbor to produce a net current flow. This i
strong-scattering system and describes a state characte

FIG. 13. Radial charge densities of ground-state wave funct
of free H and spherically averaged free H2 ~Ref. 81!. For H, r is
measured from the nucleus; for H2, r is measured from midpoint o
molecular bond. Integrals under these curves are 1 and 2 for H
H2, respectively.
d
y

nt
-
so
e

o
n

ct
a-
fi-

,
le

he

s-

a

d-
t-
c

a
stic

of the minimum conductivity of a metal. A similar model o
electrons percolating in a non-ideal dense plasma has
cently been developed.88

It is unlikely that the conductivity is caused simply b
dissociated H atoms which form a distinct impurity band
insulating H2. The MD calculations show that H2 and H
occupy a common band at the Fermi level.74 In a degenerate
solid semiconducting alloy, such as Si(P)69,89 a distinct P
band does form in the band gap of the Si host. Si has a v
large dielectric constant, which reduces Coulomb repuls
and allowsP atoms to interact at very large distances.90 Si is
a four-coordinated covalent semiconductor andP is a semi-
metal. The electronic structures of Si andP are very different
from one another. H2 and H have very similar electroni
structures~Fig. 13!. Because of the thermal disorder in flu
H2 at ;2000 K and disorder caused by rapid exchange
protons every;10214sec, we do not expect fluid H2 to have
a large macroscopic polarizibility and dielectric constant, e
cept at metallization, and H monomers probably do not
teract at long range. Nevertheless, the onset of metalliza
occurs near the onset of dissociation and its role in the NM
transition needs to be determined.

D. Fermi energy

We estimate the Fermi energyEF in the free-electron
model because of the high temperatures, the nearly sphe
charge distributions~Fig. 13!, and the energy band structur
of solid molecular hydrogen becomes free-electron-like
high densities.7,83 From Eq.~4! the electronic activation en
ergy vanishes atDm50.32 mol/cm3. BecauseEg(D) de-
creases rapidly with density, this density of metallization
weakly sensitive to whetherDm is taken whereEg50 or
Eg5kBT. Because of the relatively low temperatures~Fig.
12!, hydrogen is mostly molecular. Since the conductivit
of fluid Cs and Rb are the same as that of hydrogen
metallization,77 it is reasonable to assume that one cond
tion electron is supplied by each H2, just as one conduction
electron is supplied by each alkali atom. The fact that so
hydrogen monomers formed by dissociation are mixed w
hydrogen dimers and that some alkali dimers are mixed w
alkali monomers is neglected for this simple estimate. Th
total conduction electron density at metallization isDm
;1.931023/cm3, which corresponds to a free-electron Fer
energy ofEF512 eV, as for Al. Since the calculated tem
perature at metallization isT50.22 eV,T/TF;0.02 and this
system is highly degenerate. If all electrons are itinera
thenEF would be a factor 22/351.6 larger.

E. Mott transition

The fluid systems at;2000 K of Cs, Rb, and hydrogen a
metallize with the same electrical conductivity of 200
~V cm!21. These fluids also obey the same condition of m
allization, namely, the scaled density5Dm

1/3a* 5C, where
Dm is the number density of conduction electrons anda* is
the effective Bohr radius. This scaled density is simply t
ratio of two length scales, namely, the ratio of the size of
free particlea* to the average distance between particles
metallizationDm

21/3. This condition is essentially the sam
for both a Mott-Hubbard transition and for Anderson loca
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ization. Because of the finite temperatures the measured
ration conductivity is probably caused by a Mott transitio
Anderson localization occurs only atT50 K.91 This transi-
tion to the metallic fluid occurs at the same value
Dm

1/3a* 50.38 for all three fluids, assuming hydrogen
monomeric.77 Because of considerations above, we now
lieve that the majority constituent of metallic hydrogen
effectively a molecule. Since the Bohr radii of H and H2 are
essentially equal~Fig. 13!, the scaled electron densities fo
monatomic and diatomic hydrogen differ simply by the fa
tor 21/3. Thus, for pure H2, metallization occurs atDm

1/3a*
50.30. The value ofDm

1/3a* is not very sensitive to whethe
hydrogen is diatomic or monatomic and the value at me
lization for both is close to Mott’s preferred value o
Dm

1/3a* 50.25.92 Although Dm
1/3a* is simply the ratio of two

length scales, at metallization it is quite likely that man
body correlations are important. Thus, fluid hydrogen und
goes a Mott transition when the electronic charge dens
on neighboring molecules are compressed together to
duce sufficient overlap that a conduction electron is delo
ized.

F. Comparison with available theories

We now compare the measured metallic conductivity w
existing simple theories to see if our measured value is
sonable. The Drude conductivity,s, is given by

s5ne2t/m, ~5!

wheren is the number of electrons per unit volume,e andm
are the charge and mass of the electron, respectively, andt is
the relaxation time for electron scattering. Since our m
sured metallic conductivity is the minimum conductivity of
metal,smin , the relaxation time is given by the Ioffe-Regel93

conditiont5d/vF , whered is the electron mean free path
equal to the average nearest-neighbor distance, andvF is the
Fermi velocity. In this case Eq.~5! reduces to94

smin5e2/~3qd!, ~6!

where q is h/2p, h is Planck’s constant, andd5Dm
21/3.

Thus, smin54000 (V cm)21, which is in good agreemen
with the measured value of 2000~V cm!21.

If n is taken asn(EF), the number density of conductio
electrons per unit volume at the Fermi energyEF , then n
must be reduced by (1.5/EF) ~Ref. 95! and

s5~1.5/EF!smin . ~7!

Thens5500 (V cm)21, which is within a factor of 4 of the
measured value.

The Ziman model96 typically yields calculated values o
resistivity in good agreement with experimental values
liquid metals. However, metallic hydrogen differs from typ
cal liquid metals in that it retains a strong proton-pairi
character, other species are probably present such as m
mers and perhaps higher order clusters, protons compri
these dimers exchange on a time scale of;10214sec, and
conducting electrons are strongly scattered. Because o
high densities and temperatures, collisional, vibrational,
rotational times are comparable. Thus, standard theories
the electrical resistivity of liquid metals do not apply direct
tu-
;
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to this situation. For example, the Ziman model is a we
scattering model. However, for comparison Louis and A
croft applied the Ziman formalism to liquid diatomic hydro
gen with a free-electron DOS. They calculated a resistivity
50–100mV cm,73 a factor of 5–10 lower than the exper
mental value. The factor of 5–10 required to match the
perimental value can probably be accounted for by stro
scattering, caused largely by the absence of core electro

The electrical conductivity of fluid metallic hydrogen ha
been calculated using tight-binding molecular dynamics.
140 GPa and temperatures in the range 1500 to 3000 K,
calculated resistivities are 500 to 250mV cm,
respectively,74,97 which is within a factor of 2 or less of the
measured value. Since in this model the theoretical ener
of the ground and antibonding electronic states of H2 have a
global error of order 0.01 Ry/atom~1600 K! or more, which
is comparable to the temperatures in these experiments
calculated conductivities give good qualitative trends but
calculated values are uncertain.

G. Optical skin depth

The optical depth is obtained from the complex part of t
refractive index and is determined by the electrical cond
tivity and the frequency of the optical radiation.98 We as-
sume for the purpose of making a simple estimate, that c
ductivity is independent of frequencyv. The optical depth
was calculated at the peak of the black-body spectrum
3000 K, a wavelength of 1mm, or an angular frequencyv
51.931015/sec. The relaxation time,t5Dm

21/3/vF , is 8.5
310217sec. Thus,vt50.16, which is in the low-frequency
limit. For a conductivity of 2000~V cm!21, the optical depth
is 640 A.

H. Phase-dependent metallization pressure

A key question is why is the metallization pressure of 1
GPa in the warm fluid, so different from recent prediction
;300 GPa in the cold solid. Several phenomena are pr
ably responsible. Phase transition pressures are tempera
dependent in general,99 and the NMM transition pressure de
creases with temperature.43 The features which inhibit
metallization of hydrogen in the ordered solid are proba
crystalline and orientational phase transitions,44,45 which do
not exist in the disordered melt. Also, the electronic ene
gap is reduced when the protons of a diatomic molecule
tend their separation in thermally excited molecular state73

High temperatures in the fluid also cause molecules to
proach closer to one another than they would at the sa
density at 0 K.69 Thus, a molecule in the fluid samples
range of local structures, the energy gap is structure dep
dent, and structures with lower gaps than that of the solid
probably sampled in the fluid. Many-body effects also a
important in the regime where metallization occurs.73 In
short, our observed metallization pressure is for a differ
phase and temperature than assumed by previous theor
predictions.

VIII. COMPARISON BETWEEN EXPERIMENTS
AT SHOCK AND STATIC PRESSURES

Solid-solid transitions within the molecular phase are o
served in diamond-anvil experiments near a triple point
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150 GPa and 150 K.41,100 This pressure is close to that
which metallization is observed in the fluid.

The crystal structure of solid hydrogen and deuterium
been determined by x-ray diffraction to be hcp at pressu
up to 109 and 119 GPa, respectively, at room temperatu10

The experimentalP-V data for solid H2 and D2 lie on a
common curve of pressure versus molar density, as show
Fig. 14. Above 70 GPa these data for the solid are in g
agreement with the 0-K isotherm of the hcp phase calcula
by Barbeeet al.101 Also shown in Fig. 14 are the calculate
states in the fluid achieved in these conductivity experime
~Table I!. At a given density the pressure in the fluid
substantially higher than in the solid. The exact reason ne
to be determined. However, one possible explanation is
fact that hydrogen, because it is so light, is the softest of
solids, in the sense that pressure increases relatively slo
with density at 0 K. On the other hand, fluid hydrogen
high pressures and temperatures has compressions25 which
are similar to those of other small molecular systems, suc
nitrogen.102 Thus, the difference between the 0-K isotherm
the solid and the fluid states in these experiments migh
caused by the fact that solid hydrogen is so soft. On the o
hand, if the densities in these conductivity experiments
6% greater than in Table I as suggested by the differe
between the observed and calculated pressure of the s
change in resistivity, then the relatively large difference b

FIG. 14. Pressure-volume curves for~i! fluid states achieved in
this work in H2 ~open circles! and D2 ~solid circles!; ~ii ! solid states
achieved in diamond anvil experiments at 300 K on H2 ~open
squares! and D2 ~solid squares! ~Ref. 10!; theoretical 0-K isotherm
~solid curve! calculated for H2 hcp phase~Ref. 101!; D2 Hugoniot
points obtained with gas gun under single shock~solid diamonds!
and double shock~open diamonds! ~Ref. 25!; D2 Hugoniot points
obtained with laser~solid triangles! ~Ref. 27!.
s
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tween the staticP-V data and the densities calculated
these experiments is reduced significantly.

The fact that metallization of hydrogen in the fluid occu
at ninefold compression of initial liquid density is in agre
ment with the theoretical prediction that solid molecular h
drogen should become metallic by band overlap in thePa3
structure at nine times initial solid density.83 The Pa3 struc-
ture mimics the high coordination and orientational aver
ing in a liquid. A similar comparison with theoretical resul
for the metallization volume of the orientationally disorder
hcp phase is not as favorable, 1.9 cm3/mol for the orienta-
tionally disordered solid versus 2.5 cm3/mol for the orienta-
tionally ordered hcp solid.7

Generally, however, static and dynamic experiments
theory all indicate that the nature of molecular hydrog
changes at about 150 GPa and the nature of the chang
pends on temperature. Recent Hugoniot measurements i
range 23 to 200 GPa~Ref. 27! are also shown in Fig. 14
along with our previous Hugoniot data.25 All the data in Fig.
14 are at;100 GPa pressures and temperatures of;1 eV or
less. A common theory is needed to understand all th
results.
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APPENDIX

1. Thermal equilibrium

Metallic fluid hydrogen is in thermal equilibrium. Usin
the average distance between the centers of two adja
molecules, 1.7 A, ideal-gas thermal velocity, and a cons
vibron frequency,41 within the 3-ns time resolution there ar
;105 intermolecular collisions with 4 times as many m
lecular vibrations.
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2. Electrical equilibrium

The calculated flux diffusion time103 for a layer 50-mm
thick with an electrical conductivity of 2000~V cm!21 is ,1
ns, which indicates that the electrical current reaches its e
librium flow pattern in,1 ns.

3. Hydrodynamic instabilities and edge effects

Richtmyer-Meshkov104,105 ~RM! instabilities did not oc-
cur at the planar interfaces between sapphire and hydro
because the surfaces of the strong sapphire crystals wer
tically flat and the time duration of the experiment too sh
~;100 ns! to allow interfacial instabilities to grow. The
shock front induced by impact lies within a few 0.1° to th
normal to the impact surface and the shock front has a s
parabolic distortion of at most 20mm.47,49 When the first
shock of ;5 GPa enters the hydrogen, any possible lo
density, gaseous surface ejecta are tamped by hydrogen
pressed to twice its initial liquid density and this interface
maintained. The issue then is the stability of the interfa
between Al2O3 and hydrogen as the shock reverberates u
peak pressure. To insure that our interfaces were stable~i!
the sapphire anvils were optically flat,~ii ! Al2O3 strength
was maintained because the estimated temperature o
multiply shock-compressed Al2O3 adjacent to the hydroge
is ;1000 K at 150 GPa, well below its estimated melti
temperature, which probably exceeds 3000 K at 150 G
based on melting temperatures of strong MgO,106 ~iii ! the
time duration of the experiment is short,;100 ns, to pre-
clude growth of instabilities, and~iv! acceleration of the pla
nar interfaces was zero except when relatively weak jump
shock pressure occurred on shock reflections@Fig. 4~b!#.

Four optical interference fringes spanned the 25-mm
ameter of the sapphire disks, indicating a parabolic surf
with a height difference of 2mm between the center and th
outer radius. This 50-mm-wavelength perturbation has n
ligible RM growth107 of ;0.1 mm in 100 ns. This disk also
had a random surface roughness with an rms variation
A. If any short-wavelength perturbation should start to gr
from this, it would be damped by the strength of Al2O3.

The thicknesses of Al, sapphire, and hydrogen were
ficiently small that the experiment was over before ed
release waves could affect the results. That is, the oute
ameter of the impactor was 24 mm; the electrodes w
located longitudinally 4.5 mm from the impact surface with
transverse separation of 5.3 mm between the extremitie
the collinear arrangement of the four electrodes. Since
rent flow is concentrated between the electrodes, pres
release on the edges does not affect these measuremen

4. Radiative cooling

At 3000 K for 1027 sec, 460 erg/cm2 are radiated from
hydrogen using the Stefan-Boltzmann law. The calcula
heat capacity is 6.5R/mol.108 Since the optical depth at th
peak of the 3000-K black body spectrum is 640 A, the h
capacity of the hydrogen radiating surface, about two opt
depths, is 2400 erg/~cm2 K!. Thus, only;0.2 K out of 3000
K are lost by radiation.
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5. Conductive cooling

Heat lost from hydrogen by thermal conduction in
Al2O3 was calculated from the heat flow across an interfa
between two dissimilar materials.109 Al2O3 temperature was
taken as 1300 K, the estimated temperature produced
single shock at 140 GPa.66 Thermal conductivity of metallic
hydrogen was calculated using the Wiedemann-Franz l
Values of thermal conductivity and thermal diffusivity o
hydrogen were 0.15 W/cm K and 0.009 cm2/sec, respec-
tively. Values for alumina were 0.06 W/cm K and 0.01
cm2/sec.110 An interfacial layer about 0.5mm thick is cooled
about 200 K, negligible compared to the 50mm total thick-
ness at 3000 K.

6. Interfacial chemical reactions

High temperatures at the hydrogen-alumina interface ra
the question of whether an interfacial chemical react
might cause a thin metallic layer responsible for the m
sured resistance. This is not possible in the time availab

One possible reaction is the reduction of Al2O3 by hydro-
gen to cause a layer of free Al.111 To estimate the resistivity
of such a layer we assume an Al layer forms to the depth
which hydrogen diffuses and the diffusion coefficients of
species containing O and H are infinite. The diffusion co
ficient of hydrogen was taken to be 1022 cm2/sec, or 103

larger than the typical self-diffusion coefficient of liqui
metals, 1025 cm2/sec.112 Thus, the diffusion length of hydro
gen into alumina int51027 sec is 0.5mm. A similar esti-
mate is obtained from ion beam implantations of H2

1 into
alumina at 23104 eV. To be certain that an Al-oxide laye
was thick enough to stop all implanted H2

1 ions, the Al oxide
layer was chosen to be 0.2-mm thick113 for an ion-beam en-
ergy 105 times larger than the temperature of hydrogen.
we assume conservatively that a conducting interfacial la
is formed with a thickness of 0.5mm. Based on Eq.~1!,
because the thickness would be 102 times smaller than for
the bulk, the resistivity would be 1022 times smaller than for
the bulk. Thus, the resistivity of such a film would need to
;5 mV cm, comparable to crystalline Al at room temper
ture. It is not possible to obtain such a low resistivity in
disordered system at 3000 K.

7. Ionic conduction

Our measured conductivities are not caused by ions. E
trical conductivities114 of ionic alkali-halide fluids are typi-
cally ;1 ~V cm!21, while conductivities of pure metallic al
kali fluids are typically a few 1000~V cm!21. We measured
a metallic hydrogen conductivity of 2000~V cm!21, indica-
tive of electronic charge carriers.

8. Shock-induced polarization

Shock-induced polarization in single-crystal Al2O3 is not
responsible for our electrical signals. Shock pressures
about 10 GPa produce polarization voltage pulses
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plastics115 and alkali halides116 in high-capacitance geom
etries. In our experiments with Al2O3 ~i! shock pressures ar
too large~.100 GPa! to induce such voltages,~ii ! our de-
tector geometry has an extremely tiny capacitance,~iii ! our
o-
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nd
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conductivity is measured differentially to eliminate any su
voltages, and~iv! the electrical conductivity voltages o
shock-compressed Al2O3 show no sign of shock-induce
polarization.54
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