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The theory of two-dimensional superfluidity by Nelson and Kosterlitz is examined in the
context of ideal interacting He films. It is shown that superfluid onset in a film on a uni-
form surface would have a critical-temperature gap due to phase cont3ensation. No exper-
iments on uniform or heterogeneous substrates have disclosed any gap, indicating that
superfluid onset in experimental films may have another origin.

In a recent Letter Nelson and Kosterlitz' pre-
dict that, if recent theories of phase transitions
in the planar XY model are applicable to uniform
two-dimensional He films, the areal density of
superfluid will undergo a universal jump p, as
the critical temperature T, is approached from
below. The predicted relation is a linear depen-
dence, with theoretical slope independent of the
wall potential, coverage, and other details:

lim ~ = 2m'k z/n5
C

= 3.49 x 10 ' g/c m' K.

Recent experiments by Bishop and Reppy' using
a torsional oscillator and re-examination of third-
sound experiments by Rudnick' are in quantitative
agreement with Eg. (1). In addition Bishop and

Reppy cite third-sound results obtained by Mo-
chel and by Hallock which are consistent with
Refs. 2 and 3. The correspondence appears to
confirm the theory and, at the same time, the
judgment that the experimental films were in-
deed uniform two-dimensional (2D) systems.
However, in this I etter I cite contrary evidence
that makes it extremely unlikely that the films in
question could have been uniform. On this basis,
we are faced with (at least) two alternative ex-
planations: (a) 2D superfluidity is not strongly
affected by the kind of heterogeneity present in
the experimental films, or (b) the agreement is
fortuitous and an explanation of the data must be
sought elsewhere.

Virtually all solid surfaces are heterogeneous
in adsorption except for atomically clean and
well-ordered crystals having a, single class of
crystal facet exposed to the adsorbed gas. ' Un-

less the uniformity of the substrate is demon-
strated for the particular gas, physical property,
coverage, and temperature conditions in ques-
tion, then it is prudent to suspect it as hetero-
geneous. There are no reported studies demon-
strating that the several substrates Mylar, '
glass, ' argon-coated glass, ' and polished CaF, '
used in the torsional oscillator and third-sound
experiments are uniform in adsorption, and
therefore the uniformity of the films has to be
doubted. But even in the event that all of the sub-
strates were ideal, the He films themselves
would be nonuniform in the Plane. This nonuni-
formity arises from the interactions between the
He atoms themselves, which causes monolayers
adsorbed on uniform surfaces to condense into
2D liquid phase at low temperature and, if the
density is sufficiently high, to form 2D solid. In
the following I discuss the experimental results
for 'He on uniform surfaces, and explore the con-
sequences of the theory of 2D superfluidity ap-
plied to such films.

Monolayer and multilayer films of He have
been studied for many years. During the earlier
period the substrates were typically heterogene-
ous adsorbents, and on these surfaces the films
showed little evidence of any layer structure or
phases within layers. The absence of structure
is now understood to result from strong lateral
fields due to substrate heterogeneity. However,
since j.970 film studies on more uniform sub-
strates have disclosed a succession of distinct
regimes within the first and second adsorbed lay-
ers of ~He, 'He, and He-'He mixtures. ' " These
adsorbents have been various high-area, basal-
plane graphite substrates and basal-plane graph-
ite plated with monolayers of noble gases. The
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different phases are understood as arising from
combinations of the He-He interactions and inter-
actions with the substrate, and quantitative theo-
ries" "based on the known potentials and struc-
tures of the surfaces agree well with experiment.

The simplest phase diagram that has been ob-
served for 'He monolayers is that of the second
layer on graphite, which shows only 2D gas and
liquid phases and no registered phase. The im-
mediate substrate for the second layer is a mono-
layer of close-packed 2D solid helium, which pro-
vides a nearly inert and smooth surface. This
system appears to be the closest realization of
2D He that has been produced to date. However,
although the condensation is limited to just the
second-layer atoms, their interactions are medi-
ated to some extent by the underlying substrate,
and therefore the critical properties and exact
location of the 2D vapor-liquid phase boundary
depend on the substrate. Several mechanisms
for substrate mediation are possible. In the case
of second-layer He compared to the first layer
on graphite the principal mechanism is believed
to be the magnitude of the adsorption potential
which controls the amplitude of surface-normal
mptipn. ' The surface-nprmal mptipn reduces
the average surf ace-parallel inter action between
He atoms and hence the 2D critical temperature.
The effect is of comparable importance on Ne-
plated graphite. '

Experimental observations of superfluidity re-
quire continuous flow paths over macroscopic
areas. Dimensions depend on instrumental de-
tails, but are typically on the order of I cm'. In

.
" a two-phase film with only one-phase superfluid,
experimental detection requires long-range con-
nectivity of that phase, which depends on the
fractional area covered and its spatial distribu-
tion. In ideal systems two phases separate into
just two homogeneous regions but on realistic uni-
form substrates phases can be finely dispersed,
being nucleated at imperfections. When the aver-
age density of the film is low, 2D liquid is in rel-
atively small patches surrounded by 2D vapor,
their sizes and placement depending on the distri-
bution of nucleation centers and the treatment
history of the film. Thus there should be no uni-
versal relation for superfluid onset in macro-
scopic films on all surfaces and with all experi-
mental methods, even if the fundamental relation
governing onset in a uniform 2D film were uni-
versal. However, if the theory is correct for
uniform films, then certain general features
emerge which should lead to qualitatively similar
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FIG. l. (a) Phase diagram of a He monolayer on a
uniform surface, showing a two-phase liquid-vapor co-
existence region with outlines corresponding to the
second layer on basal-plane graphite (Ref. 12). Also
shown is the superfluid density —critical-temperature
relation according to the theory of Nelson and Koster-
litz (Ref. 1), assuming no depletion due to excitations.
(b) Superfluid onset temperatures of films having phase
boundaries shown in (a).
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aspects in the presence of phase condensation.
To illustrate these I assume specific phase bound-
aries. Figure I(a) shows the 2D liquid-vapor
phase boundary for the second layer of 4He on
graphite, as given by Polanco and Bretz." In ad-
dition I show a line corresponding to Eq. (I),
here marking the maximum transition tempera-
ture at each density of a single uniform phase.
According to theory' this limit corresponds to
uniform films in which there is no depletion of
superfluid below T, due to processes other than
vortex depairing. In most of the range the limit-
ing normal-superfluid boundary lies wholly in the
two-phase region. In this region to the left of the
normal-superfluid boundary the liquid is super-
fluid but the vapor is not. Thus the film at low
temperature and low coverage consists of isolat-
ed 2D superfluid patches and hence the film as a
whole does not display superf low at any temper-
ature down to T =0. With increasing coverage
the average patch size increases. Neighboring
close patches coalesce to form larger patches
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until at a coverage whose value depends on the
details of the substrate and the measurement,
the film develops a continuous 2D liquid path ex-
tending over the entire experimental area, and
superf low appears. In Fig. 1(b) I show its ap-
pearance at a coverage of —, of the liquid density.
The transition from normal to superfluid is in
this case a 2D percolation transition, whose na-
ture should be different from a transition brought
about by a change in density of a uniform fluid.
The critical temperature of the percolation tran-
sition is that of the critical end point, where the
normal-superQuid line and the phase coexistence
boundary intersect. On increasing the coverage
the connectivity of the film increases but T, re-
mains the same until the average density exceeds
the density of the critical end point. Above this
coverage the film is a uniform fluid at the tem-
perature of the transition, and therefore T, in-
creases linearly thereafter, with slope appropri-
ate to the uniform film.

Changes in either the normal-superfluid line or
the two-phase boundary affect the parameters of
detection of superf low. For example, depletion
of the superfluid density before the Nelson-Kos-
terlitz transition causes onset temperatures to
be depressed. However, the overall shape re-
mains similar to Fig. 1(b), with a gap, a con-
stant-temperature section, and section with vari-
able T, at higher density. The variable section
need not be linear or even monotonically increas-
ing if depletion varies with temperature and den-
sity. In all of these variants there is a region of
transition temperatures that is inaccessible to
experiment, between 0 and the T, corresponding
to the density of the 2D liquid in equilibrium with
its vapor. This situation is analogous to that in
3D, where there are no transition temperatures
between 0 and T „of saturated liquid. Presumably
there could be a transition in the 3D vapor if it
could be cooled below the Bose-Einstein transi-
tion temperature corresponding to its density.
However, the density of the vapor decreases
more rapidly than T' ' so that it is always in its
normal phase all the way to T = 0. If in contrast
to Fig. 1(a) the phase condensation were depressed
so far that the normal-superfluid transition line
did not cross the two-phase boundary [Fig. 2(a)j,
superfluidity would appear at low coverages in an
isolated region of temperatures not extending to
T = 0, as in Fig. 2(b). The two distinct regions of
superfluid and normal behavior correspond to
homogeneous 2D phases (A) and to two-phase co-
existence regimes (B) separated from the A re-
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FIG. 2. (a) Phase diagram of a He monolayer with a
liquid-vapor condensation region having temperatures
below the superfluid onset line. (b) Superfluid onset
temperatures corresponding to the boundaries of (a).
There are two normal and two superfluid regimes, cor-
responding to uniform and phase condensed regions.
Percolation transitions are shown as dotted lines.

gions by lines of percolation transitions.
It is noteworthy that these arguments relating

phase condensation and superfluidity in monolay-
ers ought to be relevant to any mechanism of 2D
superfluidity in uniform films, and are not limit-
ed to the Nelson-Kosterlitz theory. The recent
experiments" show superfluid onset tempera-
tures varying linearly with coverage over the full
experimental range from 1.9 to 0.3 K, and addi-
tional third-sound data extends T,'s down to 0.1
K." The thicknesses range from 1.55 to 0.72 lay-
ers on top of an inert film of about 1.4 layers
which is presumed to be immobilized by substrate
heterogeneity. The thicknesses of the active lay-
ers are in the range where, if the films were uni-
form, they would undergo phase condensation
within the surveyed temperature range.

If the superfluid transitions that are observed
are to be understood in terms of a 2D theory,
then the absence of a critical-temperature gap
implies that phase condensation is either nonex-
istent or irrelevant. It is not obvious that either
case is reasonable, and it would therefore seem

1180



VoLUME 41, %UMBER 17 PHYSICAL REVIEW LETTERS 2$ OcrosER 1978

necessary that they be examined in detail. To be
convincing, the theory would have to deal with
realistic models of heterogeneity, involving wide
ranges of magnitudes and scale lengths to model
the variety of substrates used in the cited experi-
ments.

An. alternative explanation is that superfluid on-
set is not strictly a uniform-film phenomenon. If
the films undergo phase condensation before su-
perfluid onset and if superfluidity involved a col-
lective state of the two-phase system then a cri-
tical-temperature gap would not necessarily ap-
pear. Such a state is quite different from that-
discussed by Nelson and Kosterlitz. ' It is, how-
ever, consistent with the theory of clustering
and percolation, ' ' which has been proposed to
explain results obtained on more uniform sur-

facess.
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The adsorption of nitric oxide and its dissociation on the Ru(001) surface have been
studied through the vibrational energies of the adsorbed layer. The inelastic electron
scattering measurements show that two distinct states of molecular NO are adsorbed at
130 K. The dissociation of a bridged No is complete at 316 K, whereas a linear form re-
mains on the surface until 500 K. This is explained by a difference in activation energies
for dissociation of NO and by the blocking of sites by nitrogen and oxygen adatoms.

The adsorption and reaction af NQ on metal
surfaces is a subject of obvious interest in sur-
face chemistry. In addition to the industrial im-
portance of the catalytic reduction of NO, the
wide variety of NQ complexes in metal nitrosyls
suggests that the surface chemistry of NQ will be
a fertile area of research. ' In this work, we re-
port the first vibrational measurements of NO on

the Ru(001) surface and direct evidence of two
forms of adsorbed NO with differing activation
energies for dissociation.

Previous studies have been made of NQ chemi-
sorbed on the Ru(101) and Ru(100) surfaces as
well as on a Ru field-emission tip. ' ' The photo-
emission measurements of NO adsorbed on the
Ru(100) surface by Bonzel and Fischer were car-
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