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Phase Transition in a Dense Layer of Xenon Adsorbed on
the Cleavage Face of Nickel Chloride

P, Robert and Y. Larher
Département de Recherches et Analyse, Section Rechevche et Intevaction du Rayonnement avec

la Matieve, Centve d’ Etudes Nucleaives de Saclay, 91190 Gif-sur-Yvette, Fvance
(Received 29 December 1977)

A first-order phase change is observed in a dense monolayer of xenon adsorbed on the
cleavage face of nickel chloride. This is the first observation of such a transition for
rare gases on a surface other than the basal plane of graphite. We conjecture that it is
a solid-solid transition rather than a solid-liquid one.

Numerous phase transitions in monolayers of ied. In all these cases a 2D (two-dimensional)
classical rare gases adsorbed on the cleavage condensation, which is a first-order transition
faces of crystals have been observed, Those oc- from a dilute to a dense monolayer, takes place.
curring on the basal plane of graphite,! and of But as yet, except on graphite, there has been
lamellar dihalides,® ® as well as the (001) plane no evidence that additional transitions between
of alkali halides,® ™ '° have been particularly stud- dense phases within the monolayer could appear
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as the surface density was increased. The object
of this Letter is to report new data clearly show-
ing such a phase change for xenon on the cleavage
face of nickel chloride,

The sample of nickel chloride was prepared by
sublimation in a rapid current of dry nitrogen
according to the method previously described by
one of us,* ! Adsorption isotherms were deter -
mined with a volumetric apparatus using a modi-
fied McLeod gauge,® '

A set of isotherms of xenon on nickel chloride
is represented in Fig., 1, Their general appear-
ance is much like that of xenon on graphite, deter-
mined by Thomy and Duval.,’ Below a tempera-
ture represented by 7,, a single phase transition
is observed from a dilute monolayer-—a 2D
gas—to a dense monolayer, which is a 2D solid,
Above T,, an intermediate dense phase appears
which may be either a 2D liquid or a 2D solid.
These three phases coexist at a triple point,
whose temperature, 7,=98+0.5 K, is very close
to that for Xe on graphite, viz,, 99+2 K, In the
latter case it has been generally accepted that the
higch-temperature dense monolayer was a 2D liq-
uid. This conjecture is mainly based on the fact
that potential barriers to translation of rare
gases on the basal plane of graphite are low,
about 40 K for Ar, Kr, and Xe (see Steele,” page
57). Since the triangular arrangment of the anions
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of the basal plane of lamellar halides have a den-
sity about 6 times lower than that of the carbon
atoms of the cleavage face of graphite, clearly
one expects the former to be much less smooth
than the latter to rare gas atoms, No potential
energy calculations at the surface of lamellar
halides have been published as yet. But results
for a very similar system, Ar on a (111) plane
of a xenon crystal, are known (see Ref, 13, page
37). The potential energy of an argon atom in-
creases by 74 or 288 K when it is moved from S
to SP or A (Steele’s terminology is adopted to
label the remarkable positions above the surface:
sites S above the center of a triangle of halide
ions, saddle points SP above the midpoint of two
anions, and positions A above anions), An in-
crease in the height of potential barriers will
clearly favor vibrational motion to the prejudice
of translational motion, so that it seemed rea-
sonable to consider the absence of any transition
between dense monolayers adsorbed on lamellar
halides as evidence that no liquid layer could
form.?”® The thermodynamic analysis of sets of
adsorption isotherms supported this point of view,
particularly at positive incompatibilities. A di-
mensional incompatibility between the adsorbate
and the adsorbent is defined by i=(a — d)/d, where
a and d are the crystalline parameters of the
basal plane of the substrate and of the (111) plane
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FIG. 1. Set of adsorption isotherms of xenon on the cleavage face of nickel chloride.
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of the bulk f.c.c. adsorbate. Indeed for i =0, up

to about 129, there is clear evidence that the
dense layer that forms during a 2D condensation
1S in registry with the surface, the adatoms stand-
Ing in half of its sites. It should be noted that
numerous theoretical studies indicate that a criti-
cal point exists for a lattice-gas model with at-
tractive energy, so that the existence of such a
point for the 2D condensation of rare gases on the
lamellar halides should not be considered as evi-
dence that a liquid monolayer forms.

At first sight it would seem that the present ob-
servation of a dense to dense monolayer transi-
tion for Xe on NiCl, would case doubt on the pre-
viously accepted viewpoint. Among the rare-gas,
lamellar-halide systems, Xe-NiCl, is the one
for which the distance between the halide ions is
minimum-—a(NiCl,) = 3,485 A “—and the diameter
of the adatom maximum—-d(Xe) = 4,405 A 15—
which suggests that it is also the system for which
the surface structure should show the lowest bar-
riers to adatom translation, It is thus the system
for which the existence of a liquid monolayer is
a priorvi the most probable. We have recently
made semiempirical estimations of potential bar-
riers to translation of rare gases on lamellar
halides of which the details will be presented else-
where. In essence, summations of Lennard-Jones
pair potentials are carried out over the anions of
the adsorbent, The results indicate that the po-
tential energy difference between the positions A
and S does not change importantly when the ratio
a/d is lowered, In all cases it remains more than
6 times higher than that of the barriers to trans-
lation on graphite. Consequently we think that
the existence of a 2D liquid on lamellar halides,
even in the a priorv: most favorable case, re-
mains improbable,

Of course this means that the observed transi-
tion is a 2D polymorphic phase change, The high-
density solid, which is also the high-pressure
phase, should correspond to a close-packed layer,
whose structure would be mostly determined by
the lateral interactions within the layer, in fact
by the hard core of xenon, which does not exclude
some relation to the structure of the substrate,
On the other hand, the low-density solid is ex-
pected to have a structure much more closely
related to that of the substrate. As noticed ear-
lier in this Letter, there is good evidence of a
simple registry of the adlayer—(1 xX1) structure
—at positive incompatibilities,?”5 at least up to
1=12%. At i<0, we may think of a superlattice,
having, for instance, a unit cell of (n - 1) ada-
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toms covering »n° ions,* Taking »n =4 accounts for
the density difference of about 109 between the
two adphases of Xe on NiCl, (see Fig. 1). Such a
structure makes allowance for the influence of
the substrate in two ways: (i) A fraction of ad-
atoms stand strictly above sites, and (ii) the
relatively low density of the layer as compared
to that of the (111) plane of bulk xenon makes
possible, within the unit cell, an irregular ar-
rangment in which the adatoms could stay away
from the energetically unfavorable A positions,®
But clearly a structural investigation by low-en-
ergy electron, x-ray, or neutron diffraction is
necessary if one wants a precise answer to the
question of the structure of both adlayers.

It has long been known®™° that for bad dimen-
sional compatibilities between rare-gas atoms
and lamellar halides, the dense monolayer which
appears during the 2D condensation has a density
definitely lower than that of the (111) plane of
bulk adsorbate, and also that this density subse-
quently increases with pressure towards the lat-
ter, before an appreciable adsorption in the sec-
ond layer occurs, But this is the first case in
which it has been shown that a first-order transi-
tion is associated with such a change. The situa-
tion, as far as adsorption on graphite is con-
cerned, has developed in a somewhat symmetri-
cal manner, First-order transitions between 2D
liquid and solid monolayers of Kr and Xe on that
substrate have been known for a long time. On
the other hand, the data at present available for
the adsorption of Ar on graphite!” !® suggest that
only a higher-order transition within the dense
monolayer exists, All these results show the
interest of an experimental investigation of the
conditions favoring first-order or any other kind
of transitions in dense monolayers, at present
poorly known, The family of lamellar halides
offers a unique opportunity for such a study since
1t permits variation of the dimensional incom-
patibility which we suspect to be a significant
parameter even for the adsorption on graphite.
We will soon publish elsewhere preliminary re-
sults on this problem,

In this discussion the polymorphic phase changes
observed for nitric oxide on lamellar halides
have been ignored, because they are of a differ-
ent nature from that reported here, being re-
lated to the very unsymmetrical shape of the
admolecule, the dimer of nitric oxide,®®
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