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The quartz microbalance technique has been used to study the coverage of argon and methane fi
the vicinity of the bulk triple point. In contrast to previous measurements, close to the triple point,
discontinuities in the coverage indicate first-order surface phase transitions. A thermodynamic m
shows that argon forms a layered solid-liquid film in a range around the triple point, but is liquid b
above and below this range. Methane films make a transition directly from solid to liquid. Th
observations are examples of the rich phase behavior near bulk triple points predicted by Pandi
Fisher [Phys. Rev. Lett.51, 772 (1983)]. [S0031-9007(97)04948-X]

PACS numbers: 68.35.Rh, 68.45.Da, 68.45.Gd
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At the triple point of a one component system, bul
solid, liquid, and vapor can coexist, but even a sma
thermodynamic perturbation will break this degenerac
The interfaces at the substrate and the vapor of an a
sorbed film provide such a perturbation. For this re
son, the phase of the film is not uniquely determine
by the bulk phase diagram. The consequences of int
facial effects are surprisingly subtle and determine ph
nomena such as nonwetting of solid films [1,2], surfac
melting [3], nucleation, and triple-point-induced wetting
[4–8] and dewetting [9]. Pandit and Fisher [10] hav
discussed a number of possible surface phase diagra
They show that, typically, surface phases are separated
first-order phase transitions at temperatures distinct fro
the bulk triple temperatureTt . Nevertheless, experiments
near solid-liquid-vapor triple points have never reveale
transitions except atTt. Previous experiments have re
lied on two types of techniques. The first utilizes thermo
dynamic measurements on exfoliated graphite substra
[11]. Recently, it has become clear that multilayer ad
sorption on these substrates is always accompanied
capillary condensation, so it is very difficult to determin
surface phases near coexistence [12]. Another class
experiments, including the one reported here, utilizes m
crobalances [5–9,13] which do not suffer from this com
plication. All previous microbalance experiments hav
identified a single particularly simple type of triple-poin
wetting scenario in which a thin liquidlike film is stabi-
lized on the substrate belowTt, and the thicknessd di-
verges as a power lawd , s2tdn, with t  sT 2 TtdyTt .
The exponentn is approximately21y3, which reflects
the fact that the chemical potential of the liquid below
Tt is larger than the chemical potential at solid-vapor co
existence by an amount proportional tot. This must be
compensated by the decrease in the chemical poten
due to the van der Waals interaction with the substra
which is proportional to1yd3. The experiments we de-
scribe below provide evidence for a distinctly differen
type of surface phase behavior. In particular, for Ar o
gold, we find that, near bulk coexistence, a layered soli
liquid film structure is stabilized in an approximately 3 K
0031-9007y98y80(1)y129(4)$15.00
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interval which bracketsTt. The layered phase melts for
temperatures both above and (surprisingly) below this in
terval. The thickness of the low temperature liquid film
obeys a power law in2t. For methane on gold, films
below Tt are always solid, and the thickness is almost in
dependent oft.

The quartz microbalance technique used to monitor th
adsorbed coverage is conventional [5–7,9]. Adsorptio
takes place on the gold electrodes of the microbalanc
which were used as received from the manufacturer. Th
main experimental challenge in these studies is to provid
a uniform thermal environment. The microbalance wa
mounted in a cell inside two concentric radiation shields
The cell and the inner shield were made of gold-plate
copper to minimize thermal gradients. Our thermomete
were calibrated by measuring the saturated vapor press
to locate the bulk triple point, using a cell connected
to a heated fill line. The data reported here, howeve
were obtained using a cell which was loaded with
gas at room temperature and then sealed to entire
eliminate the heated fill line. The amount of gas wa
sufficient to ensure that several mm3 of bulk phase formed
nearTt.

The primary data of our experiment consist of the
frequency shift of the microbalance as a function o
temperature; data for Ar and CH4 are shown in Figs. 1
and 2, where the frequency shift has been converted
thickness in layers. Data were collected by changin
the temperature of the cell by approximately 20 mK an
waiting for the microbalance frequency to settle. As ha
been noted previously [8], we found that the time consta
for mass transport in the cell was surprisingly long, an
more than 24 h of settling time was typically required pe
data point. Figure 1 shows data for Ar as a function o
t. For t . 0.02, corresponding to temperature more tha
1.6 K above the triple temperatures,83.31 Kd, there are
approximately 32 layers of adsorbed liquid; this value i
determined by the competition between van der Waa
forces, which tend to thicken the film, and gravity, which
tends to thin it. At low temperatures, e.g.,t  20.06, or
5 K below Tt, the film is approximately 5 layers thick.
© 1997 The American Physical Society 129
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FIG. 1. The film thickness in layersd as a function of reduced
temperaturet for argon on gold. At high temperature, the film
is liquid and the thickness is independent of temperature.
t  0.02, there is a first-order transition to a layered state whic
persists untilt  20.007, where the film again becomes liquid.
The transition att  20.007 is hysteretic (see inset: squares
are cooling and triangles are heating).

As can be seen in Fig. 1 the transition from the thic
high temperature state to the thin low temperature fil
is not a smooth function of temperature. There are tw
significant temperatures in addition toTt : at t  20.007
there is a small hysteretic step and a change in slope, a
at t  0.02 there is a discontinuity. The thermodynami
model discussed below identifies the region20.007 ,

t , 0.02 as a layered phase with solid adjacent to th
substrate and a liquid layer on top. At both boundarie
of this region, there is a first-order transition to a film
which is entirely liquid. At high temperatures, the film
is a wetting liquid film with a thickness that is essentiall
independent of temperature, while at low temperature, t
liquid film thickness has a power law dependence on2t
with an exponent of20.38. The layered film thickness
for 20.007 , t , 0 obeys a power law dependence o
2t with an exponent of20.28.

Figure 2 shows that the temperature dependence
the film thickness for CH4 is distinctly different from
Ar. Above Tt s,90.68 K d, the film has a constant
temperature independent thickness of approximately
layers and shows no evidence of any phase transitio
At the triple point, the film thickness abruptly thins to 21
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FIG. 2. Film thickness d vs reduced temperaturet for
methane on gold. Note the finite slope ofdstd at t  0. d vs
t is smooth outside the narrowt range shown. Arrows show
the direction of the temperature change in the hysteric region

layers. It is noteworthy that in CH4 both the bulk phase
transition and the film thinning are hysteretic with a width
of approximately 0.10 K, while in Ar the hysteresis in the
bulk transition was undetectable. For CH4, belowTt, the
film thickness is a smooth, slowly varying function oft
having a finite slope att  0.

Pandit and Fisher [10] pointed out that the stability o
various surface phases depends critically on the relati
size of the surface tensionssly , ssw , ssl, slw , andsyw

(wherel  liquid, s  solid, y  vapor, andw  wall),
and that a large number of surface phase transitions
possible in the vicinity of the triple point. Pettersen
Lysek, and Goodstein [14] have constructed a simp
phenomenological model in which the film is regarded a
a slab or slabs of bulk phase with the surface tensio
van der Waals potentials, and other effects treated
perturbations. We have used this type of model t
interpret our data. The basis of the method is to writ
the grand free energyVsm, T ; zd, for a film of arbitrary
thicknessz and minimizeV with respect toz. Near the
triple point, there are three free energiesVl, Vs, and
Vlay , for the liquid, solid, and layered film, which need
to be considered; the stable phase is of course the o
with the lowest value ofV. For example, the free energy
of the layered phase for arbitrary values of the thickne
of the liquid and solid slabszl andzs is
Vlaysm, T ; zl, zsd  srs 2 rld
DCsw

3

2z2
s

1 rl
DCls

3

2z2
l

1 rl
DCsw

3

2szs 1 zld2 2 rlsssm 2 mlsT ddddzl 2 rssssm 2 mssT ddddzs

1 sssw 1 ssl 1 slyd 1 mghsrlzl 1 rszsd 2
brs

zs
, (1)
n-

whereri are the densities,misTd are the bulk chemical
potentials, andDC

ij
3 are differences of van der Waal

C3 coefficients for the various bulk phases. The ter
 s

proportional tom 2 misT d express the cost of forming
a phase away from bulk coexistence. The term co
taining the surface tensionssij accounts for the energy
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required to form solid-wall, solid-liquid, and liquid-vapo
interfaces. The term proportional tomgh accounts for
the gravitational potential energy of the film, while th
last term proportional tob accounts for the strain energy
in the solid part of the film [1,2]. Similar terms appear i
Vs andVl. See Ref. [14,15] for further details.

Equation (1) and its analog forVs and Vl can be nu-
merically minimized with respect to thezi . The equi-
librium V, the surface phase, and the film thickness
are then determined by the lowest lying branch at ea
temperature. The relative positions of the three branch
are determined by the magnitudes of the surface tensio
Figure 3 shows three different orderings of the free e
ergies withm  the bulk coexistence value. The orde
ings correspond to different sequences of surface ph
transitions nearTt. The qualitative behavior of each free
energy branch is independent of the values of the param
ters. The single phase branches have essentially cons
values ofV as long as the corresponding bulk phase
stable, with a cusplike rise at the triple point where th
bulk phase becomes metastable.Vlay is V shaped with
a sharp minimum atTt . Figure 3(a) corresponds to the
Ar surface phase diagram obtained from the data in Fig
with a high and low temperature liquid phase separated
a layered phase nearTt. Figure 3(b) shows a direct tran
sition from liquid to solid at a temperature very close
Tt , which we believe is the case for CH4. Figure 3(c) il-
lustrates the triple-point wetting scenario inferred from a
previous experiments in which liquid films coexist wit
bulk solid over a wide range of temperature.

To compare the model with the experiments, thezi

given by the equilibriumV can be compared to the data i
Figs. 1 and 2. This requires numerical values for the p
rameters in the free energy of Eq. (1). Although the de
sities [16], van der Waals coefficients [17], bulk chemic
potentials, andsly are known,ssw, ssl, and the elas-
tic strain parameterb are not. If ssw , ssl, and b are
treated as temperature independent fitting parameters,
find that the model cannot reproduce the features we
serve att  20.007 and 0.02. Both the elastic constant
which determineb, and the surface tensions are, in fac
temperature dependent. If we include a linear coefficie
of temperature variation forssl andb as additional fitting
parameters, we obtain qualitative agreement between
model and the data. The parameters resulting from
fitting procedure are physically reasonable. Details w
be given elsewhere [15]. Figure 4 shows the coverage
a function of temperature for Ar on Au. The model accu
rately reproduces the positions of the discontinuities.
the liquid phase, the model predicts that the film thic
ness obeys a power law with an exponent of20.34, and
an exponent of20.27 in the layered phase, in reasonab
agreement with the data.

A similar analysis of the CH4 data shows that the
free energy diagrams for this case look qualitatively lik
Fig. 3(b). The fact that the film thickness is independe
r
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FIG. 3. Qualitative behavior ofV for a liquid (solid line),
solid (dotted line), and layered (dashed line) film as a functio
of reduced temperature. The relative ordering of the fre
energies is determined by the surface tensions. In (a), t
layered state has the lowest free energy in a range
temperatures at aboutTt, while the liquid film is the stable
phase outside this range. This corresponds to the case of
on Au. In (b), the liquid film is stable aboveTt , while the
solid film is stable belowTt ; this corresponds to the observed
behavior of CH4 on Au. In (c), the liquid film has the lowest
free energy over a wide temperature range at aboutTt. This
case describes previously observed triple-point wetting, with n
transitions forT fi Tt and smooth power-law dependence o
the film thickness.

of temperature aboveTt implies that the liquid branch lies
below both the solid and layered branch in this temper
ture range. The smooth behavior of the thickness belo
Tt , as well as the nondivergent temperature dependence
the thickness, suggests that the film is entirely solid. A
Fig. 3(b) shows, the surface transition can lie extreme
close to Tt even for substantial offsets in theV vs t
curves. In this scenario, the layered state is never stab
131
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FIG. 4. d vs t from the model for argon on gold. The mode
is in semiquantitative agreement with the data in Fig. 1.

This may be related to the fact that we observe substan
hysteresis in the bulk phase transition. Without a layer
state, formation of the solid requires a nucleation eve
For Ar, the solid can grow continuously from the partiall
solid layered film.

In summary, we have documented two scenarios
triple-point wetting which are distinctly different from
those previously reported. They are characterized by fir
order surface phase transitions at temperatures close to
not coincident withTt and by temperature dependenc
of the coverage which differs markedly froms2td21y3.
The phase behavior of films near the triple point depen
critically on rather subtle variations in the surface tensio
and their temperature dependence. The thermodyna
model of Ref. [14] provides a useful framework fo
analysis of these effects.
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