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Insulator-metal transition of fluid molecular hydrogen
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Dynamically compressed fluid hydrogen shows evidence for metallization at the relatively low pressure of
140 GPa(1.4 Mba)p while experiments on solid hydrogen made in a diamond-anvil cell have failed to detect
any evidence for gap closure up to a pressure of 230 @RPaMbal). Two possible mechanisms for metal-
liclike resistivity are put forward. The first is that as a consequence of the large thermal disorder in the fluid
(kT~0.2-0.3 eV short-range molecular interactions lead to band tailing that extends the band edge into the
gap, resulting in closure at a lower pressure than in the solid. The second mechanism argues that molecular
dissociation creates H atoms that behave similantype donors in a heavily doped semiconductor and
undergo a nonmetal-metal Mott-type transitip80163-182¢06)51838-2

Weir et al! recently reported electrical resistivity mea- tion band that is analogous to the metallic state of a highly
surements for liquid H and D, compressed by multiple doped semiconductor. This is essentially the extension to
shocks to calculated pressures of 93—-180 G®A3-1.8 very high donor concentrations of an idea first put forth by
Mbar) and temperatures of the order 3000 K. Over this rangeviott.?
the resistivity decreases by almost four orders of magnitude In order to attain 140 GPa dynamically, Weit al. first
to a value of 510" * Q1cm at a pressure of 140 GPa and ashocked a thin layer of liquid hydrogen sandwiched between
calculated volume of 3.2 cimol H,. This resistivity is  two sapphire anvils to 470.2 GPa and allowed the shock
typical of a liquid alkali metal. Weiret al. interpreted the  to reverberate between the anvils. This process was simu-
meta”iC ConductiVity at 140 GPa as resulting from therma“ated by a hydrodynamics Computer program using a hydro_
electron activation across the molecular semiconductingen equation of stateo provide the final temperature and
band gap. They assume that at the semiconducting band g@Rnsity. It is well known that a series of multiple shocks
(Eg) at this pressure equals the thermal energ¥)( or  555r6ach an isentrope and provides a method to attain a very
E,=kT=0.3 eV. At these conditions the conduction elec-jon hressure dynamically without the very high temperature
trons are partially degenerate. Using tabular values for th ccompanying a single strong shock.

Fermi-Dirac mteglraI% leads to_the prediction of a carrier | present paper we approximated this process, with-
density ofn.~10?* electrons/cmi. This value is comparable . ' . .
out using a hydro program, by first calculating the Hugoniot

to that estimated from the Mott criteria for expanded Cs nea
its nonmetal-metal transitiSrand the carrier density of an boa pressure of 4.7 GPa and terr_lperature_ (.)f 1451 K followed
by an isotrope from these starting conditions. The present

alkali metal at room temperature. lculati d . h hvd
At ambient pressure molecular hydrogen is an insulatof2/cU'ations were made using the more recent hydrogen
[,>” which was normalized to

with a band gap of about 17 €V/Theoretical calculations Model described in Holmest a
predict that with increasing density the band gap decreasdd the reflected shock at a temperature-5000 K and a
continuously and goes to zero at predicted pressures rangimjessure of abou? =84 GPa while retaining the agreement
from 150 to 300 GPa® depending on the orientation of the With all the previous lower pressure shock data. The results
molecules in the cryst&l.For an orientationally disordered from the shock-isentrope calculation for hydrogen are shown
phase calculations place metallization close to 300 GPa and Fig. 1. The final temperature~2600 K) obtained at 140
at a volume of 1.9 crifmol.® Optical experiments on solid GPa is somewhat lower than that of Weiral. mainly be-
hydrogen made in a diamond-anvil cell have failed to detectause of the improved molecular dissociation physics. The
any evidence for gap closure up to a pressure of 230 ‘'GPamodel predicts that at the reported metallization pressure the
The purpose of this study is to understand why dynamivolume is 2.9 cni/mol, also smaller than previously calcu-
cally compressed hydrogen shows evidence for metallizatiotated. But the essential points made in this report are not
at the relatively low pressure as 140 GPa. The key featureensitive to these differences. At higher pressures, isentropic
that distinguishes dynamic experiments from static is thatemperatures decrease with increasing pressure. This results
dynamic compression generates partially dissociated highiecause in a constant energy or entropy dynamic process
temperature states with molecular collisions occurring amolecular dissociation absorbs kinetic energy thereby lower-
much shorter separations than in the solid. On the basis dfig the temperature. In this case the entropy is maintained at
these facts we put forward two possible mechanisms for mea constant value by the increase in the number of particles.
talliclike resistivity. The first is that the short range molecu-  The theoretical mod¥l uses a modified hard-sphere ref-
lar interactions lead to band tailing which extends the banarence system to calculate the radial distribution function
edge into the gap resulting in closure at a smaller volumend a reference free energy. The hard-sphere packing frac-
than in the solid phase. The second is that H atoms creatdibn, »=mpd®/6 is used as a variational parameter to mini-
by molecular dissociation form am-type impurity conduc- mize the total free energy. is the densityN/V, andd is the
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FIG. 1. Calculated liquid hydrogen isentrope: pressure versus
temperature. FIG. 3. Pressure versus energy of dissociatigg) (and fraction
of molecules dissociatedky).

hard sphere diameter. Figure 2 shows a plot of the hard
sphere radial distribution functiomy(r, ») of fluid hydrogen (Eq) as a function of pressure along the isentrope. The
at these conditions. At a pressure of 140 GR&,0.377 and model? predicts that the dissociation energy decreases with
d=1.5 A. d represents the distance of closest approach bdncreasing density, and goes to zero near 320 GPa. The den-
tween colliding molecules. For the purpose of comparisonsity dependence of the dissociation energy can be understood
we also denote the nearest-neighbor separatigrs1.64 A, by recognizing that while a low density dissociation leads to
for hydrogen molecules on an hcp lattice0aK and a pres- atoms in the gas phase, high density atoms recombine in a
sure of 300 GPa and a volume of 1.9 ¥mol. At this vol- condensed system and some of the energy used to break the
ume Chacham and LoUigredicted that a solid of freely bond is returned. This leads to a lowering of the dissociation
rotating hydrogen molecules will metallize by band gap clo-energy with increasing density and an enhanced degree of
sure. The striking feature emerging from the plotggf) is dissociation at all pressures. Lowering of the dissociation
that each hydrogen molecule in fluid is surrounded by abougnergy is the molecular analog of the lowering of the elec-
five neighbor molecules at distances betweerl.5 and 1.8  tron band gap, and happens for the same reason. That is, the
A. These separations are comparable to the nearest neighi®Jctron kinetic energy increases with increasing density de-
distance in the solid at Chacham and Louie’s predicted metstabilizing the covalent diatomic bond and broadening the
allization density. Such states will lower the gap enhancing/@lence band thereby narrowing the band gap and decreasing
the degree of thermal electron excitation or even close ithe dissociation energy. At 140 GHgy decreases to 1.5 eV
leading to metallic properties. This feature is similar to the@ndXy=6.4%. Since each dissociated molecule provides two
origin of band tails in disordered lattices and impurity bandsatoms this means that the atom or donor electron concentra-
in semiconductors which show a high density of states extion, Nc=N/V, is 2.7x 10°” electrons/cm and has a free-
tending from the band edge of the ideal crystal and decreagdectron Fermi energy of 3.26 eV. For comparison with the
exponentially into the band gap. alkali metals the electron density in solid potassium and so-
Molecular dissociation is a second mechanism whictdium are, respectively, 1.34 and X80% electrons/cr
could lead to metallic resistivity at lower pressures than bandRef. 12 and the Fermi energies are 2.1 and 3.1 eV. Even a
gap closure. Figure 3 shows a plot of the fraction of hydro-2% dissociation of hydrogen will lead to a Fermi energy of

gen molecules dissociated4) and energy of dissociation 1.5 e\_/, that @s equal to that of solid cesium. The alkali metal
Fermi energies are very nearly the same as for the hydrogen

donor system. The reason for the near equality is that al-
though the number of free electrons in the hydrogen fluid
3.0 1 may be only 0.1 the number of electrons in an alkali metal
conduction band, the molar volume of hydrodg&r® cnt) is
also only about 0.1 the volume of K and N45 and 24
2.0} . cnt®, respectively. Simple free-electron theory predicts that
given similar electron densities the electrical resistivities

3.5

2.5¢

g(n

1.5} should be similar, or in this case metalliclike.

1.0} R The electronic behavior of alkali metal-alkali halide melts
0.5 |hCP,"" ‘ . ‘ is another example of a fluid system exhibiting a nonmetal-
30 1.5 20 2.5 3.0 3.5 4.0 metal transition® The alkalis are simple nearly free-electron

r (&) metals and the halides are completely dissociated closed

shell ions. One of the best studied systems is that of fluid
FIG. 2. Calculated)(r) at =0.377,T=2600 K, and 140 GPa. K-KCl at 800 °C. At low metal concentrationg{<0.2) the
Indicated on ther axis as “hcpnn’ is the separation between electrical conductivity is characteristic of the ionic conduc-
nearest neighbor molecules on an hcp lattice at 0 K. tivity of the pure molten salt and above,~0.2 (n~2
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x 107 cm~3) it rapidly increases reaching metallic charac- 18 GPat® lodine remains diatomic at that pressure and un-
ter. Except for the Coulombic interaction between ions thisdergoes a continuous structural change becoming a mono-
system is very similar to a fluid of partially dissociated hy- atomic metal near 21 GPaIn molten iodine, near freezing
drogen. (T~1000 K), the electrical conductivity was found to in-

A connection can also be made between fluids with “im-crease by four orders of magnitude between 3 and 4 'GPa.

purity” atoms and standard semiconductor physics. It is wellOver this narrow pressure range the shape of the melting
known thatn-type donor impurity states are near the conduc-Curve undergoes a drastic change vdffydP decreasing by
tion band edge. If a large number of donors are introduced factor of 2. This could be explained by molecular dissocia-
the electron concentration may induce a metalliclike behavlion- Since,dT/dP=TAV/AH, where AV is the volume

ior. The donors will form bandlike states near the conductiorP.hangt‘)e on r;ilsting andll(—; is the x_t'halpa/ ghange.dDi/sdsocia-
edge, and the Fermi level will reside within this band. Tran-iion above 3 GPa would increaseH and decreasd T/dP.

sitions from insulating to metallic behavior have been ob-G';ggréT]e ra\}\;/)i![ﬂ ﬁcsiv:\mn;ﬁsb:n?ggéirgpee\r/)agir:g %\?\In:j?snsd :mvn
served to occur in a number of systems. One of the besffat'on erllér \(1.54 eV}, should gro 'de a favorable case for
understood examples is thatmtype silicon and germanium atl gy~ ’ u'd provi v

in which the insulator to metal transition is produced bystudylng the insulator-metal fluid transition. The appearance

increasing the concentration of group V donors, P, As orOf similar behavior in hydrogen and ?odine suggests this i.S a
Sb* For donor concentrations below some concentrationgeneral phenomena. In summary, high temperature provides

X a continuous path from molecular to metal, which differs
n., electrons are bound to single donor atoms or small clus;

) . “fundamentally from that of the solid.
ter of atoms. Above a second concentratiog,, the Fermi .
; In summary, two mechanisms have been proposed to ex-
level of the donor electrons passes into the host crystal con-

. ; . plain why metalliclike electrical conductivity is observed in
duction band and the system acquires properties characteris-. .
. : U . fluid hydrogen at 140 GPa, a considerably lower pressure
tic of a metal. The insulator-metal transition in doped semi-

than in the solid. These arét) disorder induced band tailing

conductors is generally believed to be a continuous phasgnd (2) dissociation-induced H impurity band conduction.

vansiion. By conpressing molecuar ycrogen 2t @ N Tk ot b mechaniss are operane ov
b ping p P some range of conditions, our calculation of the fraction of

hydrogen atom donors are created by molecular dISSOC'at'orrr]mlecular dissociation predicts that the electron density of

ggeﬂz)ef Zlﬁti:trh(?nsdgazz ln;[guthel\?()sr;(;l]zji(été?]r;l?;r;? J;Ztcglsjslg toTe H impurity band at 140 GPa is comparable to that of an
ghly doped group ' Ikali metal at ambient conditions which is sufficient to

:ir;envgfryaggi %%/nsi'rt]y t%femorfs?sulﬂ?é r:);?]rogigae;/elllg ?BI;ZO(\:/\I/?}_ ause metallic conductivity, with or without a further contri-
> P 9 ution from induced band gap tailing.

produce metalliclike electron densities and electrical resistiv-
ity. We wish to thank Bill Nellis and Christian Mailhiot for

lodine is another diatomic molecule, which has beentheir helpful comments. This work was supported under the
found to metallize in the liquid at a lower pressure than inauspices of the U.S. Department of Energy by the Lawrence
the solid®® In the solid a sharp rise in the electrical conduc- Livermore National Laboratory under Contract No. W-7405-
tivity and closure of the optical gap has been observed nedng-48.
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