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Local structure of expanded fluid mercury using synchrotron radiation: From liquid
to dense vapor
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X-ray-diffraction measurements for fluid mercury up to the supercritical region have been carried out using
synchrotron radiation at SPring-8. We obtained the structure f&Q) with good signal-to-noise ratio, and
the pair distribution functiong(r) for expanded fluid Hg from the liquid to the dense vapor. To see the volume
dependence of the local structure in fluid Hg in detail, we tried to reproduag#g(r) of fluid Hg using
Gaussian peaks. The optimized parameters show that the asymmetrical first géakanhliquid Hg consists
of atomic distributions at short and long distances of about 3 A and 3.5 A. Volume dependence of the
parameters suggests that decrease of the atoms coordinated at the short distance is strongly correlated with the
metal-nonmetal transition in fluid Hg.
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[. INTRODUCTION late the energy bands for crystalline Hg with expanded bcc,
fcc, and rhombohedral structures. Band-structure calcula-
Metals are finally transformed to an insulating state whertions for such a uniformly expanded crystalline Hg were car-

they are sufficiently expanded. A simple band model predictsied out by many others»?® An alternative approach taken
that divalent metals are transformed to an insulating statey Mattheiss and Warréhassumed that the nearest-neighbor
with volume expansion by forming an energy gap betwgen distance was constant, so the density variation in expanded
andp bands. Liquid Hg, well known as a prototype of diva- fluid Hg was due entirely to the changes in the coordination
lent liquid metals, has extensively investigated so far becauseumber. These theoretical studies besides Devillers and Ross
it undergoes the metal-nonmetall-NM) transition when it show that the band gap does not appear at 9 gchut at
is expanded up to the liquid-gas critical pdjntitical data of  much smaller density. On the other hand, an early data of the
Hg (Ref. 1): Tc=1751 K, pc=1673 bar,pc=5.8 gcm °]. optical absorption showed that the optical gap seems to close
The first indication of the M-NM transition was found in the at around 6 gcm?®.*? Bhatt and Ric# calculated optical
electrical conductivity and thermopower data obtained byabsorption spectra from the gaseous state to around the criti-
Hensel and Frank.Figure 1 shows the density isochores cal density, on the basis of a model of excitonic absorption in
plotted in the pressure-temperature plane reported bglusters. They suggested that an exciton band is responsible
Gozlaff.! A bold solid line indicates the saturated vapor-
pressure curve and the closed diamond shows the critical
point. Many investigations have been made focusing on the
M-NM transition in fluid Hg. Measurements of electrical 2000
conductivity>~® thermopower;°~8and Hall coefficierttindi-
cate that, as the density is reduced, the M-NM transition
starts to occur at a density of about 9 gcinwhose isoch-
ore is denoted by a bold broken line in Fig. 1. Data of optical 1000 -
reflectivity*®** and optical absorption coeffici¢htsupport
the transition around the density. The result of nuclear mag-
netic resonancé clearly indicates that the M-NM transition 0 i
occurs at around 9 gcni. Thermodynamic properties of 1000 1500 2000
expanded fluid mercury such as equation of stafé's, 516 TIK]

Soung veI0C|t)},7‘.20 sound attenuatlgf’ﬁ’21 and  specific FIG. 1. The density isochores for fluid Hg plotted in the
heat® were also investigated to clarify the mechanism ofpressure-temperature platref. 7). A bold solid line indicates the
M-NM transition. Several experimental results on the transisaturated vapor-pressure curve and the close diamond shows the
tion were reviewed and discussed in the literafire. critical point. Open circles show the pressures and temperatures at
Theoretical attempts were made to understand the M-NMyhich x-ray-diffraction measurements were performed. The isoch-
transition in fluid Hg based on the simple band model. Dev-ore of 9 g cm ® where the metal-insulatgM-1) transition occurs is

illers and Ros¥ applied a pseudopotential method to calcu-denoted by a bold broken line.
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for the apparent closing of the optical gap around 6 gm experimental data, it is essential to get more information on
and later experimental data on the M-NM transition obtainedhe medium range order—such as the second- and third-
from optical absorption measuremetitsere consistent with neighbor coordinations—of metallic fluids and it is necessary
those of electrical measurements. Since these theoretici Perform x-ray-diffraction experiments using a synchrotron
studies could not give an exact density of the M-NM transi-adiation source instead of an in-house x-ray source. Syn-
tion obtained experimentally, a possibility was pointed Outchrotr(_)n_ radiation is quite strong and dlrec_tlonal in character.
that the density fluctuations near the critical point play anCombining our high-temperature and high-pressure tech-
important role for the M-NM transition. Franz showed a Niques with synchrotron radiation we have a greater possibil-
model producing a gap at the correct density of 9 gaf? ity to_ get high 'quallty data on Fhe microscopic structqr_es,
The model was based on the assumption of a linear decreagdgnsity fluctuations, and dynamic structure, for supercritical
in the average coordination number with decreasing densitynetallic fluids. We have made x-ray-diffraction measure-
but the fact that the actual coordination number would bements for metallic fluids up to the supercritical region using
distributed randomly over a range around the mean numbeiynchrotron radiation at the superphoton ring operating at 8
was taken into account. As another theoretical approachzeV (SPring-8 in Japan since the first operation of the fa-
Turkevich and Cohefl postulated the existence of an exci- Cility in 1997.7""Not only the quality of the data became
tonic insulator phase in fluid Hg and argued that a collectivénuch better than that of the previously reported ones but also
effect could produce both a real gap at around 9 gtand the structure factor of dense Hg vapor was obtained. In this
another anomaly at around 3 gchin dense Hg vapor Paper we report the results of x-ray—czjlffractmn measurements
found by optical measuremeris. for fluid Hg using synchrotron radiation at SPring-8 and dis-
In this context, it is obvious that the information on the cuss the change of the local structure in fluid Hg with vol-
atomic arrangement of expanded fluid Hg is important foryMe expansion based on the experimental facts.
exact understanding of the M-NM transition. However, the
diffraction experiments for expanded fluid Hg are quite dif-
ficult because the critical pressure is very high. For many
decades we have had almost no structural studies for metallic We have performed energy-dispersive x-ray-diffraction
fluids near the liquid-gas critical points, except for fluid Rb measurements for expanded fluid metals using synchrotron
and fluid Cs. The static and dynamic structures of fluid Rbradiation on the BLO4B1 beam line at SPring-8. The storage
and fluid Cs were investigated using neutrdh®ecently, ring at SPring-8 was operated at 8 GeV with 100 mA during
Tamura and Hosokawa measured x-ray diffraction using athe present experiments. White x rays irradiated from a bend-
in-house x-ray source for expanded liquid Hg in the metallicing magnet and collimated to 0.2 mn? using slits at
region and also up to the critical region at the density ofupper stream were incident on the sample and the scattered x
6.6 gcm 2.3373°They obtained information about the first- rays were detected with a pure Ge solid-state detector. The
neighboring coordination. The results show that the first-details of the experimental setup are described
neighbor distance remains almost constant while the firstelsewheré®+!
neighboring coordination number decreases substantially and The experiments at high temperature and high pressure
almost linearly with decreasing density to the M-NM transi- were performed using an internally heated high-pressure ves-
tion region. As correlated with the development of experi-sel made of a super-high-tension steel. The apparatus permits
mental studies, Kresse and Hafffecarried out arab initio ~ measurements to be made up to 2000 K and 2000 bar. The
molecular dynamics simulation for expanded fluid Hg andhigh-pressure vessel for x-ray-diffraction measurements has
obtained the density dependence of the atomic configuratioseven Be windows for the scattered x-ray beams, which are
consistent with the experimental data reported by Tamur#ocated at the scattering angles af @f 4, 7, 11.5, 15, 20, 25,
and Hosokawa® In particular, their simulation succeeded in and 33°, to cover a sufficiently wide range of scattering
showing that the gap betweers &nd 6 bands appears at wave numbeR (Q=4=E siné/hc, whereh is Planck’s con-
about 9 gcm®. Tamura and Hosokawacompared their ex-  stant,c is the velocity of light, ancE is the energy of the x
perimental results to those obtained from theoretical studiesy). The construction of the high-pressure vessels is shown
including theab initio molecular dynamics simulation and elsewheré! The vessel is pressurized by He gas of high-
speculated that an increase of fluctuations in the nearespurity grade(99.9999%.
neighboring coordination number would strongly be corre- Supercritical fluid Hg must be contained in a cell made of
lated with the M-NM transition in fluid Hg. They also a special material being transparent to x rays and resistant to
pointed out the necessity of structural information on densehemical corrosion by hot metallic fluids. A single-
Hg vapor to investigate cluster formation at lower density. Ascrystalline sapphire cell was developed for this purpose and
another theoretical approach, Munejet al®’ deduced an the details are described elsewh&d&he cell consists of a
effective pair potential as a function of density by an inversehot part and a sample reservoir kept around the melting tem-
method using experimental dataand carried out a large- perature of the liquid sample. The hot part was heated\by a
scale molecular dynamics simulation. They studied dynamitieater surrounding a Mo tube of 6 mm in outer diameter and
structure of expanded fluid mercury and reported density de4 mm in inner diameter to keep the temperature uniform. The
pendence of sound velocity consistent with that which wasapphire cell of 4 mm in outer diameter was put into the Mo
obtained experimentalfy}. tube. The temperature of the sample was measured by two
To compare the results of recent simulatiri€ with the  Pt-30%Rh:Pt-6%Rh thermocouples, which were inserted in

Il. EXPERIMENTAL

094108-2



LOCAL STRUCTURE OF EXPANDED FLUID MERCURY . .. PHYSICAL REVIEW B8, 094108 (2003

the holes of the Mo tube and were in close contact with theThe transformation requires tI8Q) data fromQ=0 to .
wall of the sapphire cell. Cells with sample thicknesses ofA lack of exact data at smaf) values is not so serious from
110 um and 260um were prepared and the Hg sample of a metallic liquid to the M-NM transition region becauSg)
high-purity gradg99.999% was used for the present experi- values are not so large and tQ€S(Q) — 1) function is very
ments. small in this region. However, in the region from the fluid
The observed data were analyzed principally using théear the critical density to dense Hg vaps(0) becomes
same procedure reported in the previous papend it is  Very large and the ambiguity &(Q) from Q=0 to Qy;, of
briefly summarized as follows. We measured x-ray-about 1 At may cause serious errors gr). As the most
diffraction spectra of an empty cell, and those of fluid Hgreliable way, as long as we could at the present,S{)'s
after liquid Hg was,in situ, loaded into the cell and a uni- Were calculated using the experimentally obtained isothermal
form liquid thin film was formed at the hot part. First, tiny compressibility of expanded fluid H@Refs. 1 and #and the
distortion of the spectra by escape effect of the Ge solid-statéterpolation ofS(Q) from Q=0 to Qn;, was carried out
detector was corrected. Second, to estimate the energy spesing the scattering law of the Ornstein-Zernike equation
trum of the primary beanhy(E), the spectrum of the empty With the correlation length estimated from small angle x-ray-
sapphire cell was analyzed on the assumption that it consisg€attering measuremerffsin addition, the termination of the
of Compton scattering from Al and O atoms. The assumptiorflata atQmax<% introduces distinct error in the resultant
was almost satisfied because the crystalline axes of the ced(r), which mainly appears as unphysical ripplesgir)
were adjusted and strong Laue spots from the cell were ndtinction. Tamura and Hosokawanade the termination cor-
directed to the detector at the scattering angles. To dedudéction using a method proposed by Kaplewal*® They
| o(E), corrections for the absorption by the cell and Be win-repeated Fourier transform and Fourier back-transform till a
dows of the high-pressure vessel were made. The profiles ¢gasonablg(r) function was obtained. Thg(r) reported by
|o(E) obtained were similar to synchrotron radiation spec-them has few ripples around the main peaks. On the other
trum calculated theoretically for a bending magnet athand, we performed Fourier back-transformation to see the
SPring-8 if the efficiency of the solid-state detector and aberror in the first peak region &(Q). When$S(Q) was ob-
sorption by the air are taken into account. Then the spectra ¢@ined from an incorrect normalization, thggr) function
fluid Hg at each temperature and pressure were analyzed. Tieduced had spurious peaks #id,, whered, corresponds
deduceS(Q), absorption by fluid Hg and compressed He gasto atomic diameter of Hg. To obtai(r) free from spurious
in addition to that by the cell and Be windows, and Comptonpeaks we found thaB(Q) around the first peak and the first
scattering from Hg were taken into account. After subtractingninimum had to be modified whil§(Q) in larger Q values
terms by the empty cell and Compton scattering by Hg atomés unchanged. The first peak region $(Q) could have a
from the spectrum, a remaining coherent term was normallarge error as already mentioned. So we renormalized the
ized by a scattering intensity estimated for an isolated Hgexperimental data till a profile aj(r) became reasonable. It
atom. Effects by multiple scattering were ignored at theshould be noted that this is not a uniqgue mathematical pro-
present analysis. Numerical data such as dengitiesss ab- cedure but a semiempirical one with a physical meaning, as
sorption coefficientd®> and atomic form factors for pointed out by Kaplowet al*® We did not perform the ter-
cohererft* and incoheredt scatterings were cited from lit- mination correction because quality of o&Q) data is
eratures. FinallyS(Q) obtained at scattering angles were much better than that measured using in-house x-ray sburce
overlapped and averaged in a suita@lgange. AsS(Q) in and the preserg(r)’s agree well with those reported at simi-
largerQ region had to oscillate arour8(Q) =1, ambiguity  lar densities.
for selecting a suitabl® range and averaging them was very  In the previous papéf,we estimated the densities of fluid
small andS(Q) data obtained at different angle settings for Hg from the measured temperature and pressure points on
fluid Hg have an excellent consistency in the saneegion  the phase diagrafhHowever, especially in the region near
as that shown in the previous paf&However,S(Q) from  the critical density, a small difference between the tempera-
the first peak to the first minimum has rather large ambiguityture of the sample at the position irradiated with x ray and
because availabl® region at small scattering angles was that of the position of the thermocouples would give a large
narrow and a small error in the process of overlap at I§ge deviation between the estimated density and the real one. We
would be most amplified here. In our experience, the heigh¢orrected the real density of the sample by the following
of the first peak may have an inevitable error within 10% andmethod. The absorption coefficient of the sample becomes
it is a weak point of energy-dispersive method that should béarge with increasing density and this fact means that the
overcome in future. At present we checked 8(&) curve  onset of the observed x-ray-diffraction spectrum is shifted to
around the first peak by performing Fourier transform anchigher energy with increasing density. The densities esti-
back-transform as described in the following paragraph.  mated from the shift were in good agreement with those
The pair distribution functiomy(r) is obtained by a nor- obtained from the phase diagram at the measured tempera-
mal Fourier transformation using EL): ture and pressure except for the density region from 5 to
8 gcm 3. For the sample thickness of 110m, the densities
of 7 and 8 gcm? evaluated from the measured temperature
sinQr and pressure were corrected to be 5.8 and 7.6 gcrre-
47QdQ. (1)  spectively, while for the thickness of 2om, 5.8, 6.6, 7.4,
Qr and 8.4 gcm?® were corrected to 5.0, 5.3, 5.7, and

1

3
8 nO

g(n)=1+ f:Q(S(Q)—l)
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racy of £5 bar at 2000 bar and, in principle, the same pres-

| fluid Hg I | X
T P P sure was transmitted to the sample.
L [K] [bar] [gcingl.
1623 980 1.
157 ; 1813 1568 3.0 Ill. RESULTS
L ~— 1813 1813 4.1 We have carried out x-ray-diffraction measurements for
- ~— 1810 1949 3.0 expanded fluid Hg in the temperature and pressure ranges to
I 1800 1948 5.3 1813 K and 1949 bar along the saturated vapor-pressure
10- /\' 1788 1947 5.7 curve and with dgnsities (anging frgm ;3.6 to 1.9 g‘ém
) /,t:t 1768 1940 7.0 The measured points are indicated in Fig. 1 by open circles.
s |/ 1763 1903 7.6 Figure 2 shows th&(Q) for expanded fluid Hg in different
i /\/‘ 1723 1901 9.0 temperatures and pressures. Dots denote the experimental
r /\/" 1673 1901 9.6 data anq they seem to draw a continuous curvg._Note that in
AN e the previous data report&ttots of the same definition scat-
st 7/ 1523 950 0] ter but their smoothed curve is in good agreement with our
i /, 1353 610 10.7) dots at similar density.
| N~ 1173 352 113 Figure 3 shows the pair distribution functigfr) calcu-
A 923 164 12.0 lated from the Fourier transforms @&(Q), of fluid Hg
AN 208 98 13.6 shown in Fig. 2. The data fay(r) at 298 K and 9.8 bar have
0' J \/\I” L several features; the first peak has an asymmetric shape, the
0 5 10 15 first minimum is invariant in the region from 4 to 5 A, and
Q=" the second peak is rather small. The datagir) at 298 K

_ and 9.8 bar are in agreement with the previous data at normal
FIG. 2. Structure facto§(Q) for expanded fluid Hg. Tempera-  congjtion*® With increasing temperature and pressure, with
ture, pressure, and density are indicated at the upper right-hand si creasing density, the long-range oscillatiorg@f) dimin-
olf ;ai?ch of the data points. The curves have been displaced fqghaq The proadening of the first peak gradually occurs but
clanty- no change of the peak position is observed and the asymme-

3 _ ) _ try of the first peak remains even at temperatures and pres-
7.0 gcm ”, respectively. These corrections of density corre-g ;oo up to 1768 K and 1940 bar. While the first peak is

spond to a correction of temperature within 20°. Note thalyhqeryaple even in the M-NM transition region, the second

we show temperatures measured by the thermocouples Withe o around 6 A is substantially damped. It should be noted
out correction in Figs. 2 and 3. We did not correct pressur

X ; ) _ hat the shape and the position of first peak change when the
because it was measured using Heise gauge with the acClfansity further decreases and the dense vapor region is ap-
proached.

T T T T T T T
| fluid Hg T p P
[K] [bar] [gem™] IV. DISCUSSION

1623 980 1.9
15F

1813 1568 3.0 To obtain the definite coordination numbhirfrom the
V\/\mﬁ diffusi_ve and broady(r) pattern of the quu_id we employe_d
V\/\,_,__b-_ two different methods to define and to integrate the first-

neighbor peak as shown in the inset of Fig. 4. The first one

_\A/\ﬁﬂﬁm_io_
;\/\,w (methodA) is the method of integrating #r 2nyg(r) from

IO;MM d, up to the maximum position af(r), r,, and taking twice
= 1768 1940 7.0 the integral, where, denotes the average number density of
=L 1763 1903 7.6 Hg. The second ongnethodB) is the method of integrating

47r2nog(r) up to the first minimum position aj(r), rmin-

1673 1901 9.6 We fixedr i as 4.5 A in the whole density range because
SM/Nﬁ\VTM Fmin does not change so much except in the dense vapor
W region.

1173 352 11.3 The coordination numberdl, and Ng obtained by the
I 923 164 12.0 meth_odsA and B respectively, are plotted_in Fig_. 4 as a
| 208 98 136 function of density. The nearest-neighbor distangés also
- shown at the bottom of Fig. Ng decreases substantially
Ol ——— and linearly with decreasing density in the wide region from
IA] liquid to dense vapor. On the other ham, also decreases

almost linearly with decreasing density in the metallic region

FIG. 3. Pair distribution functiorg(r) for expanded fluid Hg but when the M-NM transition region is approached, i.e.,
obtained from Fourier transform @&(Q) shown in Fig. 2. The around 9-10 gcm®, the deviation from the linear depen-
curves have been displaced for clarity. dence comes out. It should be noted that the density around
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FIG. 4. The coordination numbed,, Ng denoted by closed
squares and triangles, respectively, and the nearest-neighbor dis- FIG. 5. The optimized coordination numbedg andN, , peak
tancer,, denoted by closed circles, for expanded fluid Hg as apositionsrgandr, , and the mean-square displacemergsindo_
function of density. The definition dil, and Ng is shown in the for the first(S) and secondL) shells, respectively, as a function of
inset and described in the text. density. These two peaks mainly contribute to reproducing the
asymmetrical first peak ig(r).

which the deviation starts to occur coincides with the region
where the M-NM transition starts to occur. On the contrary,expressing the asymmetrical first peak are denote8 agd
no anomalous behavior is observed in thaNgfaround this L instead of 1 and 2, respectively.
density region. In the region near the critical density, varia- First we discuss structural change with volume expansion
tion of N, changes again. As seen in the figure,in the  from liquid at normal condition to fluids near the M-NM
metallic region remains almost unchanged with decreasingransition. Since an x-ray-diffraction measurement for liquid
density but when the M-NM transition region is approachedHg by Kaplow et al,*® the local structure of liquid Hg is
r, starts to slightly increase. Such a behavior coincides wittpointed out to be similar to that of crystalline-Hg with
the deviation from linear dependence Mf . In the region rhombohedral form. Figure(é shows a schematic illustra-
near the critical density,; becomes about 3.3 A. The value tion of the crystal structure ofi-Hg.>* The crystal has an
of r; seems close to the interatomic distance of a Hg dimeatomic configuration of distorted fcc structure, where six
in the rarefied vapot’ From these results we can conclude neighboring atoms are hexagonally arranged at 3.5 A around
that the density decrease of fluid Hg is essentially caused bg central atom and other six atoms are located at 3.0 A in
the reduction of the coordination number through the whole
density region as seen in the behaviorNy. The volume (a)
expansion of liquid Hg in the metallic region is not a uniform 5,615
expansion with a fixed coordination number, but is caused by ) —
a decrease of coordination number with a fixed nearest-
neighbor distance as concluded by Tamura and HosoRawa. A\

To see the volume dependence of the local structure in 2
fluid Hg in detail, we tried to reproducer ?nqyg(r) of fluid )
Hg from the liquid to dense Hg vapor using a summation of
Gaussian peaks shown in B®):

Amr?ngg(r)= >, N ex (ror)? 2 @ OO P
o 0 = e
i \2moy 20'i2

Here N;, r;, and o; denote the coordination number, the

interatomic distance, and the mean-square displacement of

for the ith shell, respectively. The least-square fitting was

carried out for 4rr?nyg(r) from d, to around 6 A. The FIG. 6. (a) A schematic illustration of crystalline Hg with rhom-
optimized parameters of the first and second shells are plobohedral form &-Hg). (b) An image of local structure at the first
ted as a function of density in Fig. 5. Hereafter these shellstage of volume expansion.
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FIG. 7. (a) g(r) at 13.6 gcm?® reproduced using a Gaussian
model. The least-square optimization was carried out for the
47r?neg(r) from d, to about 7 A. The optimized parameters of

the first and second shells are shown in Figl.g(r) reproduced
using a Gaussian model in accordance with the local structure of
a-Hg. The position of bars in the figure displays the interatomic
distances in local structure ef-Hg and the height of bars is pro-
portional to the number of atoms.

FIG. 8. g(r) at 12.0, 9.0, and 4.1 g cmi reproduced using a
Gaussian model. The least-square optimization was carried out for
the 4mr2nqg(r) from d, to about 6 A. The optimized parameters
upper and lower planes three by three. Figui@ Zhows the of the first and second shells are shown in Fig. 5.

. . B _3 .
Gaussian fitting fog(r) at 13.6 gcm™ and the asymmetri- results. These results suggest that the decrease of atoms co-

cal first peak ofg(r) for liquid Hg is well reproduced using . dinated at 3.0 A is closely correlated with the M-NM tran-
two Gaussian peaks, whose positions are 3.0 A and 3.6 Asition in fluid Hg. The result may also show that the average
respectively. Their coordination numbers are about 6 and Yyistance of the first and second coordination shells at 3.0 A

respectively. _ and 3.5 A increases with decreasing density to the M-NM
Then we confirmed if the local structure efHg could  transition region though, is constant.
reproduce the experimentg(r) at 13.6 gcm . Figure 7b) In the previous papét. the density variation ofN,,

shows the best fits using the interatomic distancgsand  which represents the atomic configuration at the shortest dis-
coordination numberdl,,; of a-Hg. Here we optimized the tance in the asymmetrical first peak, was discussed, and a
data using Eq(2) and chose a scaling fact@y, of the coor-  possibility was suggested that it is strongly related to the
dination number, and that of the distanCe the widths of = M-NM transition. Reverse Monte Carlo modeling technique
Gaussian peaks afs and o, and a scaling factor of the to the x-ray-diffraction data of expanded fluid Hg using an
width C,, as free parametergthat is, r;=C,Xr,, N; in-house x-ray sourééwas applied by Nield and Verrongn
=C,N,; for i=1, ando;=C,r; for i=3). The optimized and Arai and McGreevy: Their analyses pointed out that the
values ofC,,, C,, og, o, andC,, were 0.917, 1.00, 0.178, variation of the near neighbors at shorter and longer dis-
0.364, and 0.0875, respectively. The asymmetry of the firstances in the first coordination shell is important to under-
peak is well reproduced and the correlation around 6 A apstand the nature of the M-NM transition. The suggestion by
pears with the crystalline parameters but there appears these studies is consistent with the results of the present
hump around 4.7 A that is not observedj¢r) of the liquid. ~ Gaussian fitting.

That means a limitation of this model for liquid Hg without ~ Next we discuss a local structure in dense Hg vapor from
long-range order. With decreasing density, the height of thé.7 to 1.9 gcm?. S(Q) at 5.7 gcm® has clear first and
first peak ing(r) decreases. Figure 8 shows the results ofsecond peaks, and the peaks become broad with decreasing
Gaussian fitting for fluids at 12.0 and 9.0 gcitogether ~ density. As a characteristic feature, tgér) of dense Hg
with 4.1 g cm 8. The peak positions afs andr, are slightly ~ vapor has rather broad first peak around 3.3 A, with a tail
shifted to smaller distancég substantially decreases while extending to 4-5 A where the first minimum of liquid Hg
decrease ofN, is smaller. These results suggest that at theexists. The results of Gaussian fitting show thatand r

first stage of volume expansion, Hg atoms are not randomlyalues remain the same near the metallic region wNile
taken away one by one from the atomic positions but espeandN,_ decrease and become about 1 and 2, respectively. The
cially from closer neighbors. The process is schematicallyail around 4—5 A ing(r) comes from the third shell as
illustrated in Fig. 6b). In the liquid with large disorder, a shown in Fig. 8. To understand the atomic distribution
clear cluster shown in Fig.(B) cannot exist. However an around 4-5 A, information on Hg vapor may be helpful.
image, which shows that volume expansion between layers Barocchi et al®>* measured depolarized interaction-induced
preferred at least at the first stage of the expansion procedgght scattering spectra of Hg vapor and investigated both the
may help in the understanding of the present experimentdbrm of the interaction-induced pair polarizability anisotropy
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and pair potential of Hg atoms. Their results show that gasto close neighboring site, it is plausible that the decrease of
eous Hg behaves quite differently from noble gases and Hlg in the metallic region affects the mechanism of the elec-
pair develops a large intermediate-range positive anisotroptronic transport in the fluid.
during collision. The excess polarizability anisotropy calcu- The results by Tamura and HosokaWwahows that the
lated based on the classical dipole-induced-dipole approxinearest-neighbor distance starts to elongate around
mation becomes large around 3—4*AThey also estimated 9-10 gcni®. Our data agree with their results and clearly
g(r) from a model potential’ The distance of 4-5 A is show that the elongation continues up to the critical density.
close to the maximum position aj(r) calculated for Hg As already mentioned, several band-structure calculations
vapor at 1073 K. According to these facts, the present resultgere carried out for the hypothetical forms of crystalline Hg.
may suggest that there exists a rarefied region in dense Hgne of the approaches whose principle was consistent with
vapor due to large density fluctuations and that the locathe present experimental results was that of Mattheiss and
structure observed by x-ray diffraction is an average of thatarren?” They assumed that the nearest-neighbor distance
in dense and rarefied regions. On the other hand, anothgfas constant, so the density variation in expanded fluid Hg
explanation may be possible. The optimiaé¢glof dense Hg  was due entirely to the changes in the coordination number
vapor scattered at the present analysis Bigdwas located for crystalline Hg with fcc, bee, sc, and diamond structures.
within 4x2. If every third neighbor is bridged by the first They found that the trend of the density dependence of the
neighbors of three¢ Ng+ N ), N3 is estimated to be 6. This theoretically calculated density of statd30S) is in good
estimation and optimizedN; may support the assumption agreement with that of the Knight shift in the density range
that atoms in the third shell are always bridged by anothedown to about 9.5 g citt. However, their hypothetical crys-
atom in the first neighbors around 3-3.5 A. When the astal with diamond structure witN, =4, which corresponds to
sumption is accepted, a bond angle of about 90° is estimatesi=5.4 g cm 2 by the interpretation of Warren and HertSel
from these distances. The increase of probability that atomgsing revised density data, indicates a semimetallic DOS,
are distributed around 4-5 A with decreasing density mayand it was found necessary to increase the lattice constant by
suggest that a bond angle of about 90° become preferablis to fully open a gap. The experimental data of the nearest-
with volume expansion. It is, however, difficult to conclude neighbor distance show that elongation of 1% would be pos-
which picture is proper at the present stage. To understansible near 9 g cm? with volume expansion.
exact local structure, information on the density fluctuations By taking fluctuations in the local coordination number
in the supercritical fluid is of great importance. into account, FrarfZ showed that a gap opens at the correct
It is a theme of interest to study what happens in thedensity of 9 gcm?®. The model was based on the assump-
density region from 8 to 6 gcnt. Semiconducting proper- tion that the average coordination number decreases linearly
ties of the fluid are known to be enhanced in this region. Thevith decreasing density but that the actual local coordination
optical gap appears in the process while Bhatt and ®Rice numbers would randomly be distributed over a range al-
proposed existence of an excitonic absorption band arounidwed physically. The previous calculatfdrshowed that for
6 gcm 3. Experimentally it is difficult to measure structural N,=4 a gap is just before the opening while fér=3 a gap
data in this region under stable conditions because the isockhould exist. Franz postulated that the local gap at the atom
ores are concentrated to the critical point and a small flucwith coordination number smaller than 4 plays a role as if a
tuation of temperature can cause variation of the state of theacancy in hopping of conduction electrons and that a real
fluid. Fluctuations near the critical point may play the mostgap appears when such vacancies against the transport propa-
important role in this region. The present results\yf r;, gate throughout the liquid. Tamura and HosokZwais-
and o; (i=S,L) are located between the M-NM transition cussed the reliability of the model comparing the coordina-
region and dense vapor region while data points are naion numbers predicted by the model with their experimental
many. The first peak of(r) becomes broad and approachesresults. They concluded that the mean coordination number
to the profile of dense Hg vapor. These facts suggest that thaf 6.7 at the M-NM transition predicted by the model would
local structure of the fluid varies in this region with volume be overestimated compared to their result of 5.8. Exact defi-
expansion as well as the electronic state. nition of the coordination number in the fluid with large dis-
Tamura and Hosokawadiscussed structural change in order is quite difficult. But our Gaussian fitting procedure
the M-NM transition from the microscopic point of view. may take account of contribution of the tails from higher
They pointed out that a linear decrease of the coordinatioshells. The coordination number in the first peak region
number changes around 12 g¢chrin the metallic region and (=Ng+N,) is about 5.5, which is close to 5.8 reported in
it may correspond to the transition from a weak scatteringhe previous work® The present results suggest that when
regime to a strong scattering one proposed by Cohen andg becomes less than 3, the M-NM transition starts to occur.
Jortner® and later El-Hanany and WarréhThe present data This coordination number may be consistent with the num-
have points in the metallic region less than those by Tamuraer predicted by the theoretical study.
and Hosokawa and it may be difficult to conclude it based on Kresse and Hafnét made a theoretical investigation on
the density dependence of the coordination number. Howthe density variation of the structural and electronic proper-
ever, the quality of the present data is much better and thées of expanded fluid Hg using aab initio density-
results of Gaussian fitting may solve their speculation. Asunctional molecular dynamics method. They found that a
shown in Fig. 5, a crossover betwed&y and N, occurs  single-particle gap between thes @nd 6 bands opens at a
around 12 gcm?®. Because an electron would easily transferdensity of about 8.8 g cnt. They could well reproduce the
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volume expansion in fluid Hg, which does not result in an V. CONCLUSION
increase of the mean interatomic distamgebut result in a We h ied rav-diffracti f
decrease of the average coordination number. In addition, the € have carrie OUt. x-ray-diffraction me:_isgrements or
asymmetry of the first peak ig(r) was reproduced in their supgrcrmcal fluid Hg. using a synchrotron raqlla'uon source _at
calculated results over the whole density range. But, aSPring-8 since th_e first operation of thg facility. Our experi-
Tamura and Hosokaw pointed out,r in the simulation mental data are in good agreement with those reported by
remains constant to 5.8 g crh while our experimental re- 1amura and H_osoka\/?)%\ and their conclusion was con-
sults show that a clear increase of starts around firmed. In addition,S(Q) of dense Hg vapor was obtained
9-10 g cnt 3 with volume expansion. They also pointed out and the variation of the local structure of fluid Hg from lig-
that increase of the fluctuations in the nearest-neighboringid to dense vapor shows that at least three different regions
coordination number plays the most important role in theln the density exist. The first one is the metallic region from
M-NM transition around 9 g cm?®. Although it is impossible  13.6 g cm 3 to the M-NM transition region, wheng, is con-
to see fluctuations in the coordination number through thetant and the coordination number at smaller distance of
present analysis, the fluctuations may be correlated with tha.0 A decreases substantially. The present experimental evi-
distribution of interatomic distances. The present resultslence strongly suggests that Hg atoms are not randomly
show thatos and o, become large from 13.6 to 7 gcri  taken away one by one from the random array with a con-
with volume expansion as seen in Fig. 5. This evidence magtant nearest-neighbor distance but at the first stage of the
support their speculation. expansion, atoms at shorter distance are selectively taken
Finally, ing(r) at 13.6 gcm? the second peak is observ- away. The second one is the region from around 9 gtto
able around 6 A. With volume expansion, the first peak rethe critical density, and the third one is the dense vapor re-

mains but the second peak is substantially damped in thgjon |t would be necessary to understand the local structure
M-NM transition region. Tamura and Hosoka?ﬁahscussed in the latter two regions, taking the effects of the density
this fact and speculated a possibility of forming small clus-fjctuations into account.

ters such as Hg dimersNg=1), triangles N;=2), or tet-
rahedrons l;=3) near the critical region. Coexistence of
“van der Waals—type” dimercury Hgwith the M-NM tran-
sition density was intuitively predicted by Heng2lin the
present results,; of dense Hg vapor seems to be close to the The authors would like to thank Professor K. Hoshino,
bond distance of a Hg dimer and we speculate a possibilitfProfessor F. Shimojo, and Dr. S. Hosokawa for their valuable
of forming a Hg dimer in dense vapor from the profile of discussion. The authors are grateful to Dr. K. Funakoshi and
g(r). However, no direct evidence was obtained for such &Dr. W. Utsumi for x-ray-diffraction measurements at
cluster at present. To obtain the information on the clusteSPring-8. The authors also thank D. Ishikawa, T. Matsusaka,
formation in fluid Hg experimentally, it is essential to know Dr. M. H. Kazi, H. Itoh, Y. Itoh, and M. Muranaka for their
the exact information on fluctuations and to study dynamicvaluable support on the experiments. Kobe Steel Co., Ltd.,
properties such as inelastic-scattering measurements. Wigh Pressure System Co., Ltd. and Rigaku Co., Ltd. are
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and inelastic x-ray-scattering measurements for expandemtents at SPring-8. X. Hong would like to thank JSPS for
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