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Low-temperature phases of Xe on graphite
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Light and superlight wall energies for a xenon monolayer on graphite are calculated by a classi-
cal, zero-temperature relaxation scheme. Phase diagrams are then obtained using a striped helical
Potts model for domain wall networks (such as striped or hexagonal incommensurate solids). The
commensurate-incommensurate transition noted in past electron diffraction experiments is reinter-
preted as a structural transition between two incommensurate solids, in agreement with recent x-
ray scattering work. Matching experimental transition lines lead to estimates for various intera-
tomic potentials. We discuss the preemption of the incipient commensurate phase by condensa-
tion of the bilayer.

Despite a large number of experimental studies, ' 3 the
low-temperature properties of monolayer xenon adsorbed
on graphite are not completely understood. In early
transmission high-energy electron diffraction (THEED)
experiments, Schabes-Retchkiman and Venables' (SRV)
reported an hexagonal incommensurate (HIC) to v 3&J3
commensurate (C) transition at coverages slightly below a
monolayer. Recently, Hong, Birgeneau, and Sutton~
(HBS) performed precision x-ray scattering work in this
regime and concluded that the transition may, in fact, take
place between two incommensurate (IC) solids; the low-
temperature structure being a striped incommensurate
(SIC) phase of superlight domain walls. By explicitly cal-
culating the structure factor of a striped superlight net-
work of domain walls, HBS demonstrated the distinction
between C and SIC diffraction signatures —the difference
is slight, explaining any possible misidentification in ear-
lier, lower resolution THEED experiments. The possibili-
ty that there may be no commensurate phase at all in phy-
sisorbed xenon raises some interesting questions, such as
the role played by bilayer condensation. In this Rapid
Communication we address this issue, as well as other
questions relevant to low-temperature phases of Xe on
graphite.

In principle, for a simple inert gas such as xenon on
graphite, it should be possible to obtain phase diagrams
starting from interatomic potentials (a similar program
was reasonably successful for Kr on graphite ). Unfor-
tunately, the important parameters (Vo, the mean adsorp-
tion energy for a single Xe atom on graphite and U, the
Xe on graphite modulation potential) are not completely
known, different choices of Vo and U leading to qualita-
tively different phase diagrams. For a given modulation
potential, we perform a T 0 energy relaxation calculation
to determine light and superlight wall energies. These en-
ergies are then incorporated in a striped helical Potts
model of sparse domain walls to investigate the low-
temperaturc phases. The somewhat dated Xe-C parame-
ters due to Steele (which imply a weak modulation of

U 36 K) lead to a direct first-order transition from
HIC to bilayer structures as the temperature is dropped at
fixed pressure. This is in disagreement with the observa-
tion of an intermediate phase by SRV and HBS. By
choosing a stronger modulation potential, we indeed ob-
serve an intermediate striped phase, confirming the inter-
pretation of HBS. Fits to the experimental data of SRV
are optimized by the choice of parameters Vo 2040 K
and U 75 K. The latter is close to recent first-
principles calculations of Vidali and Cole (U 77 K) or
Joos, Bergersen, and Klein (U 75.4 K). Although the
larger modulation potential leads to a SIC phase, it is still
not strong enough to stabilize a C phase. The C phase is
preempted by a first-order transition between SIC and bi-
layer solids. Energetic considerations and the precise loca-
tion of the bilayer condensation line permit us to estimate
the second-layer adatom-substrate interaction energy
(a2, —150 K), perhaps the least well-known bilayer pa-
rameter.

The specifics of the Xe adatorn Lennard-Jones (LJ) po-
tential (a 236 K, ct 3.92 A) cause us to decompose the
lattice of adsorption sites, which are the centers of the
graphite hexagons, into three equivalent triangular sublat-
tices (labeled a, b, and c), of lattice constant a=4.26 k
The well-known 43 x J3 commensurate solid, exhibited in
Kr and He monolayers, corresponds to perfect occupation
of one of these sublattices. At coverages slightly below
that associated with a commensurate monolayer (n =1.0),
vacancies in the Xe on graphite system are accommodated
via sparse domain walls which form as neighboring xenon
patches switch sublattice occupation. An examination of
the microscopic situation reveals that there are, in fact,
two types of domain wall: light and superlight, each with
its own crossing (Fig. 1). Despite the energy cost associat-
ed with domain-wall formation, there is a chemical poten-
tial deficit tied to their creation. Hence, for low enough
chemical potential, hexagonal and, perhaps, striped arrays
of sparse domain walls (IC solids) will be favored over the
C structure. Not long ago, the authors introduced the
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FIG. 1. Domain-wall structures in single-layer Xe on graph-
ite.

striped helical Potts model, a simple statistical mechanical
system that possesses the topological characteristics
(three-sublattice degeneracy, wall and crossing helicity,
striped and hexagonal phases) exhibited by sparse domain
wall networks in Xe monolayers. Indeed, an explicit con-
nection to the energetics of the physisorbed system is even
possible —one groups the adsorption sites presented by
the basal plane of graphite into large hexagonal patches of
size I, the centers of these patches forming the triangular
lattice upon which the striped helical Potts model is de-
fined. Sublattice occupation of the Xe adatom patch is
dictated by the value (a, b, or c) of the Potts variable
governing the patch. Neighboring patches with unequal
Potts spins are separated by a wall segment, there being a
chemical potential deficit per unit length of 3 p for a su-

perlight segment, half that amount for a light segment.
Here, p is the lattice chemical potential. The associated
energy costs are denoted JsL and JL. Crossings of energy
XsL and XL arise when a trio of neighboring patches lack a
common Potts spin. In this way, one writes the plaquette
energies of the striped helical Potts model in terms of the
lattice chemical potential, wall and crossing energies,
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Plaquettes related by a cyclic permutation of spins have
the same energy. 751 K results from summing all in-
tralayer two-body Xe-Xe LJ interactions. The LJ param-
eter of e 236 K also includes substrate mediated interac-
tions. ' Hence, with U the Xe on graphite modulation
potential, the quantity (751+—', U~) represents the energy
per adatom in a perfect, defect-free C phase. The precise
value of U is not well known and has been the subject of
much debate. ' With our own estimate U 75 K (this
value is justified a posteriori by optimizing the fit to ex-
perimental data; see Fig. 2), we performed a T 0 energy
relaxation calculation to determine the light and superlight
wall energies. The resulting wall structures are slightly
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tighter than those shown in Figs. 8 and 9 of Ref. 2; the cor-
responding energies, due to off-site relaxation of the ada-
toms, are JSL 95 K, JL 79 K. This procedure deter-
mines the hard-core width of the walls as well, which fixes
the hexagon size to be l 4. Determination of the crossing
energies is, in principle, straightforward, but in practice
quite a subtle matter. " Figure 1 suggests, on physical
grounds, that XL= —', JL 119 K, since the adatoms have
little room to relax. By contrast, XSL involves substantial
relaxation, thereby invalidating such naive treatment.
Nonetheless, from our past work, ' we know that the
maximum temperature of the striped phase will be dictat-
ed by the superlight crossing energy. The diffraction pro-
files of HBS are consistent with a striped phase of super-
light walls for a temperature at least as high as -70 K.
On the other hand, the wealth of x-ray data in the vicinity
of the monolayer triple-point temperature (99 K) make it
unlikely that the striped phase extends above 80 K. In this
manner, we fix XsL 70 K, which yields T &„~peo76 K.
Our independent result lends strong support to the recent
estimates of Vidali and Cole6 (U 77 K) and Joos et al.
(U -75.4 K). Conversely, the Steele modulation poten-
tial results in wall energies (JsL &0; i.e., energetically
favorable superlight walls) that necessitate bilayer con-
densation proceeding from the HIC solid. This precludes
the possibility of an intermediate phase and disagrees with
all available experimental data.

%'ith the wall and crossing energies fixed, construction
of a pT phase diagram is a simple matter. One specifies
the chemical potential and temperature —this determines
the bare plaquette energies. The phase assumed by the ac-
tual Xe monolayer is then ascertained by following the
renormalization-group (RG) flows of the striped helical
Potts model to the predestined sink. A hexagonal array of
superlight ~alls, for example, is signaled by the growing
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FIG. 2. pT diagram obtained from striped helical Potts model

of sparse domain walls in the xenon monolayer. The data points

are the result of electron-diffraction studies. Note the SRV bi-

layer condensation line. Its precise location in our phase dia-

gram suggests that single-layer Xe on graphite is always IC, the
C solid preempted by formation of the bilayer. At these low

temperatures, bilayer condensation proceeds from a striped IC
solid, in agreement with recent x-ray data.
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dominance, under repeated rescalings, of the P plaquette;
similarly, a striped superheavy phase by the D plaquette.
One can also determine the monolayer condensation line at
thc low temperatures of interest by setting P 0. This is
valid because the gas phase is well represented by a zero
(pure vacancy) plaquette, 4 with no energy or chemical po-
tential contributions. A prefacing transformation intro-
duced by Caflisch, Berker, and Kardar, which integrates
out the vibrational motions of the registered atoms (there-
by relating the Xe adatom chemical potential to the lattice
p of the striped helical Potts model), allows us to write

p itldatom+ T g lfl [ 2 cscll(tu~/T )j + Vn .

Here, Vn 2040 K is the mean adatom-surface energy
which optimizes our fit to the electron diffraction data and
cu„ to~ 43 K, tu, 49 K are the characteristic frequen-
cies (h k 1) which follow from a harmonic approxima-
tion applied to the assumed LJ potentials. [Although our
value for Vo is somewhat higher than the Vidali-Cole esti-
mate (1910 K), it is quite close to other empirical values
calculated by Joos etal. (200S K) and Klein, O' Shea,
and Ozaki'3 (2020 K). An analysis' of adsorption iso-
therm data in the Henry's law region has yielded 1928 K,
but more recent experimental work's suggests that
Vn 2000.] For a xenon monolayer in equilibrium with
ambient ideal gas vapor, p,d,«m ps„T In(pk /T), with
thermal wavelength A, 1 J2ttrrtT. Thus, we transcribe the
phase boundaries in p T space to obtain the experimentally
relevant pT diagram shown in Fig. 2. It is apparent that
the transition lines agree very well with the experimental
data points, 2'6 while simultaneously confirming the HBS
interpretation of the monolayer structural transition. We
stress that these lines are essentially zero-temperature re-
sults, the separation of the D-P and P-gas lines deter-
mined by JsL (and, to a much lesser degree, XsL), while
Vo pins down their exact location. The agreement with ex-
periment therefore reflects the correct determination of
the energies of the model from the relaxation method. En
trophy effects, included via the RG, play a minor role at
these temperatures. (They lead, for example, to a

dislocation-dominated fluid phase between the HIC and
SIC phases which covers too small a region to be visible in
Flg. 2.)

Furthermore, SRV report in their isobaric scans, forma-
tion of a second layer (dashed line), just 0.7-1.0 K after
the purported HIC-C transition. It is evident that the C
phase of our model (which so far includes no second-layer
physics) is preempted by bilayer condensation, which
proceeds by a strong first-order transition from a striped
phase of superlight domain walls, as pointed out by HBS.
We mention our own attempt to reproduce this experimen-
tal line via simple energetic considerations. Good agree-
ment necessitates a second-layer adatom-substrate energy
ez, —1SO K, somewhat less than the value (-300 K) ex-
pected from a naive 3-12 LJ potential with Vn 2040 K,
zm;„3.34 A. (The total energy is obtained by adding the
attraction to the first layer. ) There appears to be sub-
stantial screening of the xenon-substrate and substrate
mediated interactions (see below) by the first xenon layer.
It would be interesting to directly confirm this observation
either theoretically by a first-principles calculation includ-
ing many-body effects, or experimentally by the scattering
of xenon from Xe-preplated graphite.

In Fig. 3 wc sketch the coverage versus temperature
(nT) phase diagrams implicitly suggested by the two ex-
perimental groups 'Fig. ure 3(a) shows the nT diagram
consistent with the recent x-ray scattering work of HBS.
Note that the IC striped monolayer solid (topped by
second-layer gas) coexists with a bilayer structure below
temperatures -76 K, with the bilayer low-density coex-
istence boundary intercepting the coverage axis at n 1.0.
The SIC solid, a T 0 phase existing over a range of cover-
ages, ' eventually gives way to the HIC structure at lower
n. More low-T, precision x-ray work is needed to deter-
mine exactly the locations of the intercepts. Another in-
teresting aspect of this phase diagram is the temperature-
driven structural transition between IC striped and hexag-
onal solids. This is most likely due to the entropic effect of
breathing modes in the HIC phase, 's a feature not present
in our model. Lastly, note that the second-layer critical
temperature T,2 exceeds that of the monolayer, an illus-
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FIG. 3. (a) Full nT diagram, through bilayer coverage, in accord with HBS. g~, l~, and f~ denote gas, liquid, and fluid phases in

the first layer, similarly for g21'2. Note the low-temperature phase boundaries near monolayer coverage. (b) That portion of the pre-
vious diagram which is altered by the interpretation of SRV in terms of a C-IC transition.
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trative manifestation of the reduction of substrate-
mediated interactions mentioned earlier. As Monte Carlo
simulation' and virial calculations predict T,2=0.50ag, the precise experimental determination of T,2

would provide a measure of the LJ interactions of the
second-layer xenon atoms. Because x-ray work3 indicates
that bilayer Xe already closely resembles the bulk 3d crys-
tal, we expect T,2-130-140 K, as ag"' ~281 K.

By comparison, the simplest nT diagram consistent with
the SRV interpretation of their own THEED data is
shown in Fig. 3(b). In this case, the low-temperature
coexistence involves commensurate and bilayer solids.
Nonetheless, because the zero-temperature commensurate
solid can exist only at n 1.0 (defects cannot be accommo-
dated), the C phase must pinch off at T 0. This necessi-
tates a second, lower-temperature HIC-C transition in

which the C solid is thermally stabilized, an extremely un-

likely scenario, given the naturally expanded state of the
xenon monolayer. ' (Recall that the Xe LJ minimum
occurs at r 4.41 A., while the commensurate spacing is
4.26 A..)

With light and superlight wall energies determined by a

classical, zero-temperature energy relaxation scheme, we
have investigated the properties of sparse domain wall net-
works in the xenon monolayer. A prefacing transforma-
tion permitted construction of a pT diagram with transi-
tion lines in fine agreement with existing electron diffrac-
tion data, as weil as the HBS interpretation of the mono-
layer structural transition. Optimizing the fit to experi-
ment, we find U 75 K and Vo 2040 K. Our results
also suggest that the Xe monolayer is always
incommensurate —formation of the bilayer preempting
any possible commensurate phase. It is our hope that fu-
ture x-ray experiments will concentrate on the interesting
physics exhibited by low-temperature near-monolayer Xe
on graphite.
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