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Ab initio simulation of the metal/nonmetal transition in expanded fluid mercury

G. Kresse and J. Hafner
Institut für Theoretische Physik and Center for Computational Materials Science, Technische Universita¨t Wien,

Wiedner Hauptstrasse 8-10, A-1040 Wien, Austria
~Received 5 November 1996!

We present an investigation of the variation of the structural and electronic properties of liquid mercury for
states along the liquid-vapor coexistence line, spanning the range from the triple point to the critical point. Our
study is based onab initio density-functional molecular dynamics on the Born-Oppenheimer surface. Of
central interest is the metal/nonmetal transition occurring at densities approximately twice the critical densities.
We show that the density-functional calculations describe the atomic structure very accurately over the entire
range from the triple point to the critical point. We find that a single-particle gap between the 6s and the
6p band opens at a density of about 8.8 g cm23, i.e., very close to the density where optical measurements
locate the onset of the formation of an optical gap. The detailed investigation of the band edges and of the
participation ratio of the eigenstates suggests that the metal/nonmetal transition is best described as a simple
band-crossing transition and that electron localization and many-body effects may not be as important as
assumed in current scenarios for the transition.@S0163-1829~97!06311-X#
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I. INTRODUCTION

The investigation of the properties of liquid metals, e
panded by heating up to the liquid-vapor critical point, h
attracted much attention over the past decades.1 The main
objectives of this work are to study how the physical pro
erties vary under changes of the density that are large eno
to transform the liquid metal into a nonmetal through lar
expansion, to find out whether the metal/nonmetal~M/NM !
transition occurs at sub- or supercritical conditions and
establish a microscopic scenario for this transition. Beca
liquid mercury possesses a low critical temperature and p
sure, the M/NM transition has been studied experimentall
great detail through measurements of the electrical cond
tivity, thermopower, Hall coefficient, optical reflectivity an
absorption, nuclear magnetic resonance, atomic struc
sound velocity, and equation of state.2–10 In particular it has
been pointed out that the M/NM transition also influences
critical behavior and leads to a violation of the ‘‘law of re
tilinear diameters’’ for the liquid-vapor coexistence curve8

The possibility that this law~which is rather an empirica
rule for simple insulating fluids! could be violated for sys-
tems where the interatomic interactions depend strongly
the thermodynamic state~like for liquid metals close to a
M/NM transition! had been anticipated by a number of th
oretical studies.11–14 For expanded Hg, where in contrast
the expanded alkali metals thes-p band gap opens at highe
than critical densities, the high-density side of the coex
ence curve is much steeper than in the alkali metals, refl
ing the interplay of the M/NM and liquid/vapor transitions8

For liquid Hg a thermodynamic two-state model admitti
the coexistence of neutral Hg atoms and screened Hg1 and
Hg21 ions and allowing for association processes leading
the formation of neutral Hg2 dimers and molecular Hg2

1

and Hg2
21 ions accounts, in a semiquantitative way, for t

form of the coexistence curve.15,16 For the M/NM transition
this leads to a scenario associating the M/NM transition w
the clustering of Hg ions forming a dense metallic netwo
550163-1829/97/55~12!/7539~10!/$10.00
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and the decreasing size and concentration of these cluste15

However, this is essentially an atomic model and does
offer a microscopic description of the electronic transition

Hence, in spite of the wealth of experimental informati
available, the nature of the M/NM transition is still insuffi
ciently understood. Although there is general agreement
within the Bloch-Wilson band model this type of transitio
has to be expected in any divalent metal when the expan
is sufficiently large so that thes andp conduction bands no
longer overlap, very different scenarios have been propo
for the mechanism of the transition. Mott17 proposed that the
general features of the band model will remain valid in t
liquid state, but with the band edges smeared out by diso
and the band tails overlapping in the region of the Fer
energyEF . Hence the real gap is replaced by a minimum
electronic density of states~DOS! or pseudogap. States in th
pseudogap will be localized due to disorder~Anderson local-
ization! and the M/NM transition arises from the formatio
of a mobility gap within the pseudogap. An optical gap
expected to open only at densities that are even lower t
those at the M/NM transition. But when the variation of th
DOS is driven by changes in the density, large fluctuation
the density such as those that occur close to the critical p
must play an important role. This has led Cohen a
Jortner18 to propose a semiclassical percolation model for
M/NM transition based on the assumption of the simul
neous existence of metallic and semiconducting regio
While these two models are based on one-electron pictu
the correlation between density-fluctuations and the ma
body aspect of the transition has been emphasized
Turkevich and Cohen.19 They argued that the insulating ex
panded liquid mercury and the dense vapor constitute a
ordered, inhomogeneous insulator phase. A correlation
caused by the condensation of Frenkel excitons opens be
a single-particle gap. A single-particle gap is expected
form only at the liquid-vapor critical point. The correlatio
gap becomes the single-particle gap only in the transit
7539 © 1997 The American Physical Society
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7540 55G. KRESSE AND J. HAFNER
regime from the excitonic insulator phase to the insulat
vapor.

One of the motivations for the formulation of the exc
tonic insulator model was certainly the fact that ban
structure calculations for expanded crystalline mercury
various structures with a fixed interatomic distance and
creasing coordination numbers indicated that the band
opens only close to the critical density and not at the m
higher density where the M/NM transition has be
observed.20–22However, such calculations completely igno
all aspects of disorder. The form of the electronic DOS clo
to the Fermi level depends strongly on the crystalline str
ture @simple, body-centered-cubic~bcc!, and face-centered
cubic ~fcc!, and diamond~dia!# used to model the liquid
structure. The low-coordinated simple cubic (Nc56) and
diamond (Nc54) structures~which should be most repre
sentative for the expanded metals! in particular show a rathe
contrasting behavior: For the diamond structureEF falls very
close to the lower edge of a sharp peak in thep-state DOS,
whereas in the simple cubic structureEF falls into a region
of high DOS. Hence the variation of the DOS atEF in a
series of fcc-bcc-sc-dia calculations with a fixed neare
neighbor distance reflects rather the effect of the chang
long-range structural correlations than the effect of a hom
geneous expansion of the fluid. An attempt to calculate
DOS for liquid Hg over a wide range of densities was ma
by Yonezawaet al.23 on the basis of a tight-binding single
site-scattering approximation. The onset of an energy
was found only at densities in the range 224 g/cm3, i.e., at
densities even lower than predicted by the crystalline ba
structure calculations and much lower than the critical d
sity. Recent self-consistent supercell calculations of the e
tronic DOS based on realistic models for liquid Hg~Ref. 24!
predict a shallow minimum in the DOS close to the Fer
level and are in good agreement with photoemiss
studies.25 However, both theory and experiment refer only
densities close to the triple point.

Simultaneous self-consistent calculations of the ato
and the electronic structure of disordered materials are
possible using theab initio density-functional molecular
dynamics~MD! techniques pioneered by Car and Parrine
~CP!.26 However, it has turned out that while the fictitiou
Lagrangian dynamics for the electronic degrees of freed
proposed by CP is well suited for semiconducting syste
the nonadiabaticity problems are much more difficult
handle for metals. Here it is more advantageous to perf
MD on the Born-Oppenheimer surface, calculating the elec-
tronic ground state and the Hellmann-Feynman forces
actly after each move of the ions.27–29Still, mercury is very
difficult to handle since the strong hybridization of thes and
d states makes it necessary to treat all twelves andd elec-
trons dynamically. The fast dynamics at high temperatu
close to the critical point leads to further massive compu
tional difficulties.

In this paper we present anab initio MD study of the
structural and electronic properties of fluid mercury for
series of states along the liquid/vapor coexistence cu
spanning the range from close to the triple point to the cr
cal point. In our calculations all ten 5d and the two 6s,p
electrons are treated as valence electrons. Our results fo
atomic structure are in very good agreement with the m
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recent x-ray-diffraction experiments;9 the calculated DOS’s
show that a single-particle gap opens at precisely the s
density where recent optical absorption data6 locate the onset
of an optical gap. The analysis of the electronic eigensta
suggests that the scenario for the M/NM transitions is s
pler than those advocated to date:at least for the system siz
we usedwe cannot find any indication for a disorder-induc
tailing of the band edges or for the onset of localization n
the Fermi edge. There is no distinction between a mobi
gap and the optical gap. This suggests the conclusion tha
M/NM transition in expanded fluid mercury arises from th
formation of a single-particle gap between thes andp bands
as the bands become narrower with decreasing coordina
number, but is not directly related to disorder-induced loc
ization. However, we have to remember the limitations
herent in our approach: the well-known tendency of t
local-density approximation to underestimate the width
the gap and the limited system-size that can be handled iab
initio calculations. A critical discussion of these effects
given in Sec. VI.

II. AB INITIO LOCAL-DENSITY MOLECULAR
DYNAMICS

Our calculations have been performed using the Vien
ab initio simulation program~VASP!.28–31 The VASP is
based on the following principles.

~i! Finite-temperature local-density functional theo
leads to a smearing of the one-electron levels and to a f
tional occupancy of states close to the Fermi edge. T
smearing improves the convergence of thekW -space integrals;
the fractional occupancy is important for achieving a go
stability of the simulations~exact conservation of the fre
energy! even in metallic systems. In practice we use t
smearing functions proposed by Methfessel and Paxton.32

~ii ! The exact Kohn-Sham ground state is calculated a
each ionic movevia a sequential band-by-band algorith
based on the minimization of the norm of the residual vec
to each eigenstate and on an efficient charge-den
mixing.30,31

~iii ! The electron-ion interaction is described byultrasoft
pseudopotentials similar to those proposed b
Vanderbilt.33,34 This is important for achieving a reasonab
plane-wave convergence even for the relatively localiz
5d electrons. We used two nonlocal projectors~i.e., two ref-
erence energies! per angular-momentum component, the c
off radii areRc,l 5 3.2 a.u. forl52 andRc,15Rc,0 5 3.0 a.u
for l51,0; the radii for the calculation of the augmentatio
functions areRaug,25 3.0 a.u. andRaug,15Raug,05 2.9 a.u.
The truncated all-electron pseudopotential has been ch
as the local component. With this choice of the pseudopo
tial, good plane-wave convergence can be achieved wi
cutoff energy ofEcut 5 150 eV. The pseudopotential ha
been carefully tested in calculations of the Hg2 dimer and of
the crystal structures~see the next section!.

~iv! The MD simulations have been performed in theca-
nonical ensemble, using Nose´ dynamics and a fourth-orde
predictor-corrector algorithm for the integration of the equ
tions of motion. For all further details of the technique, s
Refs. 29 and 30.
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55 7541Ab initio SIMULATION OF THE METAL/NONMETAL . . .
III. THE Hg DIMER

For the Hg2 dimer we calculate a bond length o
d053.058 Å, a binding energy ofEB50.207 eV, and a mo-
lecular eigenfrequency ofv553.9 cm21, to be compared
with the experimental values ofd053.63 Å andEB50.07
eV.35 Our results are in good agreement with earlier loc
density-functional ~LDF! calculations by Ballone and
Galli,36 but in admittedly rather modest agreement with e
periment. For the group-II dimers the overbinding tendenc
of the local-density approximation is notorious and w
documented in the literature~see Ref. 36 for a more detaile
discussion!. Calculations using a generalized gradient a
proximation ~GGA! ~we used the functional proposed b
Perdewet al.37! show a drastic improvement over the LD
results: the bond length (d0 5 3.533 Å! and binding energy
(EB 5 0.067 eV! are now in almost perfect agreement wi
experiment. However, we have to note that the degree
agreement is to some degree fortuitous. For most m
dimers the GGA does not lead to a complete compensa
of the LDF error~see also below!.

IV. ATOMIC AND ELECTRONIC STRUCTURE
OF THE CRYSTALLINE PHASES OF Hg

We have also investigated the phase stability of solid H
At ambient temperature the experimentally stable crystal
structure may be described as a rhombohedral distortio
the fcc structure (a-Hg!, whereas under pressure and at ze
temperature the stable crystalline configuration is a tetra
nal distortion of the bcc structure (b-Hg!.38,39 Figure 1
shows the variation of the total energy of crystalline Hg a
function of a rhombohedral distortion of the fcc lattice~the
distortion parametera measures the contraction/expansi
along the body diagonal! and as a function of a tetragon
distortion of a bcc lattice~the distortion parameter is equal
the axial ratioc/a). At each given distortion, the volume wa
relaxed so that the zero-pressure equilibrium condition is
isfied. We find that for both thea andb phases the equilib
rium structure~i.e., the parametersa andc/a describing the
distortion! and volume are predicted with good accuracy~see
Table I!. Figure 2 shows the variation of the total energy a
pressure of thea- andb-phases and of a hexagonal-clos
packed phase~which is the high-pressured-Hg phase ac-
cording to Schulte and Holzapfel.!38 At each volume the
structural parameters have been optimized. Figure 3 sh
the variation of the rhombohedral and tetrahedral distorti
under compression or expansion. Whereas the rhombohe
distortion changes all the way froma50.5 ~i.e., a simple
cubic structure! at a slight expansion toa51 ~i.e., a face-
centered-cubic structure! at very high compression, the te
tragonal distortion shows only little variation over a wid
range of pressures. For the structural energy differences
slightly disappointing result is that at zero temperatu
a-Hg is predicted to be more stable thatb-Hg, in contradic-
tion to the accepted phase diagram showing thatb-Hg be-
comes the stable phase belowT. 70 K. From Fig. 2 it can
be estimated thatb-Hg should be lowered by about 10 meV
atom to bring theE-V curves in nearly perfect agreeme
with the experimental phase diagram. To rule out any p
sible errors, the calculations have been done with great
and high accuracy~i.e., a 15315315 k point mesh and a
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300-eV plane-wave cutoff!, so that the overall accuracy i
better than 1 meV. In addition, we have checked our res
with an accurate norm-conserving pseudopotential~which
required a cutoff of more than 800 eV! and obtained virtually
the same results. The discrepancy between theory and
periment can be tentatively attributed to two rather differe
effects.~a! The vibrational contributions to the free energ

FIG. 1. Total energy as a function of the lattice distortion~a!
a in the rhombohedrala-Hg and ~b! c/a in the tetragonalb-Hg
phases. For the definition of the distortion parameters, see the

TABLE I. Structural parameters fora-Hg andb-Hg: atomic
volumeV, bulk modulusB ~the bulk modulus has been obtained b
a full relaxation of the internal degrees of freedom, i.e., relaxat
of a, at each volume!, cohesive energyE, and parametersa and
c/a which describes the distortion with respect to the fcc struct
~for a-Hg! and the bcc structure~for b-Hg!, respectively.

V ~Å 3) B ~kbar! E a

a-Hg ~theory! 22.91 270 -1.002 0.76
a-Hg ~experiment! 23.16a 0.79b

V ~Å 3) B ~kbar! E c/a

b-Hg ~theory! 22.20 514 -0.991 0.716
b-Hg ~experiment! 22.56b 0.707b

aReference 39.
bReference 47.
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7542 55G. KRESSE AND J. HAFNER
are neglected. Our results for the bulk modulus show that
b phase is much harder than thea phase, so that the vibra
tional entropy should favor rather the ‘‘soft’’a phase. How-
ever, one should keep in mind that both phases are ra
anisotropic, so that it cannot be excluded that soft sh
modes reverse the argumentation. Evidently, detailed stu
of the vibrational properties~by both theory and experimen!
would be of great interest.~b! The error stems from one o
the basic approximations. We are currently using the L
approximation, the neglect of spin-orbit coupling, and t
frozen-core approximation. Because the ultrasoft pseudo
tentials mimic the exact all-electron density with great ac
racy, errors due to the pseudopotential approximation
negligible and the frozen-core approximation should a
play only a minor rule for Hg. The calculations are also w
converged with respect to the plane-wave cutoff. Even a
culation with a cutoff of only 150 eV reproduces the stru
tural energy differences obtained with the hard nor
conserving pseudopotential to within; 1 meV/atom.
Nonlocal corrections could play a certain role. However,
the level of the GGA, we find that the corrections lead to
large increase of the equilibrium volume. This is in agre
ment with a general tendency of the GGA to ‘‘overcorrec
the LDA errors that we have found also in other hea
B-group elements~Sb, Bi, Te, etc.!.40,41 This leaves relativ-
istic effects. Indeed, spin-orbit coupling leads to a splitting
the d band with the result that only the upper part overla
with the s,p band so that the (s,p)-d hybridization eventu-
ally becomes anisotropic. Fully relativistic calculations w
be necessary to settle this question.

Nevertheless, one should keep in mind that the erro
the energy difference between theb and thea phase is very
small (; 100 K! and that all structural parameters of thea
and theb phase show excellent agreement with experime

FIG. 2. EnergyE and pressurep vs volumeV for solid Hg in
thea-Hg, b-Hg, and hexagonal-close-packed~hcp! structures.
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We expect that the main source of error~i.e., the spin-orbit
splitting of thed band! will be less important in the liquid
phase because disorder will tend to intermix the two parts
thed band. One should also keep in mind that the maxim
error is very small compared to the thermal energies.

Finally, we show in Fig. 4 the total and partial electron
densities of states of the equilibriuma- andb-Hg phases. In
agreement with earlier calculations, we find a total ban
width of ; 10 eV in both thea andb phases. The strong
hybridization ofs and p states with thed band extending
from 29 eV to 26 eV binding energy induces a strongs
resonance at the bottom of the band and ap resonance close
to the center of gravity of thed band.s and p states are
strongly intermixed in the upper part of the valence ba
Just above the Fermi energy a structure-induced DOS m
mum is found in both crystalline phases. The empty sta
above the DOS minimum are predominantlyp like.

V. ATOMIC AND ELECTRONIC STRUCTURE
OF EXPANDED LIQUID Hg

In our simulation of liquid Hg we considered ensembl
of 50 atoms@i.e., 503(10d12s,p)5 600 valence electrons#
in a periodically repeated box at densities and temperat

FIG. 3. Variation of the rhombohedral and tetragonal latt
distortions in~a! a-Hg and~b! b-Hg under compression/expansio
see the text.
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55 7543Ab initio SIMULATION OF THE METAL/NONMETAL . . .
distributed along the coexistence line between the tr
point (r t 5 13.8 g cm23) and the critical point (rc 5 5.8
g cm23, Tc 5 1751 K!. For the MD simulations, the force
have been calculated at one off-symmetry specialkW point
~0.25,0.25,0.25!, using first-order Methfessel-Paxton smea
ing with s 5 0.1 eV. In the following we describe the resul
obtained atr 5 12.40 g cm23 (T 5 773 K!, r 5 10.98
gcm23 (T 5 1273 K!, r 5 8.78 g cm23 (T 5 1723 K!, and
r55.80 g cm23 (T 5 1723 K!. The time-increment was
chosen to beDt 5 5 fs at the highest density, and wa
stepwise reduced toDt 5 3 fs at the lowest density to ac
count for the fast atomic motions. Each simulation was
tended over about 3–4 ps.

A. Atomic structure

Figure 5~a! shows the variation of the pair-correlation co
relation functiong(R), compared to the x-ray-diffraction
data of Waseda.42 We note a very good agreement betwe
theory and experiment at all densities, but admittedly this
not a very stringent test because the experimentalg(R) is
subject to rather large truncation errors. The important re
is that the volume expansion of liquid Hg does not result
an increase of the mean interatomic distanceR1 ~which re-
mains almost unchanged up to the critical point!, but in a
decrease of the average coordination numberNc from nearly

FIG. 4. Total and partial electronic densities of states~DOS! in
the ~a! a-Hg and ~b! b-HG phases. Full line, total DOS; dashe
dotted, and dot-dashed lines,s, p, and d partial DOS’s, respec-
tively.
le

-

-

is

lt

10 to about 4; see Fig. 6@note that the asymmetry of the firs
peak ing(r ) and the very shallow minimum separating th
first from the second peak make a precise quantification
Nc very difficult; see the discussion in Ref. 9#. We also note
that the decrease in the average coordination number is
most linear with density and that the fluctuations in the c
ordination number increase with decreasing density.

The static structure factor@Fig. 2~b!# is a more direct test
of the predicted liquid structure. Again we note a very go
agreement with experiment,9 from low-Q vectors@where the
increase ofS(Q) reflects the increasing importance of lon
wavelength density fluctuations and the increasing compr
ibility # to the large-Q oscillations. Note that theS(Q) data
refer to the recent data of Tamura and Hosokawa,9 while the
g(r ) data shown in Fig. 2~a! refer to the older data o
Waseda.42 Unfortunately pair-correlation data based on t
most recent experiments were not available. At the low
density~which is very close to the critical point! we are able
to observe the onset of critical density fluctuations. Howev
we should remember that due the limited size of our
semble, we can observe fluctuations only up to a maxim
correlation length of about 14 Å, corresponding to a small
wave vector of 0.44 Å21. Still, the good agreement betwee
the calculated and the measured structure factors dow
this value shows that our simulations describe correctly
only short-range correlations, but also medium-range co
lations extending to 3–4 interatomic distances.

Three-particle correlations are analyzed in Fig. 7 in t
form of the distributions of the bond angles formed aroun
central atom as a function of the maximum lengthRm of the
bonds. At high densities, the bond angle distribution sh
two characteristic peaks at angles ofu;60° andu;110°,
i.e., close to the bond angles in an icosahedron forming
dominant motif in a dense-random-packing structure.
lower densities the peak near 110° is gradually washed
whereas the 60° peak subsists. This indicates that there
still quite well-defined short-range correlations in small clu
ters of a few atoms, whereas the very weak correlations
tween large bond angles indicate that large dense-packed
tallic clusters disappear. This is also seen directly
snapshots of characteristic instantaneous configurat
taken at different densities~Fig. 8!: At high densities the
entire system is strongly interconnected, forming a de
network of metallic bonds. At lower densities smaller close
packed regions alternate with low-density regions, confor
ing rather closely to the atomic scenario suggested for
M/NM transition.15

At densities close to the triple point the atomic structu
calculated via theab initio technique is in good agreemen
with classical molecular-dynamics simulations based on
fective interatomic forces derived from pseudopotential p
turbation theory.24 However, whereas this nearly-free
electron approach breaks down already at densities hig
than that of the M/NM transition~see, e.g., Ref. 16 for Hg
and Ref. 43 for similar results for the expanded alkali m
als!, theab initio calculations remain accurate up to the cri
cal point. We take this as a first indication that the inte
atomic interactions are described correctly even in
regime of the M/NM transition.
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FIG. 5. ~a! Pair correlation functiong(R) and~b! static structure factorS(Q) of liquid mercury, calculated at four different states alo
the liquid/vapor coexistence curve. For each panel, the densityr is given in g cm23. The full lines show the result of theab initio
simulations, the squares the x-ray-diffraction data of Tamura and Hosokawa~Ref. 9!. All simulations have been performed for 50-ato
ensembles.
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B. Electronic density of states

Figure 9 shows the variation of the total and partial de
sities of states with decreasing density. The total DOS
been calculated for a series of states along the MD traject
using a largerkW point set~four kW points corresponding to a
43434 grid in the irreducible Brillouin zone of the simpl
cubic cell!. The partial DOS’s have been determined by p
jecting each plane-wave component of the eigenstates
the spherical waves withl50,1,2 inside the atomic sphere
with radius 1.93 Å around each site.44 Our results show tha
the 5d band overlaps strongly with the 6s,6p valence band.
At the highest density, the calculated DOS is in good agr
ment with linear muffin-tin orbital supercell calculations24

and with the photoemission intensities measured by In
kofer et al. close to the triple point.25 We also note that the
DOS calculated for dense liquid Hg is very similar to that
the crystalline phases shown in Fig. 4. In the high-den
melt, thes,p mixing in the occupied part of the valence ba
is even stronger than in the crystalline phases, but a dem
-
s
y,

-
to

e-

-

f
y

ix-

ing is observed at lower densities. Thes andp resonances in
the region of thed band are more symmetric in the liqui
than in the solid and strongly reduced in the expanded m
Close to the triple point theory and experiment predic
reduction of the DOS atEF to about 80 % of its free-electron
value. This is similar to the DOS at the Fermi level found
the crystalline phases. In our series we clearly recognize
gradual reduction of the DOS atEF betweenr 5 12.4
g cm23 andr 5 8.8 g cm23 where a gap opens at the Ferm
level ~note that the edges of the gap tend to be obscured
the smearing of the one-electron levels, see also below!. Ex-
trapolating the optical absorption data measured in the ra
betweenr 5 4.3 g cm23 and r 5 7.5 g cm23 to higher
densities Yaoet al.6 estimate that the single-particle ga
opens first at a density ofr; 9–10 g cm23, in good agree-
ment with estimates of the M/NM transition based on ele
tronic transport data5 and with our estimate ofr; 8.8
g cm23.

The density at which the gap at the Fermi level first a
pears depends very sensitively on the atomic structure.
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show this, we have performed calculations for the fcc, b
sc, dia, andb-Hg structures at different densities. A gap
the Fermi level opens at a density ofr;11 g cm23 for the
fcc structure, atr;8.8 g cm23 for the bcc andb-Hg struc-
tures, and atr<rcrit for the sc and dia structures. The im
portant point is that for the structures with coordination nu
bers relatively close to that of the liquid, the gap opens o
at densities that are much lower than for the liquid structu
Hence the disordered atomic arrangement is important
the formation of a band gap.

The width of the gap continues to increase up to the c
cal point. At the critical point the optical gap isDE; 1.8 eV.
The difference of the theoretical result ofDE; 0.7 eV cor-
responds to the usual trend of the local density approxi
tion to underestimate the width of the gap. Note, howev
that the failure of the LDA to predict the correct width of th
gap has to be attributed to an inaccurate prediction of
energies of the excited states. The states occupied in
ground state~and hence the Hellmann-Feynman forces u
to determine the atomic structure! are not affected by the ga
problem. The sharpness of the edges of thes andp bands is
certainly a surprising result. If we consider that the techniq
used for performing the Brillouin-zone integrations involv
a small smearing of the one-electron states, we have to
clude that the band edges are sharply defined, even if
superpose the results obtained from a number of indepen
atomic configurations.

The analysis of the partial DOS shows that even at
highest densities, the partial DOS of the empty states is
sentially p-like. The form of thes band at higher binding
energies is strongly influenced by thes-d hybridization. At
densities lower than the M/NM transition, the states abo
EF have purep character. The DOS of the occupied sta
hass andd character, the small remainingp contribution is
not due top states inside the atomic sphere, but arises ma
from the overlap ofs states centered on neighboring site
This indicates that the M/NM transition is a band-cross
transition involving thes andp valence bands. Here again
is important to point at substantial differences between
electronic structure of the liquid and that of the crystalli
reference configurations. As already pointed out by Matth

FIG. 6. Distribution of the nearest-neighbor coordination nu
bers at four different states along the liquid vapor coexiste
curves. The densityr is given in units of g cm2.
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and Warren,22 all crystalline structures show appreciables-
p hybridization in the valence and conduction bands even
the low densities where the gap begins to open, in contra
the nearly purep character of the conduction band in th
liquid. That the liquidlike disorder leads to a reduction of t
s-p hybridization is not a peculiarity of liquid Hg. In ou
studies of liquid Ge~Refs. 29 and 45! we have shown tha
structural disorder leads to a strongly reduceds-p mixing
compared to all crystalline forms of Ge~including the high-
pressure metallic polymorphs! and further to the formation
of a deep pseudogap in the middle of the valence band s
rating subbands of dominants andp character, respectively
This is also confirmed by detailed photoemission studies25

C. Electron localization

Of particular interest is the character of the states~local-
ized or extended! close to the Fermi energy. From the eige

-
e

FIG. 7. Integrated bond angle distribution functionsg3(u,Rm)
for a maximum bond lengthRm54.0 Å ~upper line in each pannel!
andRm53.5 Å~lower lines in each panel!, calculated at four differ-
ent states along the liquid/vapor coexistence curve.
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states decomposed by projecting the individual plane-w
components onto spherical waves inside the atomic sphe
we can calculate the participation ratio46 pi of the eigenstates
c i with energiesEi according to

pi5S (
j ,l

uei ,l~RW j !u2D 2SN(
j ,l

uei ,l~RW j !u4D 21

where the sum runs over the angular-momentum compon
l at all atomic sitesRW j . With this definition,pi;1 for ex-

FIG. 8. Characteristic instantaneous configurations of the
ensemble at~a! the highest and~b! lowest densities considered i
this study. Nearest-neighbor bonds shorter than 4 Å are drawn as
solid bars.
e
es,

ts

tended andpi;N21 for localized states. Figure 10 shows th
distribution of the participation ratios of the eigenstates. T
important result is that all states in thes,p valence bands are
extended. A tendency towards localization exists only at b
edges of thed band. In thes,p band a weak trend to lowe
values of the participation ratio is found only very close
the critical point. This is the central result of our study:
fluid mercury expansion leads to a narrowing of thes and
p bands and finally to a M/NM transition of the band
crossing type. However, the band edges remain well defi
even at the lowest densities and highest temperatures
find no indication for a pronounced tailing of the bands, n
for a localization of the states at the upper edge of the
lence or the lower edge of the conduction band. This wo
seem to suggest that the M/NM transition is a simple ba
crossing transition and that Anderson localization plays o

g

FIG. 9. Electron density of statesn(E) for liquid mercury, cal-
culated for four different states along the coexistence curve~densi-
ties are given in g cm3). Full curve, total DOS; dashed, dotted, an
dash-dotted lines,s, p, andd partial DOS’s, respectively. The larg
intensity between 9 and 5 eV binding energy is due to the 5d band.
Note the gradual formation of a band gap at the Fermi level. See
text.
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55 7547Ab initio SIMULATION OF THE METAL/NONMETAL . . .
a minor role. This conclusion is also supported by the co
parison of our results for the opening of thes,p gap and of
the optical data of Yaoet al.6 with the conductivity data of
Hefneret al.5 This comparison shows that there is no ess
tial difference between a mobility gap and the optical g
and hence agrees with our band-crossing scenario for
transition.

VI. DISCUSSION AND CONCLUSIONS

In summary, we have presented detailedab initio LDF
studies of the variation of the atomic and electronic struct
of expanded liquid Hg along the liquid-vapor coexisten
curve, from the triple point to close to the critical point. O
results for the atomic structure are in excellent agreem
with experiment, even at the lowest densities and high
temperatures. We find that the expansion induces on
small change in the nearest-neighbor distance, but leads
reduction of the nearest-neighbor coordination numbers
a wider fluctuation of the nearest-neighbor geometries.

FIG. 10. Distribution of the participation ratiopi of the elec-
tronic eigenstatesc i of expanded fluid mercury at three differe
densities.pi; 1 corresponds to extended andpi;N21 to localized
states.
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the lowest densities close to the M/NM transition and to
critical point rather compact clusters with relatively high c
ordination numbers coexist with dilute regions where the
ordination numbers are very low. Our results are in essen
agreement with a recently proposed atomic scenario15 for the
M/NM transition in terms of metallic clusters of decreasin
size and loosening connectivity. For the electronic struct
we find a progressive deepening of the pseudogap at
Fermi level and the opening of a real gap at precisely
same density where both optical data6 and conductivity
measurements5 locate the M/NM transition. Surprisingly, th
band edges remain sharp and we do not find any indica
for a localization of states close to the band edges. The c
parison with the electronic densitities of states of expan
crystalline structures with comparable densities shows
the absence of long-range order is rather important for
derstanding the form of the bands. Note that the DOS o
Bethe lattice~or Cayley tree!, i.e., of a structure that is char
acterized solely by a mean interatomic distance and coo
nation number and where all further translational or orien
tional correlations are absent, is semielliptic with sharp ba
edges.

Our results suggests that the M/NM transition is simply
band-crossing transition and that both disorder-induced
calization and many-body effects might be less important
describing the transition than has been assumed in cur
scenarios for the transition. Of course we cannot exclude
localization occurs on clusters that are even larger than
dimensions of our models. However, this would mean tha
conductivity gap appears before the optical gap opens,
this would contradict not only our LDF results, but also e
periment.

Similarly, our LDF calculations do not allow us to dra
any direct conclusions about the possible importance
many-body correlations. However, simple arguments sug
that correlation might be less important than assumed u
now. In general the LDA tends to underestimate the width
the gap. Hence the LDA error would place the M/NM tra
sition at lower rather that at higher densities. A calculati
considering correlation effects~e.g., LDA plus Hubbard-type
Coulomb interactions! could only shift the onset of the ga
to even higher densities and hence lead to poorer agree
with experiment. But, of course, further studies of oth
physical properties~e.g., Knight shift, and magnetic susce
tibility ! on the basis of our LDF results will be necessary
further support the description of the M/NM transition as
simple band-crossing transition. Finally we want to emph
size that the present results on Hg should not be use
make any extrapolations concerning the M/NM transition
the expanded alkali metals where the gap opens in
middle of the half-filled conduction band and where t
band-crossing scenario is clearly inappropriate.
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