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Electrical conductivities are reported for degenerate fluid nitrogen at pressures up to 180 GPa
(1.8 Mbar) and temperatures of ~7000 K. These extreme quasi-isentropic conditions were achieved
with multiple-shock compression generated with a two-stage light-gas gun. Nitrogen undergoes a
nonmetal-metal transition at 120 GPa, probably in the monatomic state. These N data and previous
conductivity data for H, O, Cs, and Rb are used to develop a general picture of the systematics of the
nonmetal-metal transition in these fluids. Specifically, the density dependences of electrical conduc-
tivities in the semiconducting fluid are well correlated with the radial extent of the electronic charge-
density distributions of H, N, O, Cs, and Rb atoms. These new data for N scale with previous data for O,
as expected from their similar charge-density distributions.
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Dense hydrogen and oxygen have recently been shown
to undergo Mott transitions from semiconducting to me-
tallic fluids at 100 GPa pressures and several 1000 K [1,2].
Their metallic state is that of the minimum conductivity
of a metal, as is that of fluid Cs and Rb which undergo
similar transitions at comparable temperatures [3]. Fluid
H, O, Rb, and Cs are all strong-scattering metals which
reach metallic conductivities of ~1000 ({2 -cm)~!, when
the ratio of the size of these atoms to the average distance
between them is ~0.3. They all have essentially the same
value of electrical conductivity because the minimum
conductivity of a metal scales weakly with the number
of conduction electrons per atom and the density of met-
allization [4].

It is important to understand the properties of low-Z
elements at high pressures because they are very impor-
tant scientifically and, potentially, technologically. For
example, if solid monatomic nitrogen could be synthe-
sized to be metastable at ambient, it might be a clean
energy source [5]. Electrical conductivities of N, O, and H
are important for understanding generation of magnetic
fields in the deep interiors of giant planets in this solar
system and in the ~100 extrasolar planets which have
been discovered recently [6]. Obtaining extreme condi-
tions of pressure and temperature enables investigation of
condensed matter at conditions which have only recently
become accessible [7] but have been sought for decades
[8]. Fluid hydrogen in the isotopic form of deuterium and
tritium is the fuel in inertial confinement fusion [9].
Metallic fluid hydrogen might provide a possible route
to the synthesis of novel metastable materials such as
solid metallic hydrogen [10].

The purpose of this Letter is to address the systematics
of the approach to metallization within the semiconduct-
ing phase and to demonstrate for the first time that
electrical conductivity in the semiconducting phase is
strongly correlated with the radial extent of the electronic
charge-density distribution of the atom. This issue has
received relatively little experimental attention because
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there are few disordered, elemental systems which are
essentially monatomic and undergo the nonmetal-metal
transition. To our knowledge, the only simple fluids ob-
served do this are N along with O, H, Cs, and Rb. Fluid
iodine also undergoes a nonmetal-metal transition at
~3 GPa [11], but the densities have not been reported.
For this reason electrical conductivities of nitrogen were
measured at 100 GPa pressures to test the prediction of
our simple picture of the semiconducting phases of this
unique ensemble of fluids at extreme conditions. The
conductivities of nitrogen scale essentially as those of
oxygen, as expected. These experiments also yield a
simple explanation for why the simple Herzfeld criterion
[12] yields calculated metallization densities of mona-
tomic H and Cs which are in excellent agreement with
experiment.

Dense fluid nitrogen is probably monatomic and highly
degenerate in these experiments. While the pressures in
the nitrogen experiments are determined to within 1% by
measurement of impactor velocity, the densities and tem-
peratures are calculated by simulating each experiment
using the nitrogen equation of state described previously
[13]. Calculated densities ranged from 2.9 to 4.2 g/cm?.
Temperatures were in the range 6000 to 8000 K. These are
estimated from the hydrodynamic simulations and pre-
vious single and double shock-temperature measurements
[13]. We used the fact that the majority of the final
temperature in a shock reverberation experiment is de-
posited on the first and second shocks. For nitrogen, we
typically get four reverberations until we reach the final
pressure. Since our second shock pressures in each of the
experiments lay in the same range as the previously
measured double shock temperatures [13], for our final
temperature, we estimated a second shock temperature
based on the previous measurements and added a repre-
sentative amount for the final two reverberations.

N, dissociates when kpT;/E;~ 0.1, where kg is
Boltzmann’s constant, T is the temperature of dissocia-
tion, and E,;~ is the dissociation energy at 0 K [14]. At a
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density of 3 g/cm?, E; ~ 3 eV [15] and thus kzT/E, ~
0.2, which suggests that nitrogen is completely dissoci-
ated. In addition, the calculated dissociation fraction of
N, molecules is 0.4 at 2.9 g/cm? on the 5000 K isotherm
[16]. Because of the higher densities and temperatures
reached in these experiments, the dissociation fraction
will be substantially higher. Again, this suggests that all
the N, molecules are dissociated, which is the assumption
we make for both N and O. Total dissociation of N, is
remarkable in view of the fact that the dissociation energy
of the triple bond of the N, molecule is 9.8 eV. It is also
quite probable that H; is totally dissociated, given that the
calculated H, dimer lifetime is ~10~'# s at conditions in
these experiments [17,18]. Similarly, expanded Cs and Rb
undergo a nonmetal-metal transition in a fluid composed
primarily of monomers with a relatively low concentra-
tion of dimers [19]. Thus, in the following considerations,
we assume that all five fluids are monatomic and consider
their atomic wave functions. While there might be some
relatively low concentration of dimers in these fluids, their
concentration should be sufficiently low so that the basic
conclusion is unchanged.

The nitrogen results reported here used multiple-shock
compression [20,21] to reach 80 to 180 GPa at ~7000 K.
At the maximum density of 4.2 g/cm?, the free-electron
Fermi energy of N with three valence electrons per atom
is 24 eV, large compared to the temperature of 0.6 eV.
Similarly, the free-electron Fermi energies of H and O
are 19 and 29 eV at a density of 0.64 and 4.75 g/cm?,
respectively. Thus, metallic fluid N, O, and H are highly
degenerate.

The electrical conductivity of nitrogen was measured
using two different circuits depending on the expected
value of the conductivity. For conductivities below 1
(Q-cm)~!, a charged capacitor is discharged through
the sample which is initially an insulator and becomes
conducting after shock compression [22]. The measured
resistance is converted to a conductivity using an experi-
mentally determined geometric factor. This method loses
sensitivity when resistances fall below a few Ohms. For
conductivities above 1 ({2 -cm) ™!, a constant current sup-
ply flows through the parallel combination of a known
shunt resistor and the sample with two voltage probes [21].
Sensitivity is maximized by choosing the shunt resistor
equal to the expected sample resistance at high pressure.
For conductivities of 10?> up to 10* (2 -cm)~! the same
circuit and four voltage probes are used on the sample
because of possible contact resistances. In these ex-
periments, shunt resistances of a few 0.1 () were used
and voltages of 0.3 to 1.3 V were measured with currents
of ~5 A.

The electrical conductivity of nitrogen to 180 GPa is
shown in Fig. 1. The electrical conductivity of nitrogen is
very similar to those of hydrogen [1] and oxygen [2].
From 80 to 120 GPa, nitrogen is semiconducting and can
be described by the same exponential form used to de-
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FIG. 1. The electrical conductivity of fluid N, H, and O
plotted as a function of multiple shock pressure. Minimum
metallic conductivity is reached at 100, 120, and 140 GPa for
oxygen, nitrogen, and hydrogen, respectively. Compression
factors over intial liquid densities are 3.6, 4.2, and 9.1 for these
three fluids, respectively.

scribe the semiconducting state in fluid hydrogen [21].
The electrical conductivity of nitrogen reaches minimum
metallic conductivity at ~120 GPa. The conductivity
above the transition, 1000 ({2 -cm)~!, is essentially pres-
sure and temperature independent. Metallic conductivity
is expected to increase only a factor of ~2 at higher
pressures up to several TPa [23]. Except for slightly
different transition pressures to the metallic fluid, the
electrical conductivity of all three are essentially the
same. The slight differences in the conductivity in
the semiconducting region is attributed to the different
thermal history and mobility gap of each material.

The electrical conductivity of nitrogen, hydrogen [1],
and oxygen [2] is plotted versus D'/3a* [24] in Fig. 2. For
a*, we used the empirical values of Slater [25] except for
hydrogen. For hydrogen, we used the exact value of the
Bohr radius. The scaled electrical conductivity curves for
N and O almost coincide and reach metallic transition at
D'3a* ~ 0.34. For comparison, the scaled electrical con-
ductivity curves for H [1], Rb, and Cs [3] are also shown
in Fig. 2. For these monovalent elements, the metallic
transition occurs at D'/3a* ~ 0.38. By scaling the elec-
trical conductivity of N and O with a*, we show that the
behavior of both materials is identical. Furthermore, we
find that there is a general trend that polyvalent atoms like
N and O reach metallization at lower values of the scaled
density than monovalent atoms like H, Rb, and Cs.

The general systematics for the electrical conductiv-
ities of N, H, O, Cs, and Rb in the semiconducting region
can be explained on the basis of their relative radial
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FIG. 2. The electrical conductivity of N, H, O, Cs, and Rb
plotted versus the scaled density D'/3a*, where D™'/3 is the
average distance between atoms and a* is the size of the atom.

charge-density distributions. The valence charge-density
distributions [26] for N, H, O, Cs, and Rb are shown in
Fig. 3(a). For purposes of comparison, the charge-density
distributions for each element have been shifted so that
the peak in each distribution lies at r = 1 bohr. For N and
O, whose valence shell is in a p orbital, the charge dis-
tribution has been spherically averaged. From Fig. 3(a),
elements that semiconduct at lower relative densities
(pressures of 0.01 GPa), Rb and Cs, have the largest radial
extent of the charge distributions. Not very much com-
pression is required to have sufficient overlap of the
valence electrons between adjacent atoms to delocalize.
Hydrogen has the smallest radial extent and requires the
highest pressure (~ 140 GPa) to reach metallization.
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FIG. 3 (color online).

However, the scaled electrical conductivity curves of H,
Rb, and Cs all metallize at a common value of the scaled
density, D'/3a* ~ 0.38. The charge densities of N and O
have a radial extent comparable to that of H; the free atom
sizes of H, N, and O are very close. However, N and O
have three and four valence electrons, respectively, and
thus have a higher charge density at a given radius than H.
As a result, N and O reach metallization at a slightly
lower value of the scaled density, 0.34 rather than 0.38.
Effectively, the amount of overlap between the valence
shell of adjacent atoms determines the transition to a
metallic state (delocalized electrons). This simple picture
illustrates the physical basis for the Mott criteria,
D,ln/ 3t = const, used previously to understand the non-
metal to metal transition in hydrogen and oxygen. The
constant in the Mott criteria depends, not surprisingly, on
the valence of the atom. This simple model, based on
atomic wave functions, readily estimates the metalliza-
tion densities for monatomic fluids and shows that the
metallization process depends systematically on the elec-
tronic structure. In this discussion, we have not included
other factors such as hybridization of wave functions,
different scattering mechanisms, and other details which
are likely important. Also, we have used ambient pressure
atomic wave functions in this analysis in the same spirit
as Mott.

Besides the Mott picture, we can examine the metal-
lization process from the Herzfeld-Goldhammer picture
[12]. In the Herzfeld-Goldhammer picture, compressing a
system with average polarizability, o, and molar density,
D, results in a dielectric catastrophe and a transition to a
metallic state when %”aD = 1. Since «a is considered to
be constant, this equation defines metallization density.
The different radial extents of the charge-density distri-
butions are consistent with the large differences in elec-
tronic polarizabilities of these atoms and the approach to
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(a) The valence electron densities (47Tr21//* ) of N, H, O, Rb, and Cs are plotted as a function of r. The

charge-density distributions are plotted, for comparison purposes, with the peak of the distribution centered at 1. (b) The data in

(a) plotted on a different scale.
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a metallic state within the Herzfeld-Goldhammer pic-
ture. The average electronic polarizability for H, N, O,
Rb, and Cs are 0.667, 1.10, 0.802, 47.3, and 59.6 (in units
of 1072* cm?®) [27], respectively. So for H, we get a
metallization density of 0.60 mol/cm® which is consis-
tent with the experimental value of 0.64 mol/cm? [1]. The
polarizability is larger for the large atoms, Rb and Cs,
because the outer electrons are screened from the nucleus
by the large electronic core. Thus the outer electrons see a
relatively lower Coulomb force and, hence, respond much
more to an applied electric field than electrons within
more tightly bound atoms. The electron in the hydrogen
atom sees the unscreened Coulomb force of the proton and
is tightly bound. In this way, an electric field causes a
larger polarizability of a large atom relative to that of a
small one.

We have demonstrated that the electrical conductivities
in the semiconducting regime and metallization of dense
fluids are correlated with radial variations in the charge-
density distributions of the respective atoms. The behav-
ior of the electrical conductivity of dense fluid nitrogen
was shown to be nearly identical to that of oxygen, as
predicted by this simple picture. While the original ob-
servation of a metallic transition in dense fluid hydrogen
was unexpected, this nonmetal to metal transition occurs
systematically in a number of different fluids. The only
requirement for this transition is a fluid that is compressed
sufficiently for the valence shell of adjacent atoms to
overlap. Also, while each of these dense fluid systems
might have some small fraction of dimers, we argue that
the transition to a metallic fluid is dominated by the
monatomic species and that a similar effect is expected
for the diatomic species. We expect that a larger
number of fluid systems have an identical nonmetal to
metal transition. For example, CO, which is isoelectronic
to N,, is expected to behave like nitrogen and oxygen,
while Cl,, F,, and Br, are expected to behave like H, Cs,
and Rb.
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