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Molecular-dynamics study of liquid mercury in the density region between metal and nonmetal
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Molecular dynamics~MD! calculations of expanded liquid mercury in the density region between metal and
nonmetal were made using the potential energy curve of dimeric mercury (Hg2) determined from molecular
orbital calculations. The density dependence of the thermal pressure coefficient and the internal pressure,
which were observed experimentally in the density region that included the metal-nonmetal transition range,
were qualitatively demonstrated with our MD calculations. The change of calculated pair distribution function
and structure factor from a metallic to a nonmetallic state also explained qualitatively the change of experi-
mental ones. The temperature dependence of the isochoric electrical conductivity was discussed using quan-
tities obtained from the calculated pair distribution functions. It was shown that the increase of the isochoric
electrical conductivity accompanying an increase in temperature, which was experimentally observed in the
strong-scattering metallic region, can be realized through the increase of the density of states at the Fermi
energy arising from the decrease of interatomic distance.@S0163-1829~99!06809-5#
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I. INTRODUCTION

Liquid mercury is transformed from a metal to a nonme
when its density decreases. Measurements of the op
gap1 and the Knight shift2 suggest that this metal-nonmet
~M-NM ! transition occurs at a density of aroun
rMN59 g/cm3. Recently Kresse and Hafner3 performed anab
initio simulation of the M-NM transition in expanded flui
mercury. They pointed out that the M-NM transition is sim
ply a band-crossing transition, which is the typical transiti
expected in any divalent metal, according to the Bloc
Wilson band model, and that both disorder-induced el
tronic localization and electronic correlation effects might
of less importance. At a density of less thanrMN , i.e., in the
nonmetallic state, the relationship between the thermoele
power,S, and the electrical conductivity,s, is that of a ther-
mal activation-type semiconducting regime4 and the isoch-
oric s actually increases as the temperature increa
namely, (]s/]T)v.0.5 However the isochorics also in-
creases with the temperature at densities aboverMN , i.e., in
the metallic state. In the weak-scattering region (11.0<r
<13.6 g/cm3),6 where Ziman’s nearly-free electron theory
valid, the increase of isochorics is attributable to the lower
first peak of the structure factor with the higher temperatu7

On the other hand, in the strong-scattering region (9.0<r
<11.0 g/cm3) Ziman’s formula becomes unsatisfactory, b
cause the mean free path of electrons is not large comp
with the mean atomic distance,6 so the relationship betwee
the isochorics and the temperature has not been inve
gated. It is interesting to investigate the behavior of the i
choric s from the perspective of atomic arrangement a
electronic structure.
PRB 590163-1829/99/59~9!/6153~6!/$15.00
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The liquid-vapor coexistence curves of cesium and
bidium are remarkably different from those of typical no
metallic fluids in their extreme asymmetry with respect
critical density, and they violate the law of rectilinea
diameter.8 Goldstein and Ashcroft9 suggested that the differ
ence between the liquid-vapor coexistence curves of met
and simple nonmetallic systems arises from thermodynam
state dependent effective particle interactions. They also
tributed the strong thermodynamic-state dependence of
ion-ion interactions in a metallic system to the change
the screening effects of the electron cloud. For a n
metallic system, Pesteret al.10 showed that it is possible to
incorporate the effects of three-body dispersion~Axilrod-
Teller! forces into a thermodynamic-state dependent on
effective particle interactions. Thus, we can regard t
thermodynamic-state dependence on the effective particle
teractions as one of the effects of many-body interactio
compared with two-body interactions. It has been repor
that considering the relativistic effects and treating thed
electrons explicitly leads to a strong damping of the Frie
oscillations, which arise from the screening effect of t
electron cloud, in the effective pair potential of Hg.11 Thus,
we can expect that the many-body effects of Hg are sma
than those of alkali metals.

A number of experimental studies have reported therm
dynamic properties, such as the thermal pressure coeffic
and the internal pressure, in the density region between m
and nonmetal states.5,12–14 Yao and Endo5 predicted that
these might be connected to the qualitative change of in
atomic interactions arising from the M-NM transition, an
with the thermodynamic-state dependence of these in
atomic interactions. Molecular dynamics~MD! calculations
6153 ©1999 The American Physical Society
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TABLE I. Binding energyDe ~cm21!, bond lengthRe ~Å!, vibrational frequencyve ~cm21!, and anhar-
monicity vexe ~cm21! for the Hg2

1Sg
1 ground state.

Method De ~cm21! Re ~Å! ve ~cm21! vexe ~cm21!

SDCI 238 4.35 12 0.18
SDCI~1Q! 339 4.14 14 0.20
CPA 393 4.06 15 0.25
CPA ~scaling!a 393 3.63 17 0.31
Expt.b 380615 19.960.5 0.2660.03
Expt.c 350620 1962 0.25
Expt.d 3.6360.04 18.560.5 0.27

aThe interatomic distancer is scaled with a factor ofd51.12 ~see text!.
bSee Ref. 19.
cSee Ref. 20.
dSee Ref. 21.
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have not been made for the broad density region betw
metal and nonmetal, because it is difficult to treat these
fects explicitly.

Very recently, we performed MD calculations for liqui
mercury near the melting point, using the potential ene
curve of dimeric mercury (Hg2) obtained from molecular
orbital ~MO! calculations.15 By taking the approach that th
electrons are divided between the ion cores and the elec
cloud, the screening effects of itinerant electrons are exp
itly expressed as the effective interionic potential, which h
Friedel oscillations. However, our approach does not c
sider the screening effects of itinerant electrons explici
and the pair potential curve used in our study included
electron correlation between two atoms. The melting te
perature obtained by the calculations agrees well with
experimental value. The MD calculations reproduced a ch
acteristic feature of liquid metal, cooperative motions cor
sponding to the collective short-wavelength excitation in
dynamic structure factor. On the other hand, MD calcu
tions using a Lennard-Jones potential did not give the sa
feature. This result showed that pair-potential approximat
using the potential energy curve of Hg2 produces a reason
able approximation of the force field in liquid metal mercu
and that the contribution to the force field arising fro
many-body interactions rather than from two-body inter
tions is not necessarily important for the cooperative m
tions. The pair potential approximation using the poten
energy curve of Hg2 is expected to be a good approximatio
for expanded liquid mercury. In this paper, we perform M
calculations for expanded liquid mercury in a wide dens
region between liquid metal and liquid nonmetal that
cludes the vicinity of the M-NM transition, using the pote
tial energy curve of Hg2.

The methods and results of MO calculations are prese
in Sec. II. The spectroscopic constants obtained by MO
culations are compared with observed values. In Sec. III,
methods of MD calculations are presented and the prope
estimated by MD calculations are summarized and discus
in comparison with the experimental data. Concluding
marks are given in Sec. IV.

II. MO CALCULATIONS OF Hg 2

To obtain the pair potential curve for mercury, MO ca
culations were performed for the ground state of Hg2 using
en
f-

y

on
c-
s
-
,
e
-
e
r-
-
e
-
e

n

-
-
l

-

ed
l-
e
es
ed
-

the quasirelativistic model potential,16 where the 5p, 5d,
and 6s electrons were treated explicitly. The contractio
scheme of Gaussian-type functions~GTF’s! to the basis set
(s/p/d/ f ) was (6111* /511* 1* 1* /4111* /1* 1* ), where 1*
denotes an additional GTF. The exponents of the respec
additional GTF’s were 0.0211 for thes-type, 0.135, 0.037,
and 0.0174 for thep-type, and 0.062 for thed-type, and 1.46
and 0.73 for thef-type. The ground state of Hg2 is weakly
bound by the van der Waals forces arising from a clos
shell 5p65d106s2 electron configuration. The Hartree-Foc
~HF! calculation does not give the bound state to the grou
state of Hg2. In order to consider the correlation between t
5d and 6s electrons, we determined the singly and doub
excited configuration interaction~SDCI!, the Davidson cor-
rection for the SDCI (SDCI1Q), and the coupled-pair ap
proximation ~CPA!, which was developed by one of u
~K.T.! in collaboration with others17 and includes many-
electron-excitation effects. The HF, SDCI, SDCI~1Q! and
CPA calculations were performed using theALCHEMY2 ~Ref.
18! software package.

The results of the MO calculations for the ground1Sg
1

state are summarized in Table I. In the SDCI calculation,
binding energyDe is small and the bond lengthRe is long
compared with the experimental values.19–21 When the
many-electron-excitation effect is incorporated,De increases
and Re decreases. In the CPA calculations,De agrees with

FIG. 1. Pair potentials. Modified CPA potential energy curv
uCPA(r ), and a ~12-6! Lennard-Jones potential,uLJ(r ), derived
from viscosity data~Ref. 22!. Solid curve: uCPA(r ). Dashed
curve: uLJ(r ).
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the experimental value extremely well, whileRe is 0.4 Å
longer than the experimental value. The other constants
tained by CPA agree well with the experimental values.

III. MD CALCULATIONS OF LIQUID Hg

We performed MD calculations for expanded liquid me
cury from the metallic to nonmetallic states by using t
potential energy curve given by the CPA. The pair poten
used in the MD calculations,uCPA(r ), was modified from the
CPA potential energy curve,fCPA(r ), by using the equation
uCPA(r )5fCPA(rd). Here d is a scaling parameter. W
chosed51.12 (54.06/3.63), so that the modified pair po
tential reproduced the exact equilibrium distance for Hg2. As
seen in Table I, the other spectroscopic constants are in
cellent agreement with the experimental values. There
the uCPA(r ) reproduces the accurate potential energy cu
of Hg2 ground state, so that we can examine whether or
the pair potential approximation with the potential ener
curve of Hg2 gives reasonable force field for liquid mercu
by usinguCPA(r ). The uCPA(r ) and a~12-6! Lennard-Jones
~LJ! potential, uLJ(r ), with parameters for liquid mercury
derived from viscosity data,22 which was used to perform

FIG. 2. Isochores for liquid mercury on theP-T plane. The
densities are 14.3, 15.0, 15.7, 16.4, 17.2, 17.9, 18.6, 19.3, 2
20.7, 21.4, 22.2, 22.9, 23.6, 24.3, 25.0, 25.7, 26.4, 27.2, and
cm3/mol.
b-

l

x-
re
e
ot

MD calculations near the melting points,15 were shown in
Fig. 1. The slopes of the repulsive part ofuCPA(r ) are looser
than that ofuLJ(r ). The potential wells around equilibrium in
uCPA(r ) is broader than that inuLJ(r ). The long-range attrac
tive parts ofuCPA(r ) are kept large compared with that o
uLJ(r ).

The MD calculations were performed using a Verlet alg
rithm with N5864 particles in a canonical ensemble with
interval of Dt50.007 ps. We calculated the isochores b
tween 7.2 and 14.0 g/cm3 for liquid mercury on the pressur
~P! and temperature~T! plane. The physical quantities wer
determined from the statistical averages over 30 000 in
vals, after the motion equations were integrated over at le
70 000 intervals.

The isochores on theP-T plane are shown in Fig. 2. Th
slope of an isochore decreases as the volume increases
calculated data for the equation-of-state are expressed b
following form of the isochore equation:P5gvT2P0 , in
which the thermal pressure coefficient,gv5(]P/]T)v , and
the internal pressure,P05(]E/]V)T , where E is internal
energy, depend mainly on the volume. Figures 3~a! and 3~b!
showgv vs V and P0 vs V curves, respectively. As seen i
Fig. 3~a!, the value ofgv for a high density is larger than fo
a low density. Thegv vs V curve is a continuous line and th
value of udgv /dVu changes consecutively. The value
udgv /dVu in the high-density-liquid-metal region is obv
ously larger than that in the low-density-liquid
semiconductor region. This behavior of thegv vs V curve
has been observed experimentally5,12–14 and the MD calcu-
lations agree well with the observed data qualitatively.
seen in Fig. 3~b!, the value ofP0 increases as the volum
decreases in the density region (r<12 g/cm3). This behavior
in the P0 vs V curve obtained by the MD calculations agre
well with the observed data5,12–14 qualitatively. The calcu-
lated P0 vs V curve has a maximum and then theP0 de-
creases as the volume decreases. This behavior is co
rable with the experimental data observed by Postillet al.14

and is general for liquid. If many-body interactions are e
sential to describing the volume dependence in force field

.0,
.9
of Yao

FIG. 3. ~a! The thermal pressure coefficientgv for liquid mercury as a function of the molar volume.~b! The internal pressureP0 for

liquid mercury as a function of the molar volume. The solid circles are the result of MD calculations; the open circles are the data
and Endo~Ref. 5!; the crosses are the data of Scho¨nherret al. ~Ref. 12!; the squares are the data of Postillet al. ~Ref. 14!.
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liquid mercury, then the behavior ofgv vs V and P0 vs V
curves cannot be reproduced by our approach. However
observed volume variations ofgv and P0 between the me-
tallic and nonmetallic states can be demonstrated qua
tively by the pair-potential approximation using the potent
curve of Hg2. Therefore, the result shows that the change
force field between the metallic and nonmetallic regions
be reproduced by this approximation, and that many-b
forces are not necessarily important for the volume dep
dence ofgv and P0 . This observation indicates that th
thermodynamic-state dependence of interatomic interacti
which corresponds to the density dependence in the can
cal ensemble, is not essential to describe qualitatively
volume dependence ofgv and P0 . From quantitative point
of view, the bothgv vs V andP0 vs V curves estimated by
the MD calculations in the high-density metallic region (
<r<14 g/cm3) seem to deviate from the observed valu
slightly. These results suggest that the pair potential appr
mation using the potential energy curve of Hg2 qualitatively
reproduces the volume variation of force field, howev
many-body effects may be important to discuss these p
erties quantitatively in high-density metallic region.

Tamura and Hosokawa23 made x-ray diffraction measure
ments for expanded liquid mercury, including the M-N
transition range along the liquid-vapor coexistence cur
They pointed out that the expansion of liquid mercury in t
metallic region (11<r<14 g/cm3) is accompanied not by a
uniform increase in the interatomic distance,r 1 , but by a
decrease of the coordination number,N1 . As the density
decreases further, the relative rate of the decrease inN1 be-
comes smaller andr 1 then starts to increase.23 We calculated
the pair distribution function,gMD(r ), and the structure fac
tor, SMD(k), in the density region between 7.2 and 14
g/cm3. ThegMD(r ) at three thermodynamic states: the m
tallic state~1273 K, 10.98 g/cm3!, the state near the M-NM
transition~1673 K, 9.25 g/cm3!, and nonmetallic state~1803
K, 6.6 g/cm3!, are shown in Figs. 4~a!, 4~b!, and 4~c!, respec-
tively, compared with the corresponding pair distributi
functions,gx ray(r ), obtained from the Fourier transformatio
of structure factors determined by x-ray diffractio
measurement.23 The r 1 becomes longer as the volume a
temperature increases. The behavior is qualitatively con
tent with those seen ingx ray(r ). However some details in th
shape of gMD(r ) is different from the correspondin
gx ray(r ). In thegx ray(r ), there is a broad band inside the fir
peak and the first peak has a shoulder in its outside. Th
differences can be attributed to the difference betw
gx ray(r ) and gMD(r ): as x-ray diffraction originates from
x-ray beams scattered by the electrons, thegx ray(r ) is asso-
ciated with the correlation between the electrons, while
gMD(r ) shows the distribution of atomic nuclei. Figures 5~a!,
5~b!, and 5~c! show theSMD(k) at three thermodynamic
states corresponding to Figs. 4~a!, 4~b!, and 4~c!, respec-
tively, compared with theSx ray(k). TheSMD(k)’s agree well
with the Sx ray(k)’s at all thermodynamic states. The fir
peak shifts to the small-k side and the width of first peak i
broadening with increasing volume and temperature.
should be noted that there appears a minimum in the smk
region below 1 Å21 for both SMD(k) and Sx ray(k) at the
low-density-nonmetallic state@Fig. 5~c!#, which indicates
significant decrease of long-range order.
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The variation ofr 1 and N1 with temperature for fixed
volumes is shown in Figs. 6~a! and 6~b!, respectively. As
seen in Figs. 6~a! and 6~b!, r 1 increases andN1 decreases
with volume at a fixed temperature. It is notable thatr 1 de-
creases with increasing temperatures at a fixed volu
Higher temperature, in other words, increasing kinetic en
gies of Hg atoms lead to strong collision between atom
then r 1 becomes short at a fixed volume. When the dens
decreases from 14 to 11 g/cm3, r 1 increases from 3.06 to
3.09 Å andN1 decreases from 7.3 to 5.3. On the other ha
when the density decreases from 11 to 8 g/cm3, r 1 increases
from 3.09 to 3.18 Å andN1 decreases from 5.3 to 3.9. Thu
in the high-density region (11<r<14 g/cm3), the density
dependence ofr 1 is relatively small and the decrease inr 1
with an increase in temperature is large, and the density
temperature dependence ofN1 are also both relatively large
In the low-density region (8<r<11 g/cm3), r 1 becomes
very density dependent, but becomes much less tempera
dependent, andN1 is much less dependent on density a
temperature. These results explain the density dependen
the structure of liquid mercury seen in the experimen
data.23

We tried to interpret the thermodynamic-state depende
of the electrical conductivitys in the metallic strong-
scattering region (9.0<r<11.0 g/cm3) from the perspective

FIG. 4. The pair distribution function for three thermodynam
states. ~a! ~1273 K, 10.98 g/cm3!. ~b! ~1673 K, 9.25
g/cm3!. ~c! ~1803 K, 6.6 g/cm3!. Solid lines: MD calculation;
dashed lines: x-ray diffraction data~Ref. 23!.
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of the change in atomic arrangements obtained by the M
calculations. As mentioned at the beginning of this paper,
temperature dependence of isochorics in this strong-
scattering region has been found in a number of experime
studies: the isochorics increases as the temperature i
creases, i.e., (]s/]T)v.0. The M-NM transition of ex-
panded liquid mercury is simply a band-crossing transitio
which is arising from the vanishing of overlap between t
tails of 6s and 6p band. In the strong-scattering region, th
overlap between 6s and 6p band is small, then the density o
states at the Fermi energy,N(EF), is also small. According
to tight-binding approximation, the bandwidthB is generally
given byB52N1I ,24 whereI is the overlap energy integra
and increases exponentially with decreasing interatomic d
tance. As seen in Fig. 5,r 1 and N1 decrease with higher
temperature at a fixed volume. Generally these exponen
increases ofI with decreasingr 1 overcome the decreases o
N1 . ThusB increases with higher temperatures under a fix
volume, so that the increasing overlap between the tails ofs
and 6p band leads to the increasing of density of states at
Fermi energy. Therefore, the isochoric electrical conduct
ity, which is proportional to the square of the density
states at Fermi energy, increases as temperature increas

FIG. 5. The structure factorS(k) for three thermodynamic
states. ~a! ~1273 K, 10.98 g/cm3!. ~b! ~1673 K, 9.25
g/cm3!. ~c! ~1803 K, 6.6 g/cm3!. Solid lines: MD calculation;
dashed lines: x-ray diffraction data~Ref. 23!.
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IV. CONCLUSIONS

In this study, we performed SDCI, SDCI~1Q!, and CPA
calculations for the ground1Sg

1 state of Hg2 incorporating
the 5d and 6s electron correlations and major relativist
effects. The many-electron-excitation effect produces sp
troscopic constants close to the experimental values. Th
fore the electron correlation effect is very important for d
scribing the interaction between mercury atoms.

MD calculations for expanded liquid mercury were pe
formed using the potential energy curve of Hg2, in the re-
gions including the M-NM transition range. The volume d
pendence of the thermal pressure coefficient,gv , and the
internal pressure,P0 , estimated by the MD calculation
agree well with experimental results. Therefore, many-bo
interactions or the qualitative change in the form of inte
atomic interactions arising from density dependence are
necessarily essential to explain the behavior of thegv vs V
and theP0 vs V curves. The variation of calculated pa
distribution function between metallic and nonmetallic sta
qualitatively demonstrates the variation of experimen
ones. We discussed that the thermodynamic-state de
dence of the electrical conductivitys in the strong-scattering
region from the viewpoint of the change in atomic arrang
ments obtained by the MD calculations. The increase of
isochoric electrical conductivity accompanying an increa
in temperature can be realized through the increase of
density of states at the Fermi energy arising from the
crease of interatomic distance. In the preceding paper,15 we
reported that the MD calculations near the melting point
ing the potential curve of Hg2 reproduce the cooperative mo
tion corresponding to the collective short-wavelength exc

FIG. 6. ~a! Isochores of the nearest-neighbor distancer 1 for
liquid mercury. ~b! Isochores of the coordination numberN1 for
liquid mercury.
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tions in the dynamic structure factor. These results sug
that pair-potential approximation using the potential curve
the dimeric molecule gives a good qualitative description
the metallic interatomic force for liquid mercury, and M
calculations using this approximation demonstrate the c
acteristic change of force fields between liquid metal a
liquid semiconductor. However, the bothgv vs V andP0 vs
V curves estimated by the MD calculations seem to dev
from the observed values slightly in the high-density meta
region. These differences between the observed and ca
lated values may be attributed to the lack of the many-b
effects.

It has been pointed out10 that the relative importance o
three-body interactions compared with two-body interactio
in the liquid-vapor critical range for mercury is larger tha
for other van der Waals molecules. The boiling point det
mined by the present MD calculations is much higher th
the observed value. This higher temperature should be
rected by considering three-body effects, such as
D
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st
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r-
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te
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s
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n
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e

Axilrod-Teller interaction,25 because the three-body dispe
sion forces are repulsive while the two-body dispersion fo
is a long-range attractive force. It is interesting to determ
the liquid-vapor coexistence curve with pair-potential a
proximation using the potential energy curve of Hg2 and to
investigate the contribution of three-body effects to t
liquid-vapor transition phenomena, especially in liquid-vap
critical range.
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