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Molecular-dynamics study of liquid mercury in the density region between metal and nonmetal
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Molecular dynamicgMD) calculations of expanded liquid mercury in the density region between metal and
nonmetal were made using the potential energy curve of dimeric mercury @étermined 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 distaf8@163-182@09)06809-3

I. INTRODUCTION The liquid-vapor coexistence curves of cesium and ru-
bidium are remarkably different from those of typical non-
Liquid mercury is transformed from a metal to a nonmetalmetallic fluids in their extreme asymmetry with respect to
when its density decreases. Measurements of the opticalitical density, and they violate the law of rectilinear
gap and the Knight shift suggest that this metal-nonmetal diameteff Goldstein and Ashcrdttsuggested that the differ-
(M-NM) transition occurs at a density of around ence between the liquid-vapor coexistence curves of metallic
pun=9 g/cn?. Recently Kresse and Hafrigrerformed arab  and simple nonmetallic systems arises from thermodynamic-
initio simulation of the M-NM transition in expanded fluid state dependent effective particle interactions. They also at-
mercury. They pointed out that the M-NM transition is sim- tributed the strong thermodynamic-state dependence of the
ply a band-crossing transition, which is the typical transitionion-ion interactions in a metallic system to the change in
expected in any divalent metal, according to the Bloch-the screening effects of the electron cloud. For a non-
Wilson band model, and that both disorder-induced elecmetallic system, Pestat all° showed that it is possible to
tronic localization and electronic correlation effects might beincorporate the effects of three-body dispersi@uxilrod-
of less importance. At a density of less thap, , i.e., inthe  Teller) forces into a thermodynamic-state dependent on the
nonmetallic state, the relationship between the thermoelectrigffective particle interactions. Thus, we can regard this
power,S, and the electrical conductivitys, is that of a ther-  thermodynamic-state dependence on the effective particle in-
mal activation-type semiconducting regifrend the isoch- teractions as one of the effects of many-body interactions,
oric o actually increases as the temperature increasesompared with two-body interactions. It has been reported
namely, @a/dT),>0.> However the isochoriar also in-  that considering the relativistic effects and treating thk 5
creases with the temperature at densities algye, i.e., in  electrons explicitly leads to a strong damping of the Friedel
the metallic state. In the weak-scattering region (¥lp0 oscillations, which arise from the screening effect of the
<13.6 g/c),® where Ziman's nearly-free electron theory is electron cloud, in the effective pair potential of HgThus,
valid, the increase of isochorig is attributable to the lower we can expect that the many-body effects of Hg are smaller
first peak of the structure factor with the higher temperafure.than those of alkali metals.
On the other hand, in the strong-scattering region €30 A number of experimental studies have reported thermo-
<11.0g/cn) Ziman’s formula becomes unsatisfactory, be-dynamic properties, such as the thermal pressure coefficient
cause the mean free path of electrons is not large comparexhd the internal pressure, in the density region between metal
with the mean atomic distan€eso the relationship between and nonmetal stat€s>~'* Yao and Endd predicted that
the isochorico and the temperature has not been investithese might be connected to the qualitative change of inter-
gated. It is interesting to investigate the behavior of the isoatomic interactions arising from the M-NM transition, and
choric o from the perspective of atomic arrangement andwith the thermodynamic-state dependence of these inter-
electronic structure. atomic interactions. Molecular dynami¢sID) calculations
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TABLE I. Binding energyD, (cm™1), bond lengthR, (A), vibrational frequencyw, (cm™3), and anhar-
monicity wexe (cm™) for the Hg 'S ground state.

Method D, (cm™) Re (R) N () wexe (cM™Y)
SDCI 238 4.35 12 0.18
SDCI(+Q) 339 4.14 14 0.20
CPA 393 4.06 15 0.25
CPA (scaling?® 393 3.63 17 0.31
Expt® 380+15 19.9-0.5 0.26+0.03
Expt® 350+ 20 19+2 0.25
Expt 3.63+0.04 18.5-0.5 0.27

&The interatomic distanceis scaled with a factor ofi=1.12 (see text

bSee Ref. 19.

‘See Ref. 20.

dSee Ref. 21.

have not been made for the broad density region betweeihe quasirelativistic model potentil,where the B, 5d,
metal and nonmetal, because it is difficult to treat these efand 6 electrons were treated explicitly. The contraction
fects explicitly. scheme of Gaussian-type functiofGTF’s) to the basis set
Very recently, we performed MD calculations for liquid (s/p/d/f) was (611%/511* 1* 1*/4111*/1*1*), where ¥
mercury near the melting point, using the potential energydenotes an additional GTF. The exponents of the respective
curve of dimeric mercury (Hg obtained from molecular additional GTF's were 0.0211 for thetype, 0.135, 0.037,
orbital (MO) calculations™ By taking the approach that the and 0.0174 for th@-type, and 0.062 for the-type, and 1.46
electrons are divided between the ion cores and the electraind 0.73 for thd-type. The ground state of Hgs weakly
cloud, the screening effects of itinerant electrons are explichound by the van der Waals forces arising from a closed-
itly expressed as the effective interionic potential, which hasshell 5p°5d'%s? electron configuration. The Hartree-Fock
Friedel oscillations. However, our approach does not con¢HF) calculation does not give the bound state to the ground
sider the screening effects of itinerant electrons explicitly,state of Hg. In order to consider the correlation between the
and the pair potential curve used in our study included th&d and 6 electrons, we determined the singly and doubly
electron correlation between two atoms. The melting temexcited configuration interactioSDCI), the Davidson cor-
perature obtained by the calculations agrees well with theection for the SDCI (SDCGH+Q), and the coupled-pair ap-
experimental value. The MD calculations reproduced a charproximation (CPA), which was developed by one of us
acteristic feature of liquid metal, cooperative motions corre{K.T.) in collaboration with others and includes many-
sponding to the collective short-wavelength excitation in theelectron-excitation effects. The HF, SDCI, SBER) and
dynamic structure factor. On the other hand, MD calcula-CpPA calculations were performed using theeHEMY2 (Ref.
tions using a Lennard-Jones potential did not give the sameg) software package.
feature. This result showed that pair-potential approximation The results of the MO calculations for the grouﬁﬂg
using the potential energy curve of Hpgroduces a reason- state are summarized in Table I. In the SDCI calculation, the
able approximation of the force field in liquid metal mercury pinding energyD, is small and the bond lengtR, is long
and that the contribution to the force field arising from compared with the experimental valuds?® When the
many-body interactions rather than from two-body interac-many-electron-excitation effect is incorporaté, increases

tions is not necessarily important for the cooperative moyng R, decreases. In the CPA calculatio, agrees with
tions. The pair potential approximation using the potential

energy curve of Hgis expected to be a good approximation

for expanded liquid mercury. In this paper, we perform MD wl | -
calculations for expanded liquid mercury in a wide density :
region between liquid metal and liquid nonmetal that in- 200 b -

)

cludes the vicinity of the M-NM transition, using the poten-
tial energy curve of Hg

The methods and results of MO calculations are presente:
in Sec. Il. The spectroscopic constants obtained by MO cal- = -0}
culations are compared with observed values. In Sec. lll, the
methods of MD calculations are presented and the propertie 00}
estimated by MD calculations are summarized and discusse

u(r) (cm

in comparison with the experimental data. Concluding re- 2 10
marks are given in Sec. IV. r &)
1. MO CALCULATIONS OF Hg ) FIG. 1. Pair potentials. Modified CPA potential energy curve,

ucpa(r), and a(12-6 Lennard-Jones potential 4(r), derived
To obtain the pair potential curve for mercury, MO cal- from viscosity data(Ref. 22. Solid curve: ucpa(r). Dashed
culations were performed for the ground state of, idging  curve: uj(r).
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o ' MD calculations near the melting pointSwere shown in

50001 3ol 200 222 25.0 7 Fig. 1. The slopes of the repulsive partwgfp(r) are looser

000 ] than that ofu 5(r). The potential wells around equilibrium in
ucpa(r) is broader than that in  5(r). The long-range attrac-

sooor tive parts ofucpa(r) are kept large compared with that of

2000} uy(r).

Loool The MD calculations were performed using a Verlet algo-
rithm with N= 864 particles in a canonical ensemble with an

interval of At=0.007 ps. We calculated the isochores be-
1000 1500 700 tween 7.2 and 14.0 g/chior liquid mercury on the pressure
e (P) and temperaturé€T) plane. The physical quantities were
FIG. 2. Isochores for liquid mercury on the-T plane. The determined from the statistical averages over 30000 inter-
densities are 14.3, 15.0, 15.7, 16.4, 17.2, 17.9, 18.6, 19.3, 20.0¢als, after the motion equations were integrated over at least
20.7, 21.4, 22.2, 22.9, 23.6, 24.3, 25.0, 25.7, 26.4, 27.2, and 27.80 000 intervals.
cme/mol. The isochores on thE-T plane are shown in Fig. 2. The
slope of an isochore decreases as the volume increases. The
the experimental value extremely well, whiR, is 0.4 A  calculated data for the equation-of-state are expressed by the
longer than the experimental value. The other constants obiellowing form of the isochore equation:P= vy, T— Py, in
tained by CPA agree well with the experimental values.  which the thermal pressure coefficient,=(JP/dT),, and
the internal pressure?,=(JE/dV)y, whereE is internal
energy, depend mainly on the volume. Figurés) and 3b)
show vy, vs V and P, vs V curves, respectively. As seen in
We performed MD calculations for expanded liquid mer- Fig. 3(a), the value ofy, for a high density is larger than for
cury from the metallic to nonmetallic states by using thea low density. They, vsV curve is a continuous line and the
potential energy curve given by the CPA. The pair potentiavalue of |dy,/dV| changes consecutively. The value of
used in the MD calculationsicpa(r), was modified from the |dy,/dV| in the high-density-liquid-metal region is obvi-
CPA potential energy curvejcpa(r), by using the equation ously larger than that in the low-density-liquid-
Ucpa(r) = ¢cpa(rd). Here d is a scaling parameter. We semiconductor region. This behavior of the vs V curve
chosed=1.12 (=4.06/3.63), so that the modified pair po- has been observed experimental§r*and the MD calcu-
tential reproduced the exact equilibrium distance fop.Hgs  lations agree well with the observed data qualitatively. As
seen in Table |, the other spectroscopic constants are in eseen in Fig. &), the value ofP, increases as the volume
cellent agreement with the experimental values. Thereforeecreases in the density regign< 12 g/cn?). This behavior
the ucpa(r) reproduces the accurate potential energy curven the Py vs V curve obtained by the MD calculations agree
of Hg, ground state, so that we can examine whether or novell with the observed data?~** qualitatively. The calcu-
the pair potential approximation with the potential energylated P, vs V curve has a maximum and then tRg de-
curve of Hg gives reasonable force field for liquid mercury creases as the volume decreases. This behavior is compa-
by usingucpa(r). Theucpa(r) and a(12-6) Lennard-Jones rable with the experimental data observed by Postithl}*
(LJ) potential,u;(r), with parameters for liquid mercury and is general for liquid. If many-body interactions are es-
derived from viscosity dat&, which was used to perform sential to describing the volume dependence in force field of
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FIG. 3. (a) The thermal pressure coefficiemf for liquid mercury as a function of the molar volum@®) The internal pressurB 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 of Yao
and Endo(Ref. 5; the crosses are the data of Saherret al. (Ref. 12; the squares are the data of Posdillal. (Ref. 14.
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liquid mercury, then the behavior of, vs V and Py vs V
curves cannot be reproduced by our approach. However, the
observed volume variations of, and Py between the me-
tallic and nonmetallic states can be demonstrated qualita-

tively by the pair-potential approximation using the potential ©

curve of Hg. Therefore, the result shows that the change of
force field between the metallic and nonmetallic regions can
be reproduced by this approximation, and that many-body
forces are not necessarily important for the volume depen-
dence ofy, and Py. This observation indicates that the
thermodynamic-state dependence of interatomic interactions
which corresponds to the density dependence in the canoni
cal ensemble, is not essential to describe qualitatively the
volume dependence of, and P,. From quantitative point

W

of view, the bothy, vs V and P, vs V curves estimated by {%O

the MD calculations in the high-density metallic region (11
<p=<14g/cn?) seem to deviate from the observed values
slightly. These results suggest that the pair potential approxi-
mation using the potential energy curve of Hgialitatively
reproduces the volume variation of force field, however,
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20

T=1273 K
p=10.98 g/cm®

T=1673 K
p=9.25 g/cm3

many-body effects may be important to discuss these prop- 290 (c) i T=1803 K 7

erties quantitatively in high-density metallic region. N p=6.6 g/em®
Tamura and Hosokawamade x-ray diffraction measure- L5 : 7

ments for expanded liquid mercury, including the M-NM < !

transition range along the liquid-vapor coexistence curve, ® 1.01

They pointed out that the expansion of liquid mercury in the

metallic region (1% p=<14g/cn?) is accompanied not by a 051 7

uniform increase in the interatomic distancg, but by a .

decrease of the coordination numbé;. As the density 0.0 ; 10

decreases further, the relative rate of the decreadg ibe-
comes smaller and; then starts to increagé We calculated
the pair distribution functiongyp(r), and the structure fac- FIG. 4. The pair distribution function for three thermodynamic
tor, Syp(k), in the density region between 7.2 and 14.Ostates. (@ (1273 K, 10.98 g/c). (b) (1673 K, 9.25
glent. Thegyp(r) at three thermodynamic states: the me-g/cn®). (c) (1803 K, 6.6 g/crf). Solid lines: MD calculation;
tallic state(1273 K, 10.98 g/cr, the state near the M-NM dashed lines: x-ray diffraction dat&ef. 23.

transition(1673 K, 9.25 g/cr), and nonmetallic staté1803

K, 6.6 g/cnt), are shown in Figs. (@), 4(b), and 4c), respec- The variation ofr, and N, with temperature for fixed
tively, compared with the corresponding pair distributionvolumes is shown in Figs.(é and @&b), respectively. As
functions,gy ,(r), obtained from the Fourier transformation seen in Figs. @ and @b), r, increases andN, decreases

of structure factors determined by x-ray diffraction with volume at a fixed temperature. It is notable thatde-
measuremerft The r; becomes longer as the volume andcreases with increasing temperatures at a fixed volume.
temperature increases. The behavior is qualitatively considdigher temperature, in other words, increasing kinetic ener-
tent with those seen i, ,(r). However some details in the gies of Hg atoms lead to strong collision between atoms,
shape of gyp(r) is different from the corresponding thenr,; becomes short at a fixed volume. When the density
Oxrafl). Intheg, (), there is a broad band inside the first decreases from 14 to 11 g/énr, increases from 3.06 to
peak and the first peak has a shoulder in its outside. Thes209 A andN, decreases from 7.3 to 5.3. On the other hand,
differences can be attributed to the difference betweemvhen the density decreases from 11 to 8 gflam increases
Oxrafr) andgyp(r): as x-ray diffraction originates from from 3.09 to 3.18 A and\, decreases from 5.3 to 3.9. Thus,
x-ray beams scattered by the electrons,dhg(r) is asso- in the high-density region (Kp<14 glcnt), the density
ciated with the correlation between the electrons, while thelependence of; is relatively small and the decreaserip
gmp(r) shows the distribution of atomic nuclei. Figurg®5  with an increase in temperature is large, and the density and
5(b), and 5c) show the Syp(k) at three thermodynamic temperature dependencelf are also both relatively large.
states corresponding to Figs(a# 4(b), and 4c), respec- In the low-density region (&p<11g/cn?), r; becomes
tively, compared with the, ., (k). TheSyp(k)’'s agree well  very density dependent, but becomes much less temperature
with the S, ,(k)’s at all thermodynamic states. The first dependent, andl, is much less dependent on density and
peak shifts to the smak-side and the width of first peak is temperature. These results explain the density dependence of
broadening with increasing volume and temperature. Ithe structure of liquid mercury seen in the experimental
should be noted that there appears a minimum in the small-data®®

region below 1 A? for both Syp(k) and S raf(k) at the We tried to interpret the thermodynamic-state dependence
low-density-nonmetallic stat¢Fig. 5(c)], which indicates of the electrical conductivityc in the metallic strong-
significant decrease of long-range order. scattering region (98p=<11.0g/cni) from the perspective

r A
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liquid mercury. (b) Isochores of the coordination numbi for
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k (Al) IV. CONCLUSIONS
FIG. 5. The structure factoS(k) for three thermodynamic In this study, we performed SDCI, SDGIQ), and CPA

states. (@) (1273 K, 1098 gicd. (b) (1673 K, 9.25 calculations for the groundS  state of Hg incorporating
glen?). (o) (1803 K, 6.6 g/cr). Solid lines: MD calculation; the 5d and 6 electron correlations and major relativistic
dashed lines: x-ray diffraction dat®ef. 23. effects. The many-electron-excitation effect produces spec-
troscopic constants close to the experimental values. There-
fore the electron correlation effect is very important for de-
[§cribing the interaction between mercury atoms.

MD calculations for expanded liquid mercury were per-
med using the potential energy curve of JHin the re-
ions including the M-NM transition range. The volume de-
endence of the thermal pressure coefficient, and the

of the change in atomic arrangements obtained by the M
calculations. As mentioned at the beginning of this paper, th?

. . . or
temperature dependence of isochowc in this strong-
scattering region has been found in a number of experiment

studies: the isochoriar increases as the te.mperature in'internal pressureP,, estimated by the MD calculations
creases, i.e., do/dT),>0. The M-NM transition of ex-  a5re6 well with experimental results. Therefore, many-body
panded liquid mercury is simply a band-crossing transition;nteractions or the qualitative change in the form of inter-
which is arising from the vanishing of overlap between thegiomic interactions arising from density dependence are not
tails of 6s and 6o band. In the strong-scattering region, the necessarily essential to explain the behavior of thevs V
overlap between$and 6o band is small, then the density of and theP, vs V curves. The variation of calculated pair
states at the Fermi energy(Eg), is also small. According distribution function between metallic and nonmetallic state
to tight-binding approximation, the bandwidghis generally  qualitatively demonstrates the variation of experimental
given by B=2N,1,%* wherel is the overlap energy integral ones. We discussed that the thermodynamic-state depen-
and increases exponentially with decreasing interatomic disdence of the electrical conductivityin the strong-scattering
tance. As seen in Fig. 5,; and N; decrease with higher region from the viewpoint of the change in atomic arrange-
temperature at a fixed volume. Generally these exponentighents obtained by the MD calculations. The increase of the
increases of with decreasing ; overcome the decreases of isochoric electrical conductivity accompanying an increase
N;. ThusB increases with higher temperatures under a fixedn temperature can be realized through the increase of the
volume, so that the increasing overlap between the tailsof 6density of states at the Fermi energy arising from the de-
and & band leads to the increasing of density of states at therease of interatomic distance. In the preceding papee
Fermi energy. Therefore, the isochoric electrical conductivreported that the MD calculations near the melting point us-
ity, which is proportional to the square of the density ofing the potential curve of Hgreproduce the cooperative mo-
states at Fermi energy, increases as temperature increasesion corresponding to the collective short-wavelength excita-
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tions in the dynamic structure factor. These results suggegtxilrod-Teller interactiort® because the three-body disper-
that pair-potential approximation using the potential curve ofsion forces are repulsive while the two-body dispersion force
the dimeric molecule gives a good qualitative description ofis a long-range attractive force. It is interesting to determine
the metallic interatomic force for liquid mercury, and MD the liquid-vapor coexistence curve with pair-potential ap-
calculations using this approximation demonstrate the chamroximation using the potential energy curve of Hmd to
acteristic change of force fields between liquid metal ancﬁwestigate the contribution of three-body effects to the
liquid semiconductor. However, the both vs V. andPy Vs Jiquid-vapor transition phenomena, especially in liquid-vapor
V curves estimated by the MD calculations seem to deviateritical range.
from the observed values slightly in the high-density metallic
region. These differences between the observed and calcu-
lated values may be attributed to the lack of the many-body ACKNOWLEDGMENTS
effects.
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