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Wetting behavior of H2 on cesium
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~Received 8 June 1998!

We have studied the wetting behavior of H2 on Cs by measuring contact angles and adsorption isotherms as
functions of the temperature. These measurements were made on the same Cs surface and they quantitatively
determine the parameters needed to model the wetting behavior in this system. We find that the wetting
temperature for H2 on Cs is 20.5760.05 K and the coefficient of the van der Waals attraction is 2700
6300K Å 3. The data are inconsistent with the usual assumption that the surface tensions at the solid interface
are temperature independent.@S0163-1829~98!52432-0#
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Over the last several years new systems have bec
available for studies of wetting transitions, namely cryoge
liquids on the surfaces of alkali metals. Most experimen
studies have involved liquid helium, but H2 on Rb ~Refs. 1
and 2! and Ne on Rb and Cs~Ref. 3! have also been inves
tigated. These systems offer some significant experime
advantages over more traditional ones which utilize orga
liquids. These include extreme cleanliness and relativ
short thermal and mass equilibration times. As a result, s
eral wetting phenomena that had existed only in theory w
experimentally realized for the first time in these system
The interplay between theory and experiment in studies
the new wetting systems has been remarkably vigorous
deed, the field stemmed from a theoretical prediction4 and
many of the experimental results have been anticipated
explicit, quantitative theoretical predictions.5 Quantitative
theories are possible because the interactions between
adsorbates and the alkali metals are relatively simple
well known. Consequently, quantitative experiments are
interest.

We present here studies of the wetting behavior of liq
H2 on the surface of Cs. Above the wetting temperature,Tw ,
we have measured adsorption isotherms to locate the pre
ting line. Below the wetting temperature isolated dropl
can be formed. We have used optical imaging of the drop
to measure the contact angle as a function of tempera
The combination of these two measurements is require
constrain the parameters that determine the location of
prewetting line; both measurements have been made on
same surface. The results include quantitative measurem
of Tw and the van der Waals interaction strength between
H2 and a Cs surface. The measurements show that the
perature dependence of surface tensions at the liquid-s
interface are not negligibly weak as has been assumed.1,2,6

The experimental techniques we used are similar to th
we have employed to study wetting of helium on Cs.7–9 The
Cs surfaces were prepared by evaporating 40 monolaye
Cs from a resistively heated oven containing pure Cs m
onto both sides of a quartz microbalance. During the eva
ration, the cell containing the quartz microbalance was h
below 6 K to eliminate contamination. After evaporation, th
microbalance was heated to about 80 K and held there fo
min, while the rest of the cell was again maintained at l
temperature. To measure adsorption isotherms, small d
PRB 580163-1829/98/58~8!/4274~3!/$15.00
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of ultrapure H2 gas were admitted to the cell through
heated fill tube. As the H2 adsorbed on the surface, the res
nant frequency of the microbalance shifted lower by
amountD f , which is proportional to the areal mass dens
of the adsorbed hydrogen. The proportionality constan
0.125 Hz/H2 layers. The contact angles were measured
exactly the same surface used in the adsorption isotherm
periments. A capillary was placed about 0.5 mm above
surface of the microbalance. H2 gas was metered into th
capillary where it liquified and dripped onto the surface. S
ficient time for ortho-para conversion was not allowed. Co
sequently the H2 in the experiment was ‘‘normal’’ H2,
75%o-H2 and 25%p-H2. As more liquid was forced through
the capillary the droplet grew and the contact line of t
droplet slowly moved radially outward from the capillary.
digital camera and a long focal length microscope were u
to photograph the droplet through infrared radiation abso
ing windows. The advancing contact angle, which is kno
to be equal to the thermodynamic contact angle for all
the most heterogeneous surfaces,10 was determined from the
digital images. Liquid could also be removed from the dro
let and the receding contact angle determined. Contact a
hysteresis on these surfaces was small. The receding co
angle was only 5°62° smaller than the advancing ang
across the temperature range from just above the triple p
temperature to the wetting temperature. Inspection of the
ages shows that our Cs surfaces were smooth and fre
defects larger than a few microns. It is interesting to note t
the contact angle for4He on the same Cs surface showed t
same large hysteresis is described in Ref. 8.

Figure 1 shows an advancing contact angle measurem
at 16.6 K. The optical axis of the microscope is inclined
few degrees above the Cs surface. Because the substra
reflective, both the free surface of the H2 droplet and its
reflection in the Cs surface are visible. The sharp poin
where the surface and its reflection meet at the edge of
droplet, lie on the Cs surface. The 0.4 mm capillary can
seen protruding from the droplet. The contact angle is hal
the angle between lines drawn tangent to the free surface
its reflection at the edge of the droplet.

Figure 2 shows the temperature dependence of the con
angle,u. The error bars are61° and are due largely to un
certainties in the construction of the tangent lines. Youn
R4274 © 1998 The American Physical Society
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equation gives a simple relationship between the con
angle and the interfacial surface tensions,

s lncos~u!5ssn2ssl[dss . ~1!

Here, s ln , ssn , and ssl are the liquid-vapor, solid-vapor
and solid-liquid surface tensions, respectively. The therm
dynamic properties of liquid hydrogen, includings ln , are
well known.11 If one assumes thatdss is temperature inde
pendent, the contact angle can be calculated from Eq.~1!.
The dashed curve in Fig. 2 shows the result, assumingTw is
20.4 K. The dashed curve is a poor fit to the data and o
choices ofTw are equally unsuccessful. It is immediate
clear thatdss is temperature dependent.

Equation~1! can be used to extract the temperature
pendence ofdss from the contact angle data. The data poin
in Fig. 3 show the result. For comparison, the dotted l
showss ln , which is remarkably linear inT over the entire
range of our experiment. The data are consistent with
assumption thatdss is also linear inT, as shown by the solid
straight line in Fig. 3. The temperature dependence ofdss is
about a third as strong as the temperature dependence ofs ln .

The high-pressure regions of three adsorption isothe
aboveTw are shown in Fig. 4. The circles, squares, and d

FIG. 1. A hydrogen droplet on a Cs surface. The droplet
viewed at grazing incidence so that the free surface and its re
tion are seen. The dark object protruding from the top of the dro
is a 0.4-mm diameter capillary.

FIG. 2. The data points are from the analysis of images like
shown in Fig. 1. The dotted line is an attempt to fit the data wit
temperature independentdss . The solid line results from fitting
procedure with a linearlyT dependentdss .
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During the experiment, the frequency shift was measured
a function of the pressure. In Fig. 4 we have plotted
frequency shift as a function ofDm, the difference between
the chemical potential and the chemical potential at liqu
vapor coexistence. All three isotherms have the same sh
At low Dm, less than half a monolayer of H2 is adsorbed and
the isotherms are flat. AsDm is increased, a sharp step a
pears in the isotherms. The position and height of the s
vary with temperature. Above this step the adsorbed m
smoothly increases and diverges at liquid-vapor coexiste
Dm50. Similarly shaped isotherms have been measured
4He on Cs~Ref. 7! and H2 on Rb ~Refs. 1 and 2! and are
clearly understood. At lower temperatures the abrupt
crease in mass marks a prewetting transition, an extensio
the wetting transition into the region of the bulk phase d
gram where the vapor phase is stable. At the prewetting t
sition, thin and thick unsaturated films coexist. The locus
points in theDm-T plane where prewetting occurs is a lin
of first-order surface transitions which ends in a prewett
critical point Tc

PW. However, the character of the isotherm
above and belowTc

PW is only subtly different.2,7 The step
does not disappear but becomes a two-dimensional~2D!
compressibility maximum that persists to temperatures m
higher thanTc

PW. The prewetting data for H2 on Cs are

s
c-
t

t
a

FIG. 3. dss as a function ofT. The dashed line showss ln for
comparison and the solid line is the best fit to the data.

FIG. 4. D f as a function ofDm. The circles are measured at 2
K, the squares at 23 K, and the diamonds at 21.3 K. The steps
due to prewetting. The solid curve through the data above
prewetting steps is the prediction using the value ofDC3 from the
fitting procedure.
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shown in Fig. 5. The values ofDm in the center of the abrup
rises establish the data points in Fig. 5 and the error b
span the width of the step.

For the case of temperature independentdss , a model
that predicts the location of the prewetting line has be
developed.1,2,6 It is easily generalized to include the temper
ture dependence ofdss . The result is

DmPW~T!52S 2@dss~T!2s ln~T!#

3~r l2rn!~DC3!1/3 D 3/2

. ~2!

In Eq. ~2!, r l andrn are the densities of the bulk liquid an
vapor andDC3[C3

Cs2C3
H2 , where theC3’s are the coeffi-

cients of the van der Waals potentials between an H2 mol-
ecule and a semi-infinite slab of Cs or bulk H2.

Equation~2! shows that the location of the prewetting lin
depends ondss(T). AboveTw , however, the contact angl
experiment cannot be done and no direct determination
dss(T) is possible. Sinces ln remains linear inT even up to
24 K, the highest temperature at which we measured ads
tion isotherms, we shall assume thatdss does also. It is clear
that this assumed linearity must break down at some t
perature because the extrapolation of the straight line sh
in Fig. 3 does not pass throughdss50 near the bulk liquid-
vapor critical temperature. It will be apparent if the assum
tion fails in the temperature range of the prewetting li

FIG. 5. The prewetting line in theDm-T plane. The data points
are from isotherms like those in Fig. 4. The solid line is the fit to
data.
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measurements because if it does, it will be impossible to
Eq. ~2! to the data of Fig. 5 with a constant value ofDC3 .
Becausedss5s ln at Tw , it is convenient to parametrizedss
as

dss~T!5s ln~TW!1a~T2TW!. ~3!

With the further assumption thatdss does not change sub
stantially between coexistence andDm at prewetting, the
prewetting line data and contact angle data are sufficien
determine,TW , a, andDC3 .

A standardx2 analysis12 simultaneously using the dat
from the contact angle and prewetting line experiments
used to select the best values and probable errors ofTW , a,
andDC3 . x2 was constructed by summing the squares
the error-normalized deviations between the data in Fig
and 5 and the predictions of Eq.~2! for the prewetting data o
Eq. ~3! for dss . The fitting procedure gaveTW520.57
60.05 K, dss5(2.9760.05)2(0.05360.003)T erg/cm2,
and DC3518006300 K Å3. The contact angles, values o
dss , and prewetting line calculated from the fit paramet
are shown as solid lines in Figs. 2, 3, and 5. The quality
the fit apparent in Fig. 5 confirms the linearity inT of dss
betweenTw and 24 K. It is interesting to note that becau
the numerator in Eq.~2! ands ln are both linear inT, neglect-
ing dss causesDC3 to be overestimated, but does not d
grade the quality of the fit. By itself the prewetting line da
gives no insight intodss . The prewetting step height offer
a check ofDC3 . Intrinsic to the derivation of Eq.~2! is a
relation between the step height,d, and Dm: d
5(DC3 /Dm)1/3. Using DC351800 K Å3 gives the solid
line in Fig. 4. The fit is acceptable, but because of the c
root, this check on the value ofDC3 is not particularly sen-
sitive.

The value ofTW is smaller than the most recent theore
cal prediction of 22 K.13 Taking a value of 900 K Å3 for C3

H2

~Ref. 2! and our value forDC3 gives 27006300 K Å3 for
C3

Cs, somewhat smaller than the theoretical value of 330
Å3.13 The most striking result of our experiment is the te
perature dependence ofdss which is not constant but varie
at fully 1

3 the rate ofs ln .
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