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Melting of Monolayer Xenon on Silver: The Hexatic Phase in the Weak-Substrate Limit
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We report the results of a high-resolution synchrotron x-ray —scattering study of the melting of Xe
monolayers adsorbed on Ag(111). We find that at high temperatures (T & 100 K) all features of the
melting transition are, within errors, the same as those found for xenon on graphite. Specifically, in both
cases the xenon solid melts into a "hexatic phase" with essentially identical hexatic stiAness. This
strongly suggests that the existence of the hexatic phase is a feature of the two-dimensional melting pro-
cess rather than the adsorbate-substrate interaction.

PACS numbers: 64.70.Dv, 05.70.Fh, 64.60.—i

The nature of the two-dimensional (2D) melting tran-
sition remains both theoretically and experimentally con-
troversial. On the one hand, an elegant theory based on
the unbinding of topological defects suggests that melt-
ing could occur via two continuous transitions: First, the
2D solid evolves into an orientationally ordered, position-
ally disordered fluid (or hexatic) phase, and subsequent-
ly, this hexatic phase melts into an isotropic liquid. '

Various experiments have confirmed hexatic order in

liquids, and high-resolution x-ray —scattering studies
of xenon on graphite have displayed continuous melting
transitions with fluid correlation lengths exceeding 2000
A. High-precision thermodynamic measurements of the
xenon jgraphite system indicate a crossover from a very
weakly first-order transition to a continuous one at high
temperatures. Alternately, some theories predict that
2D melting is inherently a first-order transition. Furth-
ermore, computer simulations of two-dimensional melt-
ing are often interpreted as proving that the substrate-
free transition is first order.

One significant difterence between most computer
simulations and the experiments on adsorbed layers is
the corrugation of the substrate adsorption potential.
For incommensurate overlayers, the corrugation energy
tends to orientationally align the axes of the adsorbate
lattice with respect to specific substrate directions. For
sixfold-symmetric surfaces, this interaction generates the
field conjugate to the hexatic order parameter. ' There-
fore, the hexatic order observed for rare gases on graph-
ite might be partially or totally due to the adsorbate-
graphite interaction. Furthermore, the substrate field
may suppress orientational fluctuations driving an other-
wise first-order transition to be continuous.

To probe the role of the substrate in the melting pro-
cess, we have carried out a detailed high-resolution x-
ray-scattering study of xenon on silver (111). Ag(111)
was chosen for a number of reasons: Firstly, Ag(111) is

a stable, easy to clean surface which can be made with
relatively large step-free regions. ' Second, xenon on
silver has been studied extensively both experimentally '

and theoretically. ' ' Low-temperature LE ED studies
show that the xenon monolayers form an incommensu-
rate lattice which is orientationally aligned with respect
to the silver substrate. ' The alignment is such that the
xenon reciprocal lattice is collinear with the silver lattice
(i.e. , rotated 30' from the xenon on graphite case). Fi-
nally, Ag(111) is a close-packed triangular f'ace with a
high density of conduction electrons which smooth the
repulsive part of the corrugation potential. Atom-
scattering studies show that the corrugation potential of
Ag(111) is 0. 1 times that of graphite; this suggests that
the orientational field for Xe on Ag(111) is an order of'

magnitude smaller than that of xenon on graphite. '

Indeed, it is generally believed that this potential is so
small that the xenon orientation is determined by surface
steps rather than the substrate corrugation. ' Therefore,
the melting of the xenon on silver represents an arche-
typal example of two-dimensional melting in the weak-
substrate limit.

In order to carry out this experiment, we v ere com-
pelled to construct a unique UHV apparatus which al-
lowed for low-temperature (T~ 50 K) x-ray scattering
with the sample in equilibrium with high three-di-
mensional xenon gas pressures (P ~ 100 Torr). Briefly, a
UHV chamber with a cylindrical 1.5-in. -diam Be win-
dow was mounted on the cold finger of a Displex cryo-
stat. The design allowed the entire central section of the
chamber, including the sample and all exterior walls to
be cooled. An outer evacuated region, contained within
a 5-in. -diam Be window shroud, served to isolate the cold
central section from room temperature. A sputter gun
could be inserted into the cold region of the chamber
through two Be-Cu leaf spring windows. The chamber
itself was evacuated with a small ion pump while the
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external lines and gas-handling system utilized a turbo
pump. The entire Displex-chamber assembly was
mounted onto a Huber six-circle goniometer.

The Ag sample was aligned, spark cut, mechanically
polished, and etched. The in-plane substrate mosaic
spread was about 0.16 and the surface was aligned to
the [111]direction to better than 0.1'. Before installa-
tion into the cryostat, the sample was mounted into a
UHV chamber within which it was sputtered and an-
nealed until the concentrations of sulfur, carbon, and ox-
ygen diffusing to the surface remained below Auger
detection limits. The sample was then mounted into the
scattering chamber where it was again repeatedly sput-
tered and annealed.

We now discuss the scattering experiment. The exper-
iment was carried out at IBM-MIT beam line X-20A at
the National Synchrotron Light Source. The synchro-
tron beam was focused on the sample with a platinum-
coated silicon mirror and monochromated to 9.3 keV
with silicon (111) crystals. The transverse resolution
within the scattering plane was about 7X10 A
HWHM. The direction of the scattered x rays was
determined by slits set such that the longitudinal instru-
mental resolution was 0.008 A ' HWHM, approximate-
ly equal to the longitudinal width of the xenon (1,0) sur-
face peak.

After the sample was flashed clean, a fixed pressure of
xenon was admitted into the cell and pairs of radial (8-
28) and angular x-ray scans were taken through a xenon
(1,0) surface peak. These peaks were incommensurate
with, and aligned colinear to, the Ag substrate. Typical
results are shown in Fig. 1. The angular scan data have
been corrected for incident-beam absorption for 0&0.
At each fixed pressure, the xenon scattering typically
evolves as illustrated by the P =1.5 Torr data shown in
Fig. 2, where we plot the radial (tr) and the angular (Ire)

I

0.1 6—
1.5 Torr Xe

I—
0.12—

CL

0.0S—

0.04—

Il

t1~, ;

~Q().:

half-widths (corrected for instrumental resolution and
substrate mosaic) versus temperature. At low tempera-
tures, the width of the xenon peak remains fixed in both
the angular and radial directions. (Typical widths are
=0.01 A ' HWHM radial and =2 ='0.05 A
HWHM angular, although the exact numbers varied
with the details of the surface preparation. ) At a critical
temperature, Tsr(P) the xenon layer melts and both
widths evolve rapidly as shown in Fig. 2. Both TM(P)
and the lattice constant at melting Q~(P) are, within
experimental error, identical to that found for the melt-
ing of xenon on graphite. For example, at P =1.5 Torr
we find T~ =131.8 K and Qsr =1.602 A ' compared to
132.5 K and 1.592 A ' as estimated from the data of
Dimon et al. ' and 131.3 K as estimated from Colella
and Suter.

Empirically we find that a Lorentzian-squared line
shape accurately fits all our scans as illustrated in Fig. 1.
Best fits to the data are shown as the solid lines. The
fact that the solid Brag g peaks evolve slowly into
broadened liquid spots (see Fig. 2) with the sixfold pat-
tern of the solid implies that the xenon liquid has hexatic
long-range order; a normal liquid would display a ring of
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FIG. 1. Radial (left) and angular (right) scans through the
xenon (1,0) peak position at a pressure of 1.5 Torr and at vari-
ous temperatures. The solid lines through the data are best fIts
to a Lorentzian-squared functional form.
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scans as a function of temperature.
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scattering. The observation of sharp spots in the liquid
phase near the transition implies the existence of a large
positional correlation length g

= I/x. . We see no evidence
for the coexistence line shapes characteristic of a first-
order transition. The aspect ratio of the spot is a mea-
sure of the hexatic stiffness to bond-angle fluctuations in

the liquid phase. ' We quantify this in Fig. 3, where we
plot (xe —x)/lr, the excess angular width divided by the
radial spot width. (xe —x)/x =0 for perfect bond-
orientational order and (xq —x)/x ~ for a liquid.

Our experimental results are best understood within
the context of the Hamiltonian for the adsorbed xenon
fluid,

P = —,
' K~ (V8) d r+„h6[1—cos6(8 —8)jd r+„Ep[I —cos(68)1b(r r, )d—r.

The first two terms are the usual hexatic Hamiltonian
discussed previously, ' where Ez is the hexatic stiffness
to bond-angle (8) fluctuations, and h6 is the substrate
orientational field which tends to orient the adsorbed lay-
er to an angle 0. The third term represents orientational
pinning at r =r, along the edges or steps on the substrate
surface and favors 0=0 . The pinning energy per edge
length is Ep which, in the strong pinning limit, can be no
greater than the energy cost per unit length to create a
grain boundary of angle 8. Experiments for xenon on
Pt '2 and theoretical estimates for orientational epitaxy
energies' suggest that 0=30 . Our observation of an
aligned xenon solid (8=0 ) implies, therefore, that in
the solid phase, the third term in Eq. (1) dominates the
second, i.e., Ep & h6L, where L is the linear size of our
surface domains (or the distance between steps =350
A), ' A crude T =0 K estimate of the maximum allow-
able E~ for xenon is about 18 K per atom' suggesting
that the substrate h6 is indeed quite small. The second
term in Eq. (1) gives no bond-angle stiffness near 8=0
and for simplicity is ignored. Near T~, small bond-
angle fluctuations about 8=0 can be crudely approxi-
mated by

( z)
kBT /de
2x " K~q +36Ep((6/aL)

(2)

where g6 is the bond-angle-bond-angle correlation
length and a is the xenon lattice constant. Equation (2)
approximates the pinning energy density Ep/a, which
acts within a region of width (6, by a uniform field of
magnitude Ep(6/aL, which acts throughout the surface
region.

We display in Fig. 3 three models for the origin of our
observed hexatic phase. Firstly, we assume that the xe-
non overlayer is a normal fluid with K~ =0 and (6=(.
In this picture the orientational order is due entirely to
the step pinning. This model leads to an orientational
width xe-g i and has one adjustable parameter, the
renormalized pinning strength, Ep($6/g), which was set
to 90 K per atom to fit the data. The second model as-
sumes that the orientation stiffness for both xenon on
graphite and xenon on silver is due entirely to the sub-
strate term h6. This naive picture has xe-g and, if
we assume h6(silver) 0.1h6(graphite), '0 has no adjust-
able parameters. Finally we assume that the orientation-
al order is due to the hexatic stiffness K~ and that the
magnitude of K~ is exactly the same as for xenon on
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FIG. 3. Ratio of the excess angular width to the radial
width, (lre —x)/x, vs the radial width x. Open circles: T in-
creasing; closed circles: T decreasing. The error bars include
estimates of both statistical and systematic errors. The solid
lines are theoretical fits as described in the text.

graphite. This model has xg —g
' and fits the data

with essentially no adjustable parameters.
While we cannot rule out step pinning as a partial con-

tributor to the observed hexatic order, the quantitative
agreement of the data for xenon on silver with that for
xenon on graphite is remarkable. It would be an amaz-
ing coincidence if the step-pinning energy for xenon on
silver had the exact magnitude necessary to reproduce
the xenon-graphite stiffness. Furthermore, strong pin-
ning without some intrinsic hexatic order would lead to a
coexistence line shape arising from liquidlike scattering
from the center of the platelet and hexaticlike scattering
from the edges. Experimentally, we see no evidence for
this.

Another interesting feature of our data is the orienta-
tional width of the scattering in the solid phase. By
varying our surface preparation techniques, we have ob-
tained solids with angular widths of from 1.4 to 5, far
greater than the substrate mosaic of 0.16'. However,
the ratio of the excess angular width to the radial width
remains at about 4, the value in the liquid. Thus, the
low-temperature phase can be thought of as frozen hex-
aiic phase or hexaric glass. A hexatic glass phase has
been predicted to result from translationally invariant
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defect sites on the surface. ' In the present situation, a
more plausible source of disorder is dislocations which
become pinned to grain boundaries or steps. An adlayer
pinned by defects which are incommensurate with re-
spect to the adlayer reciprocal lattice is isomorphic to a
spin system in a random magnetic field. ' Spin systems
in random magnetic fields usually have low-temperature
Lorentzian-squared or Lorentzian- three-halves-power
line shapes. ' Thus, pinning of dislocations to steps pro-
vides a possible explanation for both the low-temperature
linewidths and line shapes. Furthermore, this scenario
explains the large angular widths which are commonly
observed for incommensurate monolayers.

In conclusion, we have studied the two-dimensional
melting of xenon on silver (111). Slightly above the
melting temperature, the xenon fiuid has large positional
correlation lengths and substantial hexatic stiffness,
yielding well-defined difI'raction spots. The shapes of the
spots are the same as those observed for xenon on graph-
ite in spite of the fact that the substrate is substantially
weaker in the present case. Thus, hexatic order appears
to be intrinsic to the xenon film. For silver, surface steps
appear to determine the orientation of the xenon layer,
but not to generate the observed hexatic order.
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