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Prewetting Transitions in a Near-Critical Metallic Vapor

V. F. Kozhevnikov
Moscow Aviation Institute, Volokolamskoe Shosse 4, 125871 Moscow

D.l. Arnold and S. P. Naurzakov
I.V. Kurchatov Institute, Russian Research Center, Ploschad’ Kurchatova 14, 123182 Moscow

Michael E. Fisher

Institute for Physical Science and Technology, University of Maryland, College Park, Maryland 20742
(Received 30 October 1996

Velocity of sound measurements at 10 MHz in near-critical liqguid and vapor mercury up to
supercritical temperatures and pressures of 1900 K and 1800 bars, respectively, demonstrate the
existence of a wetting transition on the walls of molybdenum and niobium cel&yat 1250 K,
together with an associated first-ordemewetting linein the dense mercury vapor that terminates at
a prewetting critical poin(T, pre, pepre) = (1860 K, 1830 bars lying abovethe bulk mercury critical
point at(7,, p.) = (1764 K, 1670 barg. [S0031-9007(97)02507-6]

PACS numbers: 68.45.Gd, 62.60.+v, 64.70.Fx, 68.35.Rh

When a bulk fluid system in the vapor phase near the@dsorption of the methanol-rich phase of a methanol-
gas-liquid coexistence pressypg(T) approaches a criti- cyclohexane mixture on the vapor-liquid interface [7].
cal point T, rather general arguments [1,2], following Here we report the first observation, by a technique not
the initial predictions in 1977 [3], demonstrate that thepreviously used, of wetting transitions and prewetting lines
walls of the container, if not already wet at low tem- at high temperatures in a metallic vapor on metallic sub-
peratures [4], should undergo a first-ordeetting tran-  strates. Specifically, by direct velocity of sound measure-
sition at a temperatur@y < T.. Below Ty the walls, ments a wetting transition has been foun@gt= 1250 K
even just at coexistence = p,(T)—, are covered with in mercury vapor contained in molybdenum and in niobium
at most a microscopically thin layer of the liquid phase;cells. The metallic nature of both the dense fluid and the
at Ty the thicknesd(T, p) of the adsorbed layer jumps solid substrates preclude the usual optical techniques [7,8].
discontinuously and, thereafter, becomegcrascopically The associated prewetting lines exteablovethe criti-
thick when the coexistence curve is approachgds»  cal point of mercury (located &t. = 1764 K and p. =
po(T)— (the actual thickness being determined by grav-1670 bars [9]); see Fig. 1, which summarizes our observa-
ity and other large-scale constraints). Theory then dictatetsons in a molybdenum cell. Thgrewetting critical point
[1,2] that the first-order wetting transition at coexistenceis located afl’. p. = 1860 K and p. . = 1830 bars; the
must be associated with prewetting line, Tpe(p) =  corresponding bulk density, .. = 3.8 g/cn?, lies well
Tw [OF ppee(T) = p,(Tw)], that lies wholly in the vapor below the critical density, = 5.8 g/cn? [10].
phase[ p < p,(T)] and terminates in @rewetting criti- As regards thebulk (or wall-independent) features of
cal pointat (T pre, Pepre) that is quite distinct from the the phase diagram shown in Fig. 1, note that the=
bulk critical point atT = T.,p = p. = p,(T.). When 9.0 g/cm’ isochore may be identified as the locus of the
the prewetting line is crossed, the equilibrium thicknesanetal-nonmetal transition—actually a steep, but smooth
of the adsorbed layer jumps from a low value “below” theand continuous crossover—as traced by electronic and
prewetting line to a higher value “above” the line (i.e., other properties [11,12]. Near tlegitical isochoreabove
closer to coexistence). Since this thin-to-thick film tran-7. one finds anomalies in thermopower [13] and other
sition is of first order, hysteresis effects are to be anticifeatures [9,14].
pated. The analogous phenomena should arise in fluid Our own study of the wall-dependent features originates
mixtures and many other systems. in observations [15] of abnormal behavior of the velocity

Although wetting transitions in single-component fluids of sound in mercury vapor near saturation at high pres-
and liquid mixtures were observed soon after the originabures. Anomalies in the thermopower [10(b),13] and op-
predictions [3], the prewetting line itself proved elusivetical reflectivity against a sapphire window [8] had been
for many years. However, in 1992 it was found atseen previously in the same region of the phase diagram.
low temperatures using a quartz microbalance in heliunThe sound velocity data [15] suggestedexond locusf
adsorbed on a cesium substrate [5] and in 1993 ifdirst-order transitions occurring in the bulk vapor for pres-
hydrogen on rubidium [6]. Also in 1993 it was observedsuresp = 1000 bars and at temperatures 50—60 K above
at room temperatures by ellipsometric techniques in théhe true vapor pressure ling, (7). It was proposed
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2000 —m@M™MmM——m————r—J—+—7— dence on the walls/substrate should be seen. Indeed, fol-
. | lowing further experiments and analysis, Yao and Hensel
critical isochore — © [20] have recently reinterpreted their reflectivity data [8]
iA as demonstrating wetting and prewetting of mercury on
sapphirewith (T pre, pepre) = (1741 K, 1586 bars lying

1
'
'
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1600 - 1 belowthe bulk critical point [21,22]. Correspondingly, as
A isochore 9 g/cm3_.." ] reported here, we have undertaken new sound-velocity ex-
] ‘ | periments in aniobiumcell. The data, presented in Figs. 2
and 3, strongly support the wetting scenario, resembling
1200 [ the molybdenum experiments [9], but with slight changes

T as expected. Furthermore, in the extended Mo study [9] a
smooth coalescence of theandE points was found as the
pressure dropped tp = 300 bars; see Fig. 1, where the
data forp = 500, 700, and 900 bars have not been pre-
viously reported. This observation accords with the the-
oretical requirement that a prewetting line must meet the
E-points - bulk gas-liquid phase boundargngentiallyat the wetting
1 transition pointl’ = Ty [2,21].
| Our new Nb cell was held vertically and had the same
design used previously [9,15]; in particular, the upper
buffer rod and cell body were made of one piece. The
lower rod was inserted into the cell body and sealed in
1 place. The vertical orientation and absence of clearance
] between cell body and upper rod are important. Prelim-
L inary studies employed Mo cells of standard construction
1800 2000  with two inserted buffer rods, held both horizontally and
vertically. In the interestingp, T) region strong instabil-
temperature (K) ities arose which precluded precise data taking. (Possibly
FIG. 1. The phase diagram of mercury in contact with arelateq varia;ions have been seen in a horizontal sapphire
molybdenum wall: The locus oA points represents the bulk Cell with two inserted rods [14].) We believe these effects

gas-liquid phase boundany,(T) or vapor pressure curve; the
locus of E points marks theprewetting linewhich meets the
phase boundary &ty = 1250 K (see Fig. 2).
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tentatively [15] that this second locus might represent the __ .
sharp, first-order, so-called plasma phase transition pre£ gog L
dicted by Norman and Starostin [16]. Essentially the samE& F
interpretation had been offered previously for the optica 2 45q |
data [8]. However, despite earlier suggestions to the cor§
trary [17], there are no longer serious theoretical ground 2,4, a : : :
for believing that, in a metallic vapor or simple ionic o Y B E 5
model, this “plasma transition” can be anything other tharg 350f g ti# l g l %% |

- Co -3 ;
the bulk gas-liquid transition itself [18,19] (which is not @ o %".n%%ﬂ %wg

directly related to the metal-insulator crossover). s00f pA ]

If the second transition locus is not a property of bulk L
mercury it is most naturally associated with the walls of 1600
the container, in particular, with thiener facesf the two
18 cmlong, 1 cm diameter, coaxial, cylindridalffer rods
that, with the cylindrical side walls, form the sample cell FiG. 2. The sound velocity of mercury observed in a niobium
of height about 2.1 mm [9,15]. These buffer rods servecell at pressures of 1000, 1200, and 1400 bars (squares, circles,
to transmit, reflect, and receive the 10 MHz pulses useénd triangles) on heating (open symbols) and cooling (solid
in the precision phase-sensitive sound-velocity measuréYMPOls). The crosses represent corresponding data for a

. molybdenum cell. Characteristic points seen on most isobars
ments [9,15]. The original [15] and recent, more exteNave been named, ..., E but, for clarity, are marked only on
sive experiments [9] usedolybdenunbuffer rods and cell  the 1200 bars isobar. ThE points (see arrows and text for
walls, but if wetting phenomena are involved, some depenfurther details) locate the prewetting transition.
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erratically in strength. Correspondingly, the velocity data
in this region have lower precision, sa&y3%.

Now, in Fig. 3, note that the reflected amplitude in
the lower buffer rod (open squares) jumps sharply at

[2]

53 E E; the E points are thus located rather precisely as
g recorded by the arrows in Fig. 2 and triangles in Fig. 1.
S Furthermore, forT > Tg(p) all data vary smoothly up
@ 2 to the highest temperatures studiefl € 2060 K; see

= [15]). This behavior must characterize bulk mercury
2, : E vapor beyond (or below) any prewetting line with, one
g' i " b ;?' " %  may presume, only #hin liquidlike layer on the walls

© . !Iée v | of the cell. But, as we will see, interpreting theE

data convinces one thaltz(p) actually represents the
prewetting lineon which athick wetting layer can coexist
with the thin layer.

Consider, first, theABC section where we believe the
FIG. 3. Amplitudes of the acoustical signals on heating atsample consists of liquid and vapor at saturation pressure
p = 1200 bars: (a) transmitted through the Mo cell (solid byt not in full equilibrium, the extent and variability of
squares) and Nb cell (open triangles) and fflectedin the  is region being due to the temperature gradients across
upper (solid triangles) and lower (open squares) Nb buffer rods; . :
PointsA, D, andE correspond to Fig. 2. the sample mentioned above. Near igoints the last,
more-or-less compact drops of saturated liquid evaporate
and a thick wetting layer grows, becoming established at
D. The change in effective sound velocity frotto D
reflect convective flows arising near the boiling (i.e., va-accords with this picture [24]. Vapor then makes up the
porization) points and, possibly, instabilities of the densebulk of the sample.
prewetting layer on the vertical walls. On heating aboved, the thick wetting layer should,
The cell was surrounded by a sectioned Mo wire heateat equilibrium, thin down continuously. This agrees
and mounted in a high-pressure bomb filled with argorwith (i) the decrease in the observed velocity, (i) the
as the pressurizing fluid. Although the outer faces of thesteady reflected amplitudes, and (iii) the much smaller
buffer rods (which carry the sound transducers) must bé&ansmitted signal, attributable to enhanced wetting layer
kept relatively cool, the temperature variation measuredbsses (see Fig. 3). If the velocity of sound in the
vertically across the sample amounted to no more than 2wetting layer is similar to that observed in the bulk
8 K and correlated well with the observéflc — Tg) =  liquid [7(b)], the data suggest a thickness of order
(T¢ — Ta) intervals (see Fig. 2); no more than 2 or 3 K0.1 mm on the face of the lower buffer rod. However,
radial variation was seen. Further details of the desigihis is likely to represent a major overestimate of the
and measurement techniques are given in [9]. The Hgrue equilibrium layer thicknes$(T, p); rather, such a
impurity levels (~10~* wt %) were not changed by the thick layer probably results from dynamicequilibrium
experiments. established by thermal inhomogeneities and driven by
The present Nb data were collected by both heating andravitationally induced shedding of the wetting layer off
cooling at fixed pressures of 1000, 1200, and 1400 barghe relatively warmer vertical cell walls to accumulate on
About 5—10 min were spent on each measurement; thethe lower buffer-rod face where it then boils off. On
mal time constants ok 10 s were observed. Typical re- the other hand, the signal amplitudes in the upper buffer
sults for the sound velocity (of optimal precision 0.4%)rod are consistent with wetting layer thicknesses of order
are shown in Fig. 2 together with corresponding Mo datal00 A [25].
(crosses) [9]. The isobars at 1000 and 1200 bars were Finally, in an interval of 5 K or so, on approach to the
measured twice: Reproducibility is within 1 K for the E point, the sound velocity drops more abruptly (Fig. 2),
bulk boiling points, namedA” in the figures. Beyond  while the transmitted amplitude becomes erratic (Fig. 3)
the data display features labelBdC, D,andE. and then rises to a steady value; the reflected amplitude
To obtain further information about the state of thein the lower buffer rod jumps sharply, as noted, but that
sample, the amplitudes of the reflected and transmitteth the upper rod changes little. We believe these signals,
signals in the buffer rods have now also been recordedbserved in similar form up to supercritical pressures,
(with moderate precision) [23]; the data in Fig. 3 aremark the nucleation of the thin wetting layer on heating
typical. Marked variations imply changes in the soundthrough the prewetting transition. On cooling the high-
impedance of the sample media and/or of layer thicktemperature vapor through the transition fr&rto A some
nesses. Data for thBC intervals (see Fig. 2) are absent hysteresis is seen (Fig. 2) which supports the first-order
in Fig. 3 because the signals become unstable, oscillatingature of the prewetting transition: Its near absence when
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