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The results of a heat-capacity study of the region between one and two layers in the
Kr/graphite (Grafoil) system are presented. Heat-capacity anomalies corresponding
to the commensurable-incommensurable transition, the commensurable-Quid transi-
tion, and a previously unobserved incommensurable-Quid transition delimit the high-
coverage extent of the registered phase. A phase diagram proposed on the basis of
the heat-capacity data suggests the possibility of a new type of multicritical point.

Krypton physisorbed onto graphite has been
the subject of a number of recent studies. Iso-
therm, low-energy electron diffraction, x-ray,
and heat-capacity studies' have been used to map
phase boundaries in the submonolayer and mono-
layer regimes. In particular, for coverages near
one registered monolayer two higher-order tran-
sitions have been observed, a commensurable-
incommensurable transition (CIT) at lower tem-
peratures and a commensurable (registered) sol-
id to a dense fluid transition (CFT). The phase
diagram for the monolayer regime of the Kr/
graphite system remains incomplete, however,
since no transition delimiting the high-coverage
extent of the registered solid has been observed.
It has been conjectured' that the CIT and CFT
join, enclosing the registered phase in a line of
higher-order transitions and raising the interest-
ing question of how the incommensurable solid
melts. We have conducted a comprehensive heat-
capacity survey of the regime between one and
two layers. The results reported here map the
boundaries of the registered phase and show that
the CIT and CFT intersect at approximately 127
K and 1.5 layers. From this intersection a third

line of heat-capacity anomalies emerges with in-
creasing coverage. These anomalies constitute
the first observation for the Kr/graphite system
of the incommensurable-solid-dense-fluid transi-
tion (IFT), which appears to be higher order.
The intersection of the CIT, CFT, and IFT sug-
gests the possibility of a new type of multicrtical
point.

In order to establish a detailed map of the phase
boundaries, sixteen coverages (i.e., fixed total
amount in the calorimeter) between 1.0 and 2.4
registered monolayers were studied. The re-
sults are summarized in Fig. 1, which shows the
loci of heat-capacity anomalies in the tempera-
ture-coverage plane. For all coverages above
the monolayer, desorption is significant and the
amount adsorbed becomes a function of tempera-
ture. The heating paths for several representa-
tive coverages are also shown in Fig. 1. For
coverages just above the monolayer, the heat
capacity displays two anomalies [Figs. 2(a) and

2(b)]. With increasing coverage the lower temper-
ature anomaly, at first (A» Fig. I) broad and
barely discernible, becomes larger and sharper,
moving rapidly to higher temperature (AP,C,).

466 1980 The American Physical Society



VOLUME 44, NUMBER 7 18 I'EBRUARY 1/80

I.50—

0'
O

1.00—
C3

O

O
0.50—

I I

2d

PB~

I I I I I I I

70 80 90 100 110 120 130
Temperature ( K)

(a)

I
' I ' I ' I ' I

' I

FIG. 1. Completion of the temperature-coverage
phase diagram for the Kr/graphite system in the ex-
tended monolayer regime Frac. tional coverages have
been corrected for desorption. Observed heat-capa-
city anomalies are indicated by solid circles snd con-
nected by light solid lines. Dashed lines indicate ex-
trapolated features. Heavy solid lines indicate sub-
monolayer phase boundaries as given in Ref. 1. Dashed
lines indicate approximate heating paths for coverages
shown in Fig. 2.

The higher temperature anomaly [Fig. 2(a)], a
sharp peak at the monolayer (B,), decreases
slowly in magnitude [Fig. 2(b)] with increasing
coverage, while also moving to higher tempera-
ture (B,B,). At 1.5 layers and 127 K (C,) the iwo
lines of anomalies merge. At this coverage [Fig.
2(c)], the heating path runs parallel to the phase
boundary, and the heat capacity anomaly is conse-
quently broad and rounded. Above this coverage
the anomaly sharpens with increasing coverage
(C,C,) and the heat capacity exhibits a cusp, or
break iri slope [Fig. 2(d)].

The anomalies along BP,C, may be immediately
identified as the registered-solid-fluid boundary
since they evolve smoothly and continuously from
the CFT anomalies in the submonolayer. ' Along

AP, C, the pressure as a function of temperature
(Fig. 3) both overlaps and forms a smooth exten-
sion of previous observations of the CIT and

A,A,C, may be identified as the incommensurate-
solid-registered-solid phase boundary. While
this identification is unambiguous near the mono-
layer, it is possible that the bend in AP,C, at A,
represents nonsmooth behavior of the boundary,
a "kink" rather than a bend. Such a kink would in-
dicate the existence of another boundary which in-
tersects AP, C, at A, . However, no other evi-
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FIG. 2. Heat capacity vs temperature for several
representative coverages. Listed coverages indicate
total amounts in calorimeter. No corrections for de-
sorption have been made. Solid circles, data points;
solid lines, smoothing function fitted to data.

FIG. 3. Krypton vapor pressure vs inverse temp-
erature at the CIT. Solid circles indicate values from
the present work along locus AP, C,', in Fig. 1. Crosses
indicate values from previous work taken from Ref. 5.
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dence of another boundary was found and it is con-
sistent with the data to assume that A]A2Cy is
smooth. The smooth behavior of A,A,C, and
8j3,C, and the absence of any heat-capacity anom-
alies other than those shown indicate that the
phases present near the monolayer extend to sig-
nificantly higher coverages. In particular, the
line of anomalies C,C, is apparently associated
with an incommensurable solid to fluid transition
(IFT). The intersection of the CIT, CFT, and
the anomalies C,C, at C, delimits the extent of
the registered phase and Fig. 1 constitutes a pro-
posed completion for the monolayer-regime
phase diagram.

Several explanatory comments should be made
regarding this proposed phase diagram. First,
the "monolayer regime" extends well above the
monolayer proper. The extension of the two sol-
id phases to 1.5 layers and above stands in con-
trast to the common picture which separates the
first and second layers and views the solids as
monolayer phases. This intuitive picture is use-
ful at lower temperatures where a first-order
transition between a surface phase (the incomen-
surable solid) with an areal density just over a
monolayer and a surface phase with a density
just under two layers is often interpreted as a
transition between a gas and a solid or fluid in
the second laye~. Thermodynamics alone, how-

ever, does not provide this distinction between
layers and, in the temperature range of the pres-
ent work, the results show that a separation on
intuitive grounds is not convenient. The incom-
mensurable solid, the registered solid, and the
Quid all can have significant second-layer compo-
nents in their structure.

Second, if the theory of dislocation-mediated
melting' describes the IFT the actual transition
occurs as a temperature below the cusp in the
heat capacity at C,C, [Fig. 2(d)j and its precise
location would be impractical, if not impossible,
to determine from the heat-capacity data. The
cusp itself is a somewhat sharper anomaly than
predicted by this theory but could be due to de-
sorption effects, as is suggested by results for
the melting anomalies in the 'He/graphite system. '

Third, the heat-capacity signatures at cover-
ages of this study suggest qualitatively that the
CFT (in contrast to the submonolayer regime),
CIT, and IFT are all higher-order transitions.
The effects of substrate inhomogeneity and desorp-
tion preclude detailed quantitative analysis of the
present data but the qualitative conclusions agree

with recent observations of the CIT ~ and CFT,'
theoretical results for the CFT' and IFT,"and
theoretical results for the CIT showing a higher-
order transition. " ' On the basis of the previ-
ous and current results, C, appears to be the in-
tersection of three lines of higher-order transi-
tions, each belonging to a separate universality
class, and if so C, corresponds to a type of multi-
critical point previously unobserved.

Last, we emphasize that the present heat-capa-
city study maps the phase boundaries. The pro-
posed phase diagram indicates that this regime
of the Kr/graphite system should be an interest-
ing subject for more detailed studies in the fu-
ture.
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