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Mercury wetting film on sapphire
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We have measured optical properties of a mercury wetting film on sapphire under high temperature and high
pressure near the liquid-gas critical point of mercury by using a newly developed 45° reflection technique. We
have analyzed the experimental data to deduce the density, the thickness, and the coverage of the wetting film
guantitatively as functions of pressure and temperature. As a first approximation, we have assumed a slab
model for the density profile of the wetting film, and found that the density of the wettingdfilpis much
smaller than that of bulk liquid at the liquid-vapor coexistence curve. This result is consistent with the Lifshitz
theory, from which we may predict that the sapphire substrate prefers wetting film with density lower than the
metal-nonmetal transition. When the temperature is close enough to the prewetting critical temﬁ'(f,(,ature
the effective slab densitglg,, Shows a sharp decrease as the pressure approaches the liquid-gas coexistence.
This indicates that the slab model is not sufficient to describe the shape of the wetting film, and a smooth
variation of the density has to be taken into account. In the prewetting supercritical region, two anomalies are
observed in the reflectances. Possible mechanisms of these anomalies are discussed.
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[. INTRODUCTION observed, and the anomaly is much stronger than that in the
reflectivity. The strong anomaly in the emissivity is a clear

It is well known that liquid mercury is a nonwetting sub- indication of permittivity fluctuations in the wetting film as-
stance on solid nonmetallic substrate under ambient condsociated with the prewetting critical phenomena.
tions. Indeed the closest example in common experience of a Since the prewetting critical poinﬂ'f,W,PgW) in this sys-
nonwetting substance is a mercury drop on a glass plategem lies very close to the bulk critical point{,P.) of fluid
However, at high temperatures and high pressures clos@ercury, it is interesting to study how the bulk critical phe-
to the liquid-vapor critical point of mercuryT¢=1478°C, nomena influence the surface critical phenomena. For ex-
p.=167 MPa,d.=5.8 g/cn?), a transition from nonwetting ample, competition between the wetting phenomena and the
to wetting is expected to take place from Cahn’s critical-critical adsorption may be conceivalflg]. In addition, it is
point wetting theory[1]. This transition is called a wetting known that fluid mercury is transformed from metallic to
transition. Cahn argued the asymptotic behavior of thenonmetallic under high temperature and pressure near the
Young's equation on approaching the liquid-gas criticalbulk critical point [6], and hence drastic changes in the
point. Based on the scaling behavior of surface free energwdsorbate-substrate and adsorbate-adsorbate interactions
he predicted the necessity of wetting at the critical point.  should be caused by the metal-nonmekaiNM) transition.

The wetting transition of fluid mercury on a sapphire sur-Thus the problem of how the wetting phenomena are influ-
face is found by Yao and Hensel from optical reflectivity enced by the M-NM transition may be an intriguing subject
experiments with normal inciden¢&,3]. A prewetting tran-  of inquiry.
sition, which is a first-order phase transition between a thin The purpose of the present paper is to study quantitatively
and a thick wetting film on the substrate, was evidenced fronthe physical properties of the wetting film, such as the den-
anomalous behaviors in the optical reflectivity. The prewetsity (or the density profilg the thickness, and the coverage.
ting transition line merges tangentially into the bulk liquid- For these purposes interface-sensitive measurements should
vapor coexistence curve at the prewetting temperaliyye be carried out. A simple extension of the normal reflection
=1310°C, and terminates at the prewetting critical pointmeasurements may be an ellipsometric study with oblique
(T;W= 1468°C andPgW= 158.6 MPa lying close to the incidence. In the conventional ellipsometry, the reflectivity
bulk critical point. The thickness of the wetting film was ratio p=r,/rs=tanyexp(s) of p- ands-polarized light is
estimated on the assumption that the wetting film has a slaimeasured. However, from the viewpoints of experimental
shape, and that the density and the optical constant of thechnique, this method is not suitable for our experiments
slab are identical to those of liquid mercury at liquid-gasunder high temperature and high pressure. The main problem
coexistence. For quantitative understanding of the physicds how to determine the phase shiit becauses is strongly
properties of the wetting film, however, these assumptiongffected by the birefringence of the sapphire window and the
should be checked more carefully. birefringence is highly temperature dependent. To our

Recently, it is found that not only optical reflectivity but knowledge, sapphire is the only window material that is
also optical emissivity for the mercury-sapphire system shovavailable up to the critical condition of mercury. Hence, we
remarkable changes at the prewetting transition, and that theannot use conventional ellipsometry in which the ellipso-
emissivity is more sensitive to the interfacial fluctuationsmetric anglesy and é are detected.
than the optical reflectivityf4]. Indeed, in the prewetting In order to avoid these difficulties, we have developed a
supercritical phase, a sharp minimum in the emissivity isnew method. Instead of and 6, we have measured the
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FIG. 1. Optical cell for reflectance measurements for mercury- (b) 45° reflection
sapphire interface. Incident
Ly light
intensity reflectances fop- and s-polarized lights, R, v
=|rp|? andRs=|r /2. In addition, we found that the sapphire ﬁpI >
window works as a polarizing prism by itself, and this en- s Reﬂe;ted
ables us to measurR, and R, separately. By using the Fluid Mercury Sapphire light
reflectance data, we have studied the physical properties of caxis «—
the wetting film quantitatively. Preliminary results were
given in previous papef,8]. In the present paper, full de- FIG. 2. Schematic illustrations of the optical paths through the

tails of the experimental method, the observed data, and th&PPhire rods fofa) the normal reflection measurements &brthe
results of analysis are described. 45° reflection measurements.

The paper is arranged as follows: In Sec. I, we describe haped hi d K larizi ism b ¢
the experimental methods, such as the principle of the reflecz1aP€a SAPPNIre Tod WOrkS as a poiarizing prism because o

tance measurements, layout of the optical system, and cetpe birgfringence of the sapphire crystal. Therefore, we can
assembly. In Sec. lll, experimental results are presentedj.Ietermlne the reflectances fpr and s-polarized lights R,

These data are analyzed in Sec. IV. First, we estimate th@nd Rs.
optical constants of bulk fluid mercury in Sec. IVA. Then,

by using these parameters, physical properties of the wettin ) . ) .
y g P pny brop 8ressure window and an internal electric resistance furnace,

film in the prewetting subcritical region are analyzed and A .
discussed in Sec. IVB, and those in the prewetting supe@s shown in Fig. 3. The autoclave was made of high-strength

critical region in Sec. IV C. Finally, a brief summary is given steel with 60 mm _in inr_1er diameter, 190_mm in outer diam-
in Sec. Vg_] y yisg eter and 260 mm in axial length. The cylinder was closed by

a 88 mm thick flange and a 93 mm thick flange. The furnace
consists of two independently controlled heating elements
made of molybdenum wire. The sample temperature was

We have performed optical reflectance measurements fdneasured with two W-Re thermocouples in close contact
a sapphire-mercury interface with normal reflection geomWith the hot part of the cell where the mercury sample was
etry and 45° reflection geometry. Figure 1 shows the cellocated. A high-pressure window in Fig. 3 was made of a
assembly. The liquid sample was contained in a m0|ybdesapphl're with thickness of 19 mm and diameter of 15 mm.
num cylindrical cell with an inner diameter of 6 mm. The This window was supported by a flat area of a backup screw.
cell was connected to a sample reservoir. The cell was clos€gure argon gas was used as pressure transmitting medium,
at one end by a 95-mm long synthetic single-crystalline sap-
phire rod, which was used as an optical window. This cell
assembly is similar to that used by Hensel and Y2l

In the normal reflection measurements, a sapphire rod tha ﬂlﬁ e
has a flat surface perpendicular to the axis of the rod was ﬁﬁh
used, as shown schematically in the Figa)2 In the 45° ) L 4 | D
reflection measurements, on the other hand, we used a wedc ‘ |
shaped sapphire rod as shown in the Fidp)2The axis of Ar_Gali -
the rod was parallel to the optical axis éxis) of the sap- L1
phire crystal, and the angle of the wedge was 90°. When the T ]
incident light comes along the axis of the rod, it is reflected > < T D
successively by the two surfaces, and the reflected light goe

back through the sapphire rod. It should be noted that, be: L ar——————19;

tween the successive reflections, tpolarized component  Water Inlkt Alumina Powder |
propagates as the ordinary ray and flpolarized compo-
nent as the extraordinary ray. Therefore, the refleptednd
s-polarized lights split into two beams and go back in  FIG. 3. Internally heated autoclave for reflectance measure-
slightly different directions. This means that the wedgements at high temperatures and pressures.

separately by measuring the intensity of the two

The cell was mounted inside an autoclave with a high-

Il. EXPERIMENT
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of the wetting film), the reflectance for the normal incidence

He-Ne laser

(632.8nm) (R,), the reflectance for the-polarized light Rs), and the
reflectance for th@-polarized light R;) in the 45° reflection
Depolarizer geometry can be expressed in terms of the complex refrac-
= tive index,n=n+ik, of bulk mercury[11]:
Autoclave P> Chopper (90Hz) 0y
Wetting film PMT1 R,= |rn|2= no—f , (2.1a
Sample. Heater s - n0+ n
re?ervmr l ’\RDD 1ire
\ PMT3
_ Jomz2_ 2|2
’——\‘/_ p Rs:|rs|2= —no 2,.[]2 ng ) (2.1b
- Ng+ V2n“—ng
- PMT2
Band pass - — 2
~ i filter ) nz—no \/an_n%‘
Fluid Hg Mo cell Rp:|rp| == — . (21@
n2+ng\2n2— né‘

FIG. 4. The layout of the optical system for the 45° reflection

ts. . R .
measurements Herenyg=1.77 is the refractive index of sapphire. It should

. be noted that, from equatiori®.1b and(2.19, the relation
and the pressures of argon and fluid samples were balanced

through the sample reservoir inside the autoclave. The pres-

sure was measured using a Heise gauge with the accuracy of

0.3 MPa. The free volume in the autoclave was filled with )

alumina powder to obtain good thermal insulation and tolways holds for the 45° reflection.

prevent convection of the compressed argon gas. We cali- When the wetting film of mercury intrudes between the

brated the sample temperature by employing the most accg@pphire surface and the mercury vapgy, Rs, andR,

rate vapor pressure dad]. The vaporization temperature at change significantly, because the complex refractive index of

a given pressure could easily be found as an abrupt chang@e wetting film is much different from that of the mercury

in the reflectances when the mercury sample is vaporized/@por. If the wetting film has a slab shape with a complex

The experimental error was less than 1°C. refractive indexNgjay=Nsiant iKsian @nd thicknesd gy, the
Figure 4 shows the layout of the optical system for thereflectance®; (i=n,s,p) have the forn{11]

reflectance measurements with the 45° reflection geometry.

A He-Ne laser(wavelengthA=632.8 nm) was used as a ro+ri2exp2iA)

light source. The light from the laser was depolarized and i= 0L 12 A ‘

chopped at 90 Hz, and its intensity was monitored by a pho- 1+riri“exp2ia)

tomultiplier tube(PMT-1 in the figurg¢. The reflected light _

was split into thep and s components due to the birefrin- With

gence of the sapphire crystal, and both components were

detected separately by two photomultiplier tub@MT-2 ZWISIab\W

and PMT-3 in the figure Before detection, the reflected A= N Ngjap— NG SIM’6,

light passed through a band-pass filter, which has a narrow

transmission band around 632.8 nm, in order to suppress all

spurious light such as thermal radiation. The backgrounig\/hereriol andr* (i=n,s,p) are the complex Fresnel reflec-
noise in the output signal of the PMT was eliminated by ion coefficients at the sapphire-wetting film interface, and at

using a lock-in amplifier. For the lock-in detection, the out- the wetting film-bulk vapor interface, respectively. The angle

put signal of PMT-1 was used as a reference signal. of :fﬂﬁcn?gg IS Otfo(; It; r; ar;}d 4?h fori :tt's’p.f'l . N
In the 45° reflection measurements, the reflectances were shou € note at, when the wetling fiim 1S present,

calibrated by using the total reflection that occurs when théelatlon(Z.Z) does not hold any more. For example, we have

density of the bulk mercury vapor is smaller than 2.0 gicm c@lculated how th&k, and RS depend on the film thickness
For the normal reflection measurements, the reflectance wasabin @ typical case where the density of the wetting film is
calibrated against the reflectance of the sapphire-mercury inf-© g/ent and the density of the coeX|st|nzg vapor 1s
terface at the room temperatui0]. In the extreme condi- 35 g/cm. Figure 5 shows the calculat@®) andRg as func-
tions, an influence of Ar gas between the sapphire rod anons of Iga,. When Iy, increasesR? first decreases and
the high-pressure sapphire window had to be taken into corfhen increases above 5 nm, whiR, increases monoto-
sideration, since the refractive index of Ar changes withnously. The ratio betweeR, and RZ changes by about an
pressure. order of magnitude. Therefore we can detect the existence
When the sapphire window is in direct contact with theof the wetting film with high precision by comparing,
bulk vapor or liquid phases of mercufie., in the absence and Rg.

R,=R? (2.2

’ 2

2.3
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FIG. 5. Calculated reflectances for theolarized light R;) and
for the p-polarized light R,) in the 45° reflection geometry in the
case where a wetting film is present. They were calculated as func- 107
tions of film thickness for a typical case where the density of the ;
mercury wetting film is 7.0 g/cfhand the density of the coexisting
vapor is 3.5 g/crh

(b) 1465 °C

Ill. RESULTS

Reflectivity (R)

Representative results of the reflectaigein the normal
reflection geometry are shown in Fig. 6, and thos&gpand
Rg in the 45° reflection geometry are shown in Fig. 7 as 103 L
functions of pressure at various temperatures. 140 150 160 170
Figure Ga) showsR,, in the normal reflection geometry at Pressure [MPa]
1420 °C. When the pressure is decreased crossing the liquid-
vapor coexistence linéndicated by “LV” in the figure), R, ' ' ' '
jumps discontinuously. This jump is due to the difference 107k (c) 1500°C
between the optical constants of the liquid and vapor phases ;
of mercury. In addition,R, shows another discontinuous
jump below the liquid-vapor coexistencéndicated by
“PW” in the figure). This observation is completely consis-
tent with that reported by Yao and Hen$2|3], who attrib-
uted this reflectance anomaly to the prewetting transition.
The formation of the wetting film can be confirmed from
the reflectance measurements in the 45° reflection geometry
[7,8]. Figure 7a) shows the pressure dependence Ryf
(closed circles and R§ (open circleg in the 45° reflection 1073
geometry at 1328 °C. When the pressure is smaller thdh
MPa, bothR,, anng shows a plateau, which implies that the
refractive indexn of mercury vapor is less tham,/ /2 in this

region, and the total reflection occurs for the 45 reflectlongeometry’ observed when the pressure is changed at the constant

. . 2 .
geomt_atry. In this region, botR,, andRg are equal to unity, temperature ofa) 1420 °C,(b) 1465 °C, andc) 1500 °C. PW and
by which we can calibrate the reflectances. When the pres~ in (g indicate the prewetting point and liquid-gas transition

sure is increased above 94 MPa, the reflectances decreasepgt, respectively. EPW1 and EPW2 g indicate the anomalies
the refractive indexn of mercury vapor increase with den- opserved in the prewetting-supercritical region.

sity. In this region,R, and Rg coincide, implying that the

wetting film does not exist on the sapphire surface, or it isto the vapor-liquid transitiofindicated by LV in the figure

too thin to be detected by this method. At 105.8 MRali-  On the high-pressure side, where the bulk mercury is liquid,
cated by PW in the figude R§ shows a sudden decrease, R, and R§ coincide again.

while R, does not show such a big change. The relaign At higher temperatures, the wetting film below the

= R§ does not hold above this pressure, indicating that a thiprewetting pressure becomes noticeable. As an example, Fig.
film of mercury is formed on the sapphire-mercury interface,7(b) shows the result at 1440 °C. When the pressure is in-
or the prewetting transition. When the pressure is increasecreased up to the prewetting press(ré5 MP3, the differ-
further, R, and R shows another jump, which corresponds ence betweef, and R§ increases gradually, indicating that

Reflectivity (Ry)
3
n

1 1 1 1 1 1 1 1
140 160 180

Pressure [MPa]

FIG. 6. Representative results &, in the normal reflection
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FIG. 8. TheP-T phase diagram for mercury-sapphire system.
The thick-solid line indicate the bulk liquid-vapor coexistence line.
The solid circles show the state points where the reflectances ex-
hibit discontinuous jumps. The solid and open squares show the
anomalies in the reflectances abdlf,. The thin-solid line and
dashed line indicate the prewetting line and its extension above
Tow: respectively. The inset shows the difference in chemical po-
g tential between the wetting film and the bulk liquillwmp
= WUjump— Mo at the prewetting transition and its extension.

80 140 150 760
PressurelMPel with the existence of the critical temperatufg,, of the
prewetting transitiori2,3].

In the prewetting supercritical one-phase region, two
types of anomalies are observed in the reflectances albeit
they are no longer discontinuous jumps. They are indicated
by “EPW1” and “EPW2” in Fig. 6(c) showing R, at
4 1500°C, and in Fig. (¢) showingR, and R§ at 1484°C.
One of the anomalies indicated by EPW1 appears as a kink
in R, around 155 MP4Fig. 6(c)], and is less noticeable in
R, and R? [Fig. 7(c)]. The state points of EPW1 are plotted
by the open squares on tReT plane in Fig. 8 together with
the prewetting lingPW) denoted by the solid line with solid
; circles. It should be noted that the EPW1 point coincides
40 150 160 170 with the temperature and pressure where a sharp dip in the

Pressure[MPa] optical emissivity was observdd]. The other anomaly in-
_ _ , dicated by EPW2 is characterized by a rapid but continuous

FIG. 7. Representative results &, (closed circles and Ry jncrease in the reflectances. One might think that this is sim-
(open C|r(_:le$ in the 45° reflection geometry, observed when the ply due to the increase in the density of bulk mercury. How-
pressure is changed at the constant temperatu@ d828 °C,(b)  gyer the state points of EPW2 are located at much lower

1440°C, anc(_c) 1484°C. PW and LV in@) _and ®) indi_cate the pressures than the bulk saturated vapor pressure curve and its
prewetting point and liquid-gas transition point, respectively. EPW1

and EPW?2 in(c) indicate the anomalies observed in the prewetting-extenSIOn o the supercritical region. See also Fig. 8, where
supercritical region. the EPW2 points are denoted by the closed squares above

Tgw. Therefore, the secondary anomaly should also be as-
a thin mercury film is formed and grows on the sapphiresigned to an interfacial phenomenon. In Fig. 8, the loci of
substrate below the prewetting pressure. EPW1 and EPW2 may be regarded as extensions of the
When the temperature is increased further, the jump in th@rewetting line, though both of them deviate towards lower
reflectances at the prewetting transition becomes smallepressures from the linear extrapolation of the PW. It is no-
and eventually it vanishes. As an example, Fidp) &hows a ticed that the line EPW?2 nearly coincides with the isochore
result of R, at 1465 °C. When the pressure is changRg, line of 4.0 g/cni for the bulk fluid mercury.
changes continuously, indicating that the change from thinto The inset in the Fig. 8 shows the difference in chemical
thick film is continuous in this region. This is in accordance potential between the wetting film and the bulk liquid at the

(c) 1484 °C

EPW1

Ro, Re2

102 F
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prewetting transitionA wj,mp= Kjump— Ko - The wetting tem- 1F-
peratureT,, can be estimated by extrapolating the values of [
A njump to the coexistence curve, represented by the horizon-
tal line A ujy,mp="0. If we adopt a simple linear extrapolation,
the wetting temperatur&,, is estimated to be about 1260
+20°C, which is slightly lower than that estimated by Yao
and Hensel (1310 °dR,3]. If the prewetting line curves and o
merges tangentially into the liquid-gas coexistence line, as ;
predicted theoretically12], T,, takes a lower value. How- 4
ever, it must be pointed out that in practice it is very difficult
to determineT,, precisely, because the prewetting transition
line and the liquid-gas coexistence line become hard to dis- ot
tinguish experimentally at a temperature smaller than oof™
1330°C.

The critical temperature and pressure of prewettm % of
and Pgw, are estimated from the crossing point of the three w
lines PW, EPW1, and EPW?2 in the inset of the Fig. 8. In the 20
present paper, they are estimated to mz 1470+3°C 0 4 F) 12
andPj,,=158.5-1 MPa, which nicely agree with those re- Density [g/cm?]
ported by Yao and Hensg2,3].

$ (@) A=632.8nm 7]

Reflectivity

n, k

FIG. 9. () The density dependence of the reflectances of bulk

fluid mercury against the sapphire window for the light with wave-

IV. ANALYSIS AND DISCUSSION length A =632.8 nm. The solid diamonds are reflectance for the

normal incidence R,), the open circles and closed circles are re-
flectance for thes-polarized light Rs) and for thep-polarized light

First, we have estimated the complex refractive index (Rp) inthe 45° reflection geometry, respectively. The solid lines are

=n+ik of bulk fluid mercury. In the present paper, we as-the_ reflectances calculated fromand k shovyn in(b). (b) The
optical constant® andk of bulk mercury, estimated from the re-

sumed thah depends only on densityand not on tempera- fiectance data ofa) as functions of density(c) The real and the
tureT. This is because the most relevant parameter determlr?r—naginary parts of the dielectric functioa=n?=¢’+ie". The
ing various properties of fluid mercury around the critical y,5ned fines irfb) and (c) indicate the refractive indem, and the

region is the density6]. n was calculated from the reflec- dielectric functioneg,, of the sapphire substrate, respectively.
tance data far from the liquid-vapor coexistence curve, where

no wetting film is present. For this calculation, we used oty  a/cn? :
) .0 g/cny [13]. Aboved,, k should increase monotonousl
only the 45° reflection dat&, andRg, but also the normal Withgd [13] 2 y

reflection datR,, becaus®, andRg are not independent as (3) At the densityd=13.6 g/cnd, n, andk should coin-

stated in_ Sec. Iithe relation(2.2) always holds for the bulk cide with the values of referen¢&0], which were measured
sample in the 45° reflection geometrgnd we need two under the ambient condition

independent reflectance data to derive two unknown param- At the intermediate densities.andk should exhibit non-

etersn andk. !
Figure 9a) shows the observed reflectandgs, R, and

R,. Belowd=2.0 g/ent, Rq, andR, are equal to unity due

A. Bulk refractive index

trivial behavior. In the present paper, we have employed the
following trial functions forn(d) andk(d):

to the total reflection. Around=3.8 g/cn?, the reflectances 1+2ad

are very small becauseis close ton,. V1 ad +g(d) (0=d=d;=2.0 g/cnt)
In principle, one could deduagandk from the combina- n(d)= 5

tion of R, andRs (or R,) at each densitgl. However, this ny+ny(d—d;)+nz(d—dy)“+g(d)

would give n and k, which could suffer significantly from (d,<d<13.6 g/cm),

experimental errors in individual data. Hence, we will de-
scriben andk as smooth functions af[ n(d) andk(d)] that
satisfy the following requirements:

(1) In the low-density region below d; (d)= 0 (0=d=d,=5.0 gleni)
=2.0 g/cn?, n(d) should have the form of the Lorentz- ki(d—d,)+ky(d—d,)? (d,<d<13.6 g/cni),
Lorenz formula with a parameter, which is proportional to (4.2)
the polarizability of an isolated atom. When the density is
increasedn deviates upward from the Lorentz-Lorenz for- yhere

4.1

mula.

(2) In the low-density region belowd,=5.0 g/cn¥, k 5
should be zero, because the absorption coefficient for the _|Aexp=[(d=dg)/e1]7}  (d<dy)
light with the wavelengtih =632.8 nm is nearly zero below Aexp{—[(d—dg)/ 0,13 (dy=d)
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TABLE |. Parameters that describe the density dependence of the bulk optical cong@nendk(d).
[See Eqgs(4.1) and (4.2).] The parameters without asterisk (*) were determined from the fitting and the
parameters with asterisk (*) were calculated from other parameters.

* * * *
ny n; n; A do oy o, Ky k3

o
(cm’/g) (cn/g)  (cnPig?) (glen®)  (glen?)  (glen?)  (ecmPlg)  (cnP/g?)

79102 125 0.105 —1.46x102 149 5.85 1.68 25410° 0420 2.2x10°7?

is @ nonsymmetric Gaussian function. The introduction ofthe bulk phasdsee Fig. %)]. Note that the densityd,, is
g(d) is useful to reproduce the behavior mfd) around an  not necessarily equal to that of the bulk liquid phasg,.
intermediate densityy, which is treated as a free parameter.  Within the framework of the slab model, the reflectances
The paramete_nsl1 an_d n, are determ.ined from the condition R 5ng R, can be easily calculated from.ds.) and! gy
thatn(d) and its derivative are continuousat, andns and by using Eq.(2.3. Inversely,dy., and |, are calculated

ko are from the condition thatandk should be fixed t0 1.99 ¢ the reflectance data by minimizing the discrepancy fac-
and 5.24, respectively, at=13.6 g/cni [10]. Therefore, tor D defined by

n(d) andk(d) are expressed by six free parametarsA,
do, o1, 05, andk;. These free parameters were adjusted to _ obs, _ cah12 obs, _ cah 12
fit the calculated reflectances to the observed ones. The ob- D=[log(Ry™) ~log(Ry") ™+ [1og(Re™) ~log( R I
tained parameters are listed in Table I. It is noticed that
converged to a very large value (2:840° g/cnt) com-
pared tod—dy, and the nonsymmetric Gaussian function
g(d) is nearly constantd(d)=A) in the regiond>d,.

Figure 9b) shows the estimated(d) and k(d). These
n(d) andk(d) reproduce density dependenciesRyf, Rs,
andR,, very well as shown by solid lines in Fig(®. Figure

whereR**andR® (i =p,s) are the observed and calculated
reflectances, respectively. As an example, Fig. 11 shows a
contour map oD on the @gap. | a0 plane for the observed
data at P=146.3 MPa andT=1440°C, where Rgbs
=0.0149, R%™=0.0539, and the density of the coexisting

9(c) shows the real and the imaginary parts of the dielectric d*(2)
function e=n?=¢’+ie" for the light with wavelengthh @
=632.8 nm. The overall feature of thé is similar to that chizb

reported previoushf14]. The cusplike behavior of the’
aroundd=d,=5.85 g/cni is consistent with a theoretical s
prediction of a dielectric anomalyL5], which is expected to i 5
occur at the density smaller than the metal-nonmetal transi- Lab
tion for the finite frequency.

B. Wetting film in the prewetting subcritical region d]tanh(z)
W tanh (b)

Next, physical properties of the wetting film are eluci- =
dated from the observed reflectance dmﬁ? andR%*. The di™h(0), P
main interest in the present paper is the density prdfie)
and the coverag€ of the wetting film. Herez is the coor-
dinate normal to the surface amer0 is defined as the sur-
face of the sapphire substrate. The coverige defined by

dgas

F:fo dZ di(z) — dgad, 4.3

wheredg,sis the density of the coexisting bulk vapor phase.
As a first approximation, we assume that the wetting film
has a slab shape as shown in Fig(alOIn the slab model,
the density profiled’®(z) has a constant valuéy,, for z
<lgap, Wherelg,, is the thickness of the film, and jumps
abruptly to the density of the coexisting bulk vapor phase, I
dgass» @nd hence the coverage is expressed simply as Iir gir
(dsjar— dgadlsap- I addition, we make an assumption that ¢ 14 Density profile models for the wetting film used in the
the optical constant of the wetting film is a function of the present papexa) indicates the slab model arb) the slowly vary-

density dgu, of the film, i.e., Ngafdsiar) = Nejaf Asiar) ing tanh profile[see Eq.(4.5)] and (c) the power-law exponential
+ikgafdgan, @and has the same functional form as that fortype profile[see Eqs(4.69 and (4.6b)].
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T=4.19x 10%[g/cm?]
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Film Thickness (/5qp) [nmM]
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Film Density (dyp) [g/cm?]

FIG. 11. A contour map of the discrepancy fac@ron the

| | 1 | |
122 124 126 128

(dgianlsiap plane. D was calculated for the observed dataRat

=146.3 MPa andl = 1440 °C, whereR}™=0.0149,R2"= 0.0539, Pressure[MPa]

and the density of the coexisting vapor is 3.53 gicifihe cross

indicates the pointdgap, | s Which minimizesD. The thick-solid FIG. 12. The densitydg,;, (8), the thicknesd g, (b), and the
line indicatesl"=4.19x 10~8 g/cn?=const. coveragel” (c) of the wetting film estimated from the reflectance

dataR, andRg at 1386 °C by using the slab model.

vapor is 3.53 g/crh The point fgap,| 52 Which minimizes ) ) ]

D, is indicated by a cross in the figure. It is noticed that,dsian@re slightly different from ours, the coveraljés nearly
except for the near vicinity of the minimum, the contours areédual to ours {-5x10° g/cn¥) around this temperature
not round but elongated, forming a “valley.” Sin@bsand and pressure region. Belo_vv the.prewettl_ng transition, on the
Rgbs contain experimental errors, the true valuesigf, and other harjd, the present film th|ckne§s is much larger than
lsapcould deviate from the apparent minimumf but they that obtaln(::d by Y‘?‘O and H_ensel_. This may be beca_u_se the
should still remain in the valley as long as the errors are no resent 45° reflection technique is much more sensitive to

significant. Thus the uncertainties df,, and |, can be he thin wetting film than the normal reflection measure-

: ments.
imated from the extent of the valley. In contr h V- . L
estimated fro e extent of the valley. In contrast, the co Figure 13 shows the density of the wetting fithy,, at the

eragel’ = (dga5— dgadl s1ap Proves to have smaller uncertain- : S . .
ties and it iéar%ucgha%nz)arlg reliable than the individual param_prgwettmg transition, t_oge_:ther with th_e density of the bulk
fluid mercury at the liquid-gas coexistence. It should be

etersdg,p andlg,,, because the uncertainties of thg,, and : .
lapare canceled out due to their negative correlation. This i oted_ th?“ thedly,p is much s_mgller than the _densny of the
ulk liquid phased; at the liquid-vapor coexistence curve.

easily understood from the Fig. 11. The liie=4.19 A possible interpretation for this result is that the sapphire
X108 glcmP=const, which is indicated by a thick solid - P pretation T . , >app
substrate prefers wetting film with lower density. This inter-

line, lies along the valley, and the uncertainties of the indi- retation mav be derived from the theorv of long-range dis-
vidual parameterd,,andl,,does not affect the value of P y y g-rang

significantly. 10

Figure 12 shows the parametetg,y, lgap, andl’ calcu- e 'Li id
lated from the reflectance dalR, andRg at 1386 °C. When S q
the pressure is increased across the prewetting transition
(~125.3 MPg, discontinuous jumps in these parameters are
observed clearly. Below the prewetting transiticay,,,
lgap, andI' are estimated to be 5:90.2 g/cnt, 10.0+ 1.0
nm, and 3.6:0.5x10 ® g/cn?, respectively. Above the

Thick layer

Density [g/cm?]
=

prewetting transitiondgp, lgap, and I' jump discontinu- L Thin layer -

ously to 6.5-0.2 g/cnt, 13.5-1.0 nm, and 4.20.5

X 1078 g/cn?, respectively. 4r i
Above the prewetting transition, the present film thickness e " Gas J

is in the same order as that obtained by Yao and Hensel . a— YT E—T

[2,3]. For example, at 1400°C, Yao and Hensel estimated
the film thickness at-9.5 nm. This value is slightly smaller
than ours, probably because they assumed the density of the FIG. 13. The density of the wetting film at the prewetting tran-
wetting film to be the same as liquid mercury at liquid-gassition. The dashed line indicate the density of the bulk fluid mercury
coexistence. Although their individual parametégg, and  at the liquid-gas coexistence.

Temperature [°C]
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persion forces between polarizable medidfshitz theory) _ T 'a‘a"'“(o)' T
[16]. When the thickness,, of the wetting film is small e
enough and the retardation effect can be neglected, the van g

.U%

der Waals chemical potential is deduced from the general
formula given by Dzyaloshinskgt al.[17]:

m= LJ'mdcof:dxxz[f(iw)1ex+ 177t

16m2pl o 0

h o
——— | dof(ie), 4.4
8772P|§|abf° witte) 9

_ €sutf 1 ©) — €iaf 1 ©) €gaf i @) — €gadiw)

f(iw)=

1 1 1 1 | 1
€sufi W)+ €gaf i ) €gafiw) + €gadiw) 1 Pre;:fre [MPa] 10
andp is the number density of mercury atoms in the wetting  FIG. 14. The solid circles indicate the density,, (a), the thick-
film. egfiw), €gafio), and egdiw) are dielectric func-  nesslgq, (b), and the coveragE (c) of the wetting film estimated
tions for the sapphire substrate, the wetting film, and thédrom the reflectance dafg, andR; at 1440 °C[Fig. 7(b)] by using
coexisting mercury gas phase, respectively, at imaginary frethe slab model. The open circles (@, the open circles irfb), the
quencies . €(iw) is calculated from the imaginary part of crosses in(b), and the open circles ifc) indicate the estimated

the dielectric functione”(w) by using the relation parameters for the tanh-profile modef;"(0), lann, Wiann, andT’,
respectivelysee Eq(4.5)]. In the present paped/*"(0) was fixed
, 2 (= | o'do) to the linear interpolation betwee,=8.16 g/cni at P=150 MPa
€liw)=1+ ;fo do PRERUE (liquid-gas transition pressureand dgq,=7.30 glcnd at P=147
MPa.

It is known that the dielectric function of fluid mercury gpqys 4 sharp decrease. This result could partly be explained
changes dramatically with densif$]. When the density iS 5y the above-mentioned theory that the sapphire substrate
higher than 9 glerh fluid mercury has a metallic nature, and efers a wetting film with lower density. Another possible
the dielectric function diverges ab=0. Therefore, when gy p1anation is that the slab model is not sufficient to describe
dsiapiS greater than 9 g/c?’rand the wetting film has metallic e shape of the wetting film, and a smooth variation of the
nature, egafi @) > €sufi ), €gafi®)> €gadio) at low fre-  gengityd () as a function of coordinate has to be taken
quencies, and hencg is positive, leading to nonwetting. nio account. This smooth density profile may be due to the
When the density is decreased below 9 g/con the other _broadening of the liquid-gas interface, or may be the result of
hand, the properties of fluid mercury change to nonmetalliqatera fluctuation at the liquid-gas interface. The former
with a finite-energy gap, which implies the dielectric func- mechanism is expected to become important near the bulk
tion has a finite value ab=0. Accompanied by the metal- |iquid-vapor critical point where the correlation length be-
nonmetal transitione,fi ) decreases and becomes smallercomes large, and the latter is expected to become important
than egfiw) in a wide range of the frequencyn  pear the liquid-gas coexistence curve or near the prewetting
[€siafi @) <€sufi®), €gafiw)> €gadiw)]. Therefore,u is  cyrve (including its extension to the prewetting supercritical
expected to decrease with decreasiygy,. Our preliminary  region), where the two-dimensional compressibility diverges
calculation Of/,L by USing the dielectric function at various and interfacial fluctuations p|ay a major role.
densitieq 18] shows thau changes its sign from positive to | order to test the influence of the smooth density profile
negative when the densityly,, is decreased below-8  on the reflectances, we assume thgtz) has the following
g/cn?, and it is expected thai decreases ag,, decreases tangent-hyperbolic (tanh) form:
further. This may be a reason why the sapphire substrate

prefers wetting film with lower densityg,,, than that of the 1

coexisting bulk liquidd di*™2) = 5 [di*"10) — dgagl[ 1+ €XP — 2l tan/ Wrann ]
When the pressure approaches the liquid-gas coexistence,

the wetting film is expected to grow into a macroscopic lig- X{1+tanh — (z—lian)/Wiannl} T dgas (4.5

uid film, namely,dg,p is expected to approadh;,, andlgyp

andI" are expected to diverge. However, at high temperawherel i, andwi,, are parameters characterizing the thick-
tures close toT;,,, the observation was different from this ness of the film and broadness of the liquid-gas interface,
expectation. As an example, the solid circles in Fig. 14 Shov\yespecnvely. A schematic illustration of this density pr_of|le_ is
the parametersly.,p, g, and T at 1440°C obtained by shown in Fig. 1(b). We also assume that the refractive in-
using the slab model. When the pressure approaches tiiexn(z) at eachz is determined from thel®"(z) by using
liquid-gas coexistencelg,, does not approaatl, , and even  the function shown in the Fig.(B). Then,Rga' andR% were
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1 T T T T T T T
o - . —EPW1_EPWo .
L\ $1328°C - - oc [Hbcscrene-00-00-0
Y .
1386°C Serp 1 3!
8r T ﬂb g
i 1440°C 5261
6 1 © 5

Coverage I'[10°® g/cm?]

100 720 140 160 180 K
Pressure [MPa] r
FIG. 15. Pressure variation of the coverdgeat several tem- i
peratures. The closed circles: 1328 °C, the open circles: 1386 °C, L . ) . .
the closed squares: 1440 °C, the closed diamonds: 1465 °C, and the 140 150 160 170
open squares: 1484 °C. Pressure[MPa]

FIG. 16. The solid circles indicate the dendily,, (a), the thick-
calculated by solving Maxwell's equation numericallsee  nesslg,, (b), and the coveragE (c) of the wetting film estimated
the Appendi, and free parametets,,, and wy,,, were op-  from the reflectance dafd, andR, at 1484 °CFig. 7(c)] by using
timized by minimizing the discrepancy factbr. In this cal-  the slab model. The open circles (@), the open circles irfb), the
culation, the densitxdia”'KO) atz=0 has to be fixed, because crosses in(b), and the open circles ifc) indicate the estimated
we can determine only two free parameters from the th?aravaiters for the slowly varying power-law exponential type pro-
independent dataRng and Rgbs_ In the present paper, file, d"(0), I g, &, and F,LFrespectlve!y[see Eqs.(4.6§: and
d®"0) was fixed to the linear interpolation betweep, (4.69]. In the present paped;™(0) was fixed to 7.5 glcm The

—8.16 g/crﬁ at P=150 MPa (liquid-gas transition pres- dashed line ina) is the density of the bulk fluid mercury.
sure, anddg,,=7.30 g/cni at P=147 MPa, as indicated interfacial fluctuation$4]. Hence the anomaly EPW1 can be
by open circles in Fig. 14). identified as an increase of the interfacial fluctuation in the
The open circles and the crosses in Figlbl4ndicate the  wetting film [4]. The kink observed iR, may be attributed
estimated values df,,,, and w,n, respectively. When the to the reduction of the reflectance induced by the fluctuation
pressure approaches the liquid-gas coexistemgg,, in- in the wetting film. On the other hand, the line EPW2 is
creases and becomes Comparabmgtaim, indicating broad- characterized by the rapid but not discontinyous increase in
ening of the liquid-vapor interface in the tanh model. Thethe reflectance$Figs. Gc) and qc)]. We believe that the
broadening of the interface is compatible with the observalateral fluctuations play a minor role at the anomaly EPW2,
tion of thermal radiation that the interfacial fluctuations in- P€cause the optical emissivity does not change strongly.
crease near the liquid-gas coexistefidg It is also consis- In order to |nvest_|gate the detail of these anomalies, we
tent with the apparent sharp decreasedgf, in the slab calculated the oi)ensﬂy profile from the reflectance.d%i;a
model[see the solid circles in Fig. 1&]. and R at 1484 _C[Flg. 7(0)]; which |s_above the_ Ilqu_|d—
Comparison of the coverade is made between the tanh VaPOr critical pomtTC: 1478°C. As a first approximation,
model (denoted by the open circleand the slab modetle- we have app'lled. the s}ab 'model to analyze the reflectance
noted by the solid circlésin Fig. 14c). It is noticed thaf® ~ data. The solid circles in Fig. 16 show the paramettrs,
does not significantly depend on the model. This means thagiab: 2ndI" obtained by using the slab model. At the pressure
T is more reliable as an order parameter than individual paSorresponding to EPWL, the parameters do not show strong
rameters such ayap, |<ap, €LC., which are strongly model- anomalies, because .the. changeRjnandRg are very small.
dependent quantities. When the pressure is increased above EPW2, on the other
Figure 15 shows the pressure variation of the covefage Nand,dsa, Shows a sharp decrease, dggh, andI" show a
at several temperatures. The isotherni§<atl470 °C show a rapid increase. This pehawor is §|.m|lgr to that observed at
jump inT at the prewetting line. When the temperature in-1440 °C near the liquid-gas transitiphig. 14@)] but more

creases, the jump decreases and vanishes above the prew@minent, and it may be interpreted as the result of broad-
ting critical temperature. ening of the density profild,(z). This interpretation is con-

sistent with the fact that the correlation length of the bulk

fluid phase becomes large near the liquid-vapor critical point.
In order to analyze the density profile near the critical
In the prewetting supercritical region, two types of point, we have tentatively used the tanh-type density profile

anomalies were observed in the reflectivity. The line EPWImodel, i.e., Eq(4.5), and found that,, converged to nega-

in Fig. 8 is characterized by the small kink Ry, [Fig. 6(c)]. tive values above the line EPW2. The negatiyg, means

At the same temperatures and pressures, a substantial redticat the density profile has no plateau, and declines very

tion of the optical emissivity was observed owing to thesteeply with increasing. This result indicates that it is not

C. Wetting film in the prewetting supercritical region
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necessary to use the tanh model. Then, alternatively, we A possible explanation for the rapid increaseépf may
adopt a power-law exponential type adsorption profile, probe a crossover from the prewetting to the critical adsorption

posed by Liu and Fishdr9], [5]. In the low-pressure region where the correlation length
siv of the bulk fluid phase is much smaller than the thickness of
dF(2)=Pt# 1+CZ/§LF> e~ Zéry g the wetting film, the density profile of the wetting film is
! 0 ZELk gas' well represented by the slab model. However, when the pres-

sure is increased above the line EPW2, and the bulk critical
Here,t is the reduced temperature (T—T.)/T. andé cis  point is approached, the bulk correlation length becomes
the correlation length. As usugs, and v describe the critical large, and the density profile is governed by the bulk corre-
behavior of the coexistence curve and the correlation lengthation length. Then the character of the wetting film could be
& The functiond,LF(z)—dgasvaries ast/& )P forsmall  changed from two dimensional to three dimensional.
Z/& - and ase Z4F for large z/& . This density profile An alternative explanation for the anomaly at EPW2 may
satisfies the scaling law proposed by Fisher and de Gennd&¢ that it is driven by the change in the long-range force
[20]. The theoretical estimates of the exponents for the thredetween a mercury atom and the sapphire substrate. As
dimensional Ising model3=0.328+0.004 andv=0.632 stated in Sec. IV B, the van der Waals chemical potential is
+0.001, yield3/»=0.519+0.007[21]. Following Liu and expressed by Eq(4.4), which contains the adsorbate-
Fisher[19], we adopted the approximatiggi v=1/2 in place  Substrate, the adsorbate-adsorbate, and the various many-
of 0.519 in the present paper. The parameterhich tunes  body interactiong22]. For simplicity, we restrict ourselves
the crossover from algebraic to exponential decay, is exto a discussion of only the adsorbate-substrate interaction, or,
pected to be of order unity19]. In the present paper, we the direct interaction between the mercury atom and the sap-
adoptedc=1 for simplicity. In order to suppress the diver- phire substrate without the wetting film. When there is no
gence of the density in the smallregion, we introduced a Wetting film on the substrate, the van der Waals energy of a

cutoff densityd-"(0) for zsmaller than a cutoff distan¢g-. ~ Mercury atom at a distan¢efrom the substrate is expressed
Then, the density prof”dlLF(z) is simplified as in terms of the electric polarizability of the atom, the di-

electric constant, of the substrate, and the dielectric con-
12 stant €455 Of the surrounding mercury vapor at imaginary

+2)l
(brt2)l e frequencies w [23]:

(értlip)z

><exl;[_(Z_ILF)/SLF]_l'dgas (463 W= — h J
47R3

d.LF<z>=[d|LF(0>—dgasJ(

* . \fsub(|w)_fga5£|w)
0 dwal wiEsut(iw)_F egas(iw) - 49
for z>1 ¢, and
When the density increases beyond the line EPW2, this en-
df(z)=dF(0) (4.6  ergy is expected to change its sign from negative to positive,
because this line nearly coincides with the isochore line of
for z<I g. A schematic illustration of this density profile is 4.0 g/cnt for the bulk fluid mercury, andy,s— esyp Changes
shown in Fig. 10c). It should be noted that, wheg  its sign from negative to positive, as shown in the Fi@)9
<l g, the density proﬁ|aj:-':(z) coincides with that of the Therefore, above the line EPW2, the mercury atoms feel re-
slab modeldf'ab(z) with |ga=1. ¢ and dqu= dlLF(O). Rread  pulsive force from the substrate, although the total force in-
plving cluding the many-body interactiorj&qg. (4.4)] remains at-

and Rga' can be calculated from this model profile by so i ) / ; )
Maxwell’'s equation numerically, and the free parametegs tractive. This change in the adsorpate—substrate interaction
may cause the expansion or swelling of the wetting film,

and are optimized by minimizing the discrepancy factor
S pmized by minmizng Iscrepancy which results in the decrease of the effective slab density

D. In this calculation, the densitg-"(0) atz=0 has to be . . .
fixed, because we can determinle only two free parameter‘%ﬁ"'ﬂb"’md.the Increase c_:f the effectlvg slab thickriggs. The '
' change in the interaction may possibly weaken the confine-

; obs obs ; _
from the two independent dat&,™andR; ™. This proce ent of the wetting film in the vicinity of the substrate, and

dure is identical to that for the tanh model. In the presen I
paper, d-F(0) was fixed to 7.5 g/ciy which is near the {;e cha_racter of the wetting fllm may pe changed from two
. LF e dimensional to three dimensional, as is expected wéen
maximum of thedgy,. The di"(0) is indicated by open i creases.
circles in Fig. 16a). o , When the pressure is increased furtHershows a maxi-
The open circles and the crosses in Figlléndicate the 1y m at about 165 MPa, and then decreases, probably due to

estimated parameteigr and & ¢, respectively. When the he increase ofly,s[i.€., the second term of the E@t.3)].
pressure increases above 160 MPa, EPW3, & ¢ shows a

rapid increase whilel  decreases. At the pressuie
~165 MPa, ¢ g, andl g are estimated to be 40 nm and 2
nm, respectively. The coveradé calculated from the pa- We have developed a new technique for optical reflec-
rametersde(O), e, and & e [the open circles in the Fig. tance measurements in the 45° reflection geometry, which
16(c)] is larger than that calculated from the slab model,can be applied under high temperature and pressure near the
because the long-range tail of the density profile is includedatritical point of mercury. By using this technique, we have

in the former calculation. performed optical reflectance measurements on a sapphire-

V. SUMMARY
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mercury interface, and confirmed the wetting transition offor the continuously varying dielectric media, and this for-
mercury on a sapphire substrate unambiguously. We haveulation is more suitable to the well-established numerical
studied quantitatively the physical properties of the wettingmethods than the multilayer formulation.

film, such as the density profile, the thickness, and the cov- We consider that fluid mercury withdependent complex
erage. As a first approximation, we used the slab model fofefractive indexn(z) occupies the half-space>0, and that
the d.enSity profile .Of the Wett|ng film. It was found that the Sapphire W|th constant refractive |nd% Occupies the re-
density of the wetting filndg,,is much smaller than that of gion z=0. It should be noted th&i(z)—1 is not propor-

_bulk l'ql.“d at th_e Ilqwd—v_apqr coexistence curve. Th's reSUIttional to the densityl,(z) in the case of fluid mercury, unlike

IS con5|st_ent with the L'fSh!tZ theor}l16], from which we ordinary insulating substances. In this calculation, we as-

may predict that the sapphire substrate prefers wetting film ~ . .

with density lower than the metal-nonmetal transition. sumed that the(z) at eachz is determined fromd,(z) by
When the temperature is close enoughTf,, it was using the function shown in the Fig(19.

: . Let us consider that the plane of incidence isxglane

found that the effective slab densitl,, shows a sharp de- . . S ’
L : d the incident light comes from tlze<0 (sapphire side at

crease as the pressure approaches the liquid-gas coemsten%'%.angla9 10 thez axis (in our casef—45°). The x compo-

As an alternative to the slab model, the reflectance data wefd’ _ . .
analyzed by using the tanh-type model profiig. (4.5)], nent of the wave vectqr |kx_=(277/)\)n0 sin g, where\ is
and it is suggested that the anomalous behaviodgjg, is the wavelength of the light n the vacuum. .
explained by the increase m,,,, or the broadening of the In ggneral, _the propagatlonNOf anNeIectrl_c fieldr) 'r' a
density profile. It is found that the coverafledoes not de- dielectric medium described bg(z) =n(z)?, is determined
pend strongly on the model density profile, and is more reliPy Maxwell's equations

able as an order parameter than the model-dependent indi- .
vidual parameters. VXVXE(r)—(2m/\)"e(2)E(r)=0.

In the prewetting supercritical region, two types of — . i
anomalies EPW1 and EPW2 are observed in the reflectanceg:tt]lgrct%sﬁ]gfpﬁgﬁ;'vg;/ %Cﬁzzniﬂagia;ﬁ;g?:&i;Seyp;%en

and they define the extension of the prewetting line. EPW1 i - ik X . i
identified as an increase of the interfacial fluctuation in th% (t;)d ?ﬁ)snﬂﬁgogi?fg g%t_iallz(ezc:ﬁatioeyn. Then,E(2) is calcu

wetting film from the strong anomaly in the optical emissiv-
ity. EPW2 is characterized by the sharp decrease of the ef- d2E(z)/d 2+ q(z)?E(2)=0,
fective slab densitylg,, or the sharp increase of the correla-

tion length & . Two possible mechanisms of the anomaly with

EPW?2 are suggested. One is a crossover between the prewet-

ting and the critical adsorption. The other possibility is that q(z)2=(2w/x)2[2(z)—n§ sirfé].
the anomaly is driven by the change in the long-range force .
between a mercury atom and the sapphire substrate. In the case of the wave, on the other hand, the electric

field satisfies more complicated coupled partial differential
equations for itsx and z components. Instead, we used the
corresponding magnetic fiel@(r), which satisfies Max-
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2
APPENDIX i ~l dB(2) +(1(Z) B(z)=0.
dz\’¢(z) dz €(2)

In this appendix, we explain how we have calculated the

optical reflectivity coefficients; (i=s,p) for the wetting These second-order differential equations can be rewritten

film with smoothly varying density profilel,(z), such as in  as first-order differential equations by using the following

Figs. 1@b) or 10(c). Herez is the coordinate normal to the matrix representations:

sapphire-mercury interface, which is locatedzat0. Such a

continuously varying dielectric media is often treated as a dG(z)

multilayer system, replacing the continuous profile by a step- dz

like profile of N isotropic layers, and the reflectivity coeffi-

cients are calculated from the interference of the waves reln the case of the wave,G(z) andA(z) are defined as

flected from successive interfaces of the layl4,25. In

the present paper, instead, we solved ordinary differential _( ) _( 0 -1 )
. ) N ; . G(z)= and A(z)= 2 ,

equations, which are derived from the Maxwell's equations q(z)- O

+A(2)G(z2)=0.

z
dE(z)/dz
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and for thep-wave,
B(2) )
[1/e(z)][dB(z)/dz]
aurtia o)
A(z)= _ .
a(z)’/e(z) O

G(z)=(

When a boundary conditio&(z=0) is given,G(z) for any

z is calculated by integrating the above equations numer
cally. We used the fourth-order Runge-Kutta method for

these calculation§26]. The solutionG(z) is related to the
boundary conditior’5(0) by using a transfer matri¥ (z),
which is defined a&(z) =M (z)G(0).

The boundary conditions for the reflectivity calculations

are
E(z) [or B(2)]
P(e9<?+r,e719<?) for z<0 (i=s,p)
| Qa2 for z=z,

whereq_=(2m/\)ng cosé is thez component of the wave
vector in the regiore<0 (sapphire¢, andP, Pr;, andQ are

PHYSICAL REVIEW B3 051601

where
1 1 1 1
Ls= ig. —iq-)’ Lo= iq-/n3 —iq-/n3
and
9s=0d(Zc), gp:q(zc)/;(zc)-

i[\Iote thatG(z) is continuous az=0, thus the above bound-

ary condition for G(0) is valid on the both sides of the
sapphire-mercury interface.

By using the boundary condition at=0, one can obtain
1
ry

1
G(z,)=M(z,)G(0)= PM(ZC)Li( I’-) = PN(ZC)(

|
Here, we put

Nig nlz)

Ny,

Then, by comparing this solution with the boundary condi-
tion atz=z.,

M(Zc)LiEN(Zc): ( Ny

amplitudes of the incident, reflected, and transmitted lights,

respectively.z. is the cutoff, where the dielectric constant

Q=P(ny1tringy),

~e(zc) becomes nearly equal to that of the bulk-gas phase. In

the case of the tanh-type density profileqg. (4.5)], for ex-
ample, we put z.=lgnnt 3Wiann, Where [di(z.)
—dgad/[di(0)—dgag is smaller than 0.005.

Qigi=P(nytrinyy).

The condition thaP andQ have a nontrivial solution is

These boundary conditions are rewritten in the matrix rep-

resentation as

1
G<0>=PLi(r_),

1
G(Zc)=Q(ig_) (i=s.p),

nll+rin12 _l

—ig;

N1t riNg
Thus, the reflectivity coefficients (i =s,p) are obtained as

_ N7 1INgG;

ri= - )
' N22— 1N 120;
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