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Orientational order in xenon fluid monolayers on single crystals of exfoliated graphite
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The melting transition of Xe monolayers adsorbed on a single-crystal exfoliated graphite substrate
has been studied by high-resolution synchrotron x-ray scattering. At temperatures slightly above the
melting transition the fluid phase has a high degree of orientational order. The results are discussed
in the context of current theories of two-dimensional melting including the effects of the substrate.

I. INTRODUCTION

The nature of the melting transition in simple two-
dimensional (2D) systems remains an intriguing and un-
resolved problem. In this paper we report a synchrotron
x-ray scattering study of correlations in a monolayer of
Xe physisorbed on the basal planes of a single-crystal ex-
foliated graphite substrate. ' As we will discuss below,
the incommensurate Xe monolayer is an excellent realiza-
tion of a simple 2D solid; the principal effect of the sub-
strate is to impose an effective orientational ordering field
h6 on the monolayer.

The structure and phase transitions of rare-gas mono-
layers physisorbed on graphite have been studied exten-
sively with a variety of techniques including thermo-
dynamic measurements, low-energy electron diffraction
neutron scattering, and x-ray diffraction. Much of this
work has been summarized by Heiney et al. and Dimon
et al. The melting of Xe monolayers on ZYX exfoliated
graphite has been investigated by high-resolution x-ray
scattering using synchrotron radiation. ' The earlier ex-
periments demonstrated that at coverages somewhat
below one monolayer the melting is first order, but near
and above one monolayer the transition is continuous. It
has been conjectured that a tricritical point separates the
two regions. ' '

In most of the previous x-ray structural studies, the
basal planes of the substrate were composed of randomly
oriented crystallites. This precluded the possibility of in-
vestigating orientational effects in the correlations. In the
present work, the single-crystal nature of the substrate has
allowed us to probe the behavior of the orientational
correlations and to address important questions regarding
the existence of the hexatic phase' '" and the effect of the

substrate on the transition. The present work is an exten-
sion of, an improvement upon, a previous experiment us-
ing a rotating-anode x-ray source and a lower-resolution
scattering configuration.

Section II of this paper contains a brief discussion of
current theories of melting in two dimensions. Our exper-
imental procedure and data analysis is described in Sec.
III. The results of the experiment and the nature of the
orientationally ordered fluid state are discussed in Sec. IV.

II. THEORY OF MELTING IN TWO DIMENSIONS

The two-dimensional melting transition is an example
of a finite-temperature, lower-marginal-dimensionality
phase transition. Kosterlitz and Thouless' and Berezin-
skii' popularized the modern description of this type of
transition by explicitly proving that the 2D XY model,
and symmetry-equivalent models, can have topological de-
fects which mediate phase transitions. Examples of topo-
logical defects include vortices in a 2D superfluid or su-
perconductor, magnetic vortices in the 2D XY model, and
dislocations in the 2D solid. In the low-temperature
phase, only bound pairs of thermally generated defects are
thermodynamically stable. At the critical temperature
TM the defects begin to unbind. For T & Tst there is a
finite density of unbound defects causing an exponential
decay of order with the characteristic length being the
average separation between unbound defects.

Defect-mediated transitions can be crudely divided into
two generic classes. Transitions in the 2D XY model, su-
perfluid, superconductor, Coulomb gas, and roughening
(solid-on-solid) model belong to one class. ' This class of
problems is characterized by a scalar interaction between
defects. In general, these problems contain no cubic in-
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TABLE I. Correlation functions at long wavelengths.

Temperature

T& T~ (solid}

T~ & T & T~~ (hexatic)

THM

T) Tyy~ (11quld}

Positional correlations

(p(0)p{r) )- ter~
(power-law decay)

dislocation unbinding

(p(0)p{r) ) -e
(exponential decay)

disclination unbinding

(p(0)p(r) ) -e
(exponential decay)

Orientational correlation

( g(0)9(r) ) ordered

((8(0)9(r))—llr '
(power-law decay)

(0(0)0{r))-e
(exponential decay)

variant in the coarse-grained microscopic' Hamiltonian
and the transition in three dimensions is continuous (ex-
cept that T~ can be zero or infinite). As a class, the sca-
lar problems are on particularly strong theoretical ground,
and there is good experimental evidence that the
Kosterlitz-Thouless (KT) mechanism is operative. '

The second class of problems is characterized by a vec-
tor interaction between defects. Examples include the
two-dimensional melting transition, the "Laplacian
roughening model, " its dual, the vector Coulomb gas, ' '
and the three-dimensional (3D) nematic —smectic
3—smectic C multicritical point. These systems are
particularly interesting in that the vector nature of the
defect-defect interaction precludes all order being lost at a
single continuous transition.

The ideas of Kosterlitz and Thouless have been extend-
ed to describe the vector problems (including substrate-
free 2D melting) by Halperin and Nelson' and by
Young" (referred to in what follows as the KTHNY
theory). The essential features of the theory are that melt-
ing occurs in two steps, each associated with a continuous
"KT-type" phase transition. As the 2D solid is heated,
dislocation pairs unbind at a temperature T~, resulting in
a phase with orientational order only (the "hexatic"
phase). At a higher temperature, THM, the unbinding of
disclinations leads to the usual isotropic liquid phase. The
behavior of the long-wavelength positional and orienta-
tionaI correlation functions in each phase is summarized
in Table I. As discussed below, the presence of a substrate
can substantially alter this picture.

If the KTHNY theory outlined above does describe 2D
melting, it is likely to be valid only in the limit of a low
density of dislocations at the unbinding temperature T~.
It this condition is not fulfilled, another mechanism, such
as the spontaneous generation of grain boundaries, might
drive the melting transition. Chui' finds that melting in
the absence of a substrate always proceeds by a grain-
boundary mechanism and is inherently first order.
Kleinert' finds that the presence of free disclinations will
lead to a first-order melting transition. These findings
may be contrasted with that of Marchenko who claims
that first-order phase transitions cannot occur in 2D sys-
tems.

The 2D melting transition of an adsorbed monolayer
can be strongly modified by the substrate. Halperin and

Nelson'o considered these effects in detail. For an incom-
mensurate solid on a hexagonal substrate, the major effect
is to generate a sixfold orientational aligning field h6.
This field is expected to smear out the hexatic-to-liquid
disclination-unbinding transition. Furthermore, if the
transition in the absence of a substrate was inherently first
order, a nonzero h6 may suppress orientational fluctua-
tions enough to cause a continuous transition. Chui' has
speculated that a finite h 6 can suppress the grain-
boundary melting mechanism and may make the disloca-
tion unbinding mechanism relatively more important.
More will be said about this later.

The analytic theories of melting have been complement-
ed by many computer simulations. These have been re-
viewed recently by Morf. ' Direct simulations of xenon
on graphite by Abrham and co-workers have produced
results that seem to agree well with some features of x-ray
scattering experiments ' ' but which they interpret as evi-
dence for a first-order melting transition. The direct
simulations of real systems are difficult largely because of
the long times necessary to achieve equilibrium. To cir-
cumvent this problem there have been a number of simu-
lations of model systems.

Saito directly modeled a system of dislocations and
found that for small dislocation core energies E, the melt-
ing transition is first order, while for sufficiently large E,
the transition is continuous. Simulations of the Laplacian
roughening model' have found a continuous transition
with evidence for the presence of a hexatic phase.
Morf ' has investigated the melting of a 2D electron
system in the presence of a nonzero h 6 and concluded that
for h6 greater than some unknown critical value h 6 melt-
ing appears to be described by the KTHNY theory. For
h6 & h 6 his system does not equilibrate.

It should be clear from the preceding discussion that
the two-dimensional melting problem is far from being
solved. We should emphasize that the feature that makes
this class of problems unique and controversial is the po-
tential existence of an intermediate phase with orienta-
tional order. It is exactly this feature which can now be
addressed with exfoliated single-crystal substrates and
which is the subject of this paper. In a subsequent section
of this paper we discuss the relationship of these theories
and the effect of h6 to our results from x-ray studies of
Xe melting.
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III. EXPERIMENTAL DETAILS
AND DATA ANALYSIS 1.69 1.71 1.73

1X10

0 (degrees)
290 310

1x10"

The single crystal exfoliated graphite was the same
specimen used in the previous low-resolution x-ray experi-
ment; the method of sample preparation has been
described elsewhere. ' The effective surface area of the
crystal was estimated as roughly 2 Torrcm from the 8
point of a krypton isotherm at 80 K. This compares with
surface areas of 100—600 Torrcm for typical ZFX ex-
foliated graphite samples used in other x-ray experi-
ments. '

Immediately before the experiment the graphite crystal
was cleaned by baking it at 1000'C for 30 min under a
vacuum of —10 Torr. The crystal was mounted in a
beryllium-window sample cell attached to the cold finger
of a displex closed-cycle refrigerator. A stainless-steel bel-
lows connected the cell to an external gas-handling system
identical to that used in experiments on ZYX gra-
phite. ""

The cryostat was mounted on the six-circle Huber goni-
moter at beam line VII-2 at the Standford Synchrotron
Radiation Laboratory (SSRL). The instrumentation and
resolution conditions of this beam line have been dis-
cussed by Moncton and Brown. The x-ray wavelength
of 1.742 A was selected by a double-asymmetric-cut
Ge(111) monochromator, and the beam was passed
through a monitor so that all data points were collected
for a fixed number of incident photons. The beam scat-
tered from the specimen was analyzed by a Ge(111) crys-
tal aligned in the nondispersive configuration and detected
by a NaI scintillation counter.

The scattering from adsorbed monolayers was measured
in transmission with the graphite crystal oriented in the
(hk0) zone so that the c axis was perpendicular to the
scattering plane. Under these conditions, the longitudinal
resolution near the Xe(10) peak is —3&&10 A ' [half-
width at half maximum (HWHM)] in the scattering plane
and the out-of-plane resolution is -3 && 10 2 A

The structure of the substrate was characterized first in
the absence of adsorbed gas. The mosaic spread of the
graphite(002) peak was measured prior to the experiment
using Cu Ea radiation from a rotating-anode x-ray source
and found to be described by a Lorentzian with a HWHM
of 16'. The crystal was further characterized at SSRL as
shown in Fig. 1. The lower panel shows radial and angu-
lar scans (rocking curves) of the graphite(100) Bragg peak.
The mosaic spread of the substrate in the basal plane is
fitted to a Lorentzian, shown by the solid line in panel (d),
with a HWHM of 2.3 .

The upper panel shows scattering from an adsorbed
monolayer of Kr in the commensurate v 3XV3 solid
phase. In panel (a) the solid line shows a fit of the radial
scan (see Fig. 3) to a finite-size-broadened 5 function us-
ing a method described below. The line shape is assumed
to be a Gaussian distribution, S(Q)~e ~ ~ ", where
q=Q —G is the difference of the wave vector from a
reciprocal-lattice vector and I. is the average size of a
coherent crystalline domain. The fitted domain size is
—1400 A, consistent with domain sizes found in ZFX
substr ates.
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FIG. 1. Scans characterizing the single-crystal exfoliated gra-

phite substrate. Panels (a) and (b) are, respectively, radial and
angular scans through the finite-size-limited Bragg peak of a
commensurate Kr solid monolayer. The asymmetric nature of
the radial peak (a) is characteristic of two-dimensional scatter-
ing. The bottom panels (c) and (d) show corresponding scans
through the graphite (100) Bragg peaks. The vertical scale for
curves (a) and (b) is counts per 105 monitor counts, while for
curves (c) and (d) it is counts per 10 monitor counts.

2.97

The intensity of the Kr peak is approximately 9000
counts above a background of roughly 500 counts per 10
monitor counts (-6 sec). This count rate is comparable
to peak intensities observed for overlayers on ZI'X sub-
strates. Thus, the much smaller effective surface area of
the exfoliated single crystal is compensated for by the
greatly improved in-plane mosaic. The upper right-hand
panel shows the corresponding angular scan through the
Kr peak. The rocking curve is noticeably broader than
the graphite(100) curve and is described by a Lorentzian
of HWHM 3.2' shown by the solid line. In the commens-
urate solid phase the Kr lattice corresponds directly with
the available set of adsorption sites of the graphite basal
plane. The extra angular width of the Kr peak relative to
the graphite(100) peak suggests that the available surface
of the graphite that can accommodate adsorbed gases has
a broader mosaic spread than the bulk graphite crystal.
Thus, an ideal two-dimensional solid overlayer with per-
fect orientational long-range order is expected to have a
mosaic spread of 3.2' HWHM in our sample. In the
analysis that follows, we use the 3.2' HWHM of the kryp-
ton rocking curve as the effective substrate mosaic.

We now describe the xenon melting measurements and
data analysis. The scans were obtained in a closed-cell
configuration: A known amount of Xe was admitted to
the sample cell, the cell was sealed off, and data points
were collected at various temperatures in the vicinity of
the melting transition. Two sets of data were taken. In
the first, approximately 4.2 Torrcm of gas was admitted
to the cell, and melting occurred at a temperature of
T-138 K with the xenon-gas pressure in the cell estimat-
ed to be about 1 Torr. At this point on the phase diagram
(shown schematically in Fig. 2) melting has previously
been shown to be continuous in experiments on ZFX gra-
phite. ' A second (less extensive) investigation was per-
formed at T—116 K, where the melting was previously
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.. CLOSED CELL [1]

CLOSED CELL [2]

Temperature
FIG. 2. Schematic phase diagram of Xe on graphite in the

monolayer region. The dotted lines show the temperature scans
of the present work. The melting transition has been previously
found to be first order (solid line) for T~T2 and continuous
(dotted line) for T & T2.

found to be first order.
At each temperature the Xe(10) peak was characterized

by making in-plane radial and angular scans as illustrated
in Fig. 3. %'e note that the angular scans are simply rock-
ing curves through the peak position. Model structure
factors were then fitted to the measured profiles, properly
accounting for the background and effects of sample mo-
saic spread.

The background was measured with no gas in the sam-
ple cell at temperatures of 115 and 200 K. In the neigh-
borhood of the Xe(10) peak, the background is dominated
by graphite thermal diffuse scattering, and is smooth ex-
cept for a powder peak at 1.62 A ' thought to arise from
a Sb contaminant. ' The change in graphite thermal dif-
fuse scattering as a function of temperature was estimated
by linear interpolation and found to vary by less than 5
parts in 10 per degree Kelvin over the range of momen-
tum transfer 1.3—1.8 A '. The background was also
measured at 200 K, with 10 Torr of Xe gas (vapor only)
in the cell, and at 160 K, with 0.03 Torr Xe present, in or-
der to measure the scattering from the Xe vapor. The gas
scattering was found to be flat over the range 1.3—1.8
A ' with a magnitude of -2.7 counts per 10 monitor
counts for each Torr cm of Xe in the sample cell.

2L 2

S(q)=A@ 1 —+;1;2' ' 4~ (2)

where 2 is a scaling factor, q =Q —G (these are now vec-
tors in two dimensions), L is the domain size, and
@(a;b;c) is the Kummer function. The parameters al-
lowed to vary are 3, G, and g. If L is allowed to vary,
the best fit occurs when L —1420 A, consistent with the
result from the Kr commensurate peak. The domain size
is fixed at this value for other fits in the solid phase.

A simple calculation shows that attenuation of the
scattering arising from x-ray absorption by the adsorbed
Xe layer is expected to be negligible. This was confirmed
in practice by measuring the intensity of the graphite(100)
peak with and without adsorbed Xe present, and also by
allowing the absorption coefficient to be a variable param-
eter in the fits and thereby confirming that there was no
systematic statistical improvement. X-ray absorption was
important in the experiments on ZFX graphite ' because
of the much higher specific surface areas of the substrate.

The scattering intensity at a momentum transfer Q can
be written

i(Q) =a(Q)+ f z(Q —Q ) ~f(Q ) I'(s(Q ))dg,
where B(Q) is the measured background, f(Q) is the Xe
form factor, (S(Q)) is the structure factor averaged over
the orientational distribution of the crystallites, and
A(Q —Q') is the instrumental resolution function. In
practice, for the present experiment, the resolution can be
considered as a perfect 5 function since the finite-size
broadening introduced by the average domain of —1400
A is an order of magnitude larger than the instrumental
resolution width.

A typical Xe(10) incommensurate-solid line shape is
shown in Fig. 4. The solid lines are the results of least-
squares fits to the data. The background, and the vertical
and transverse mosaics, are fixed at their measured and
known values, respectively, in the analysis of this and all
subsequent data. The fitted radial line shape is a finite-
size-broadened power law, given by the Kummer func-
tion (degenerate hypergeometric function)
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FIG. 3. Reciprocal space of the Xe-on-graphite system. The
open circles are graphite Bragg peaks in the basal (hk0) plane.
The solid distributions represent Xe diffuse scattering. The
directions of radial and angular scans are indicated by the ar-
rows.
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a(A-') 0 (degrees)
FIG. 4. Xe incommensurate solid peak. The radial scan (a)

and angular scan (b) were measured with 1 && 10' monitor counts
per point. The measured background has been subtracted from
the points shown. The solid line in (a) is a fitted finite-size-
broadened power law with g=0.21. The solid line in (b) is
Lorentzian fit as described in the text.
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S(Q) =A [(Q—Cx) +a ] (3)

The angular scan is fitted to a Lorentzian in angle with
the peak position, width, and an overall amplitude al-
lowed to vary. The fitted HWHM is 3.2', consistent with
the measured mosaic width of a commensurate Kr peak.
The large mosaic spread of the sample does not allow us
to investigate the possibility of an anisotropic power-law

line shape that has been predicted for a 2D solid.
The radial scans in the vicinity of the melting transition

at T-138 K were fitted by assuming three model line
shapes for the full two-dimensional scattering: the
power-law-decay solid given by Eq. (2), a symmetric
Lorentzian spot
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and a Lorentzian ring depending only on Q—:
l Q l,

S(Q)=A[(Q —G) +~ ]

Three parameters were allowed to vary for each fit: the
peak position 6, amplitude 3, and inverse correlation
length ~.

For a system with perfect orientational order, the full
two-dimensional line shape should be a circular Lorentzi-
an spot. As the orientational fluctuations increase, the
scattering should broaden in the angular direction. The
Lorentzian-spot and Lorentzian-ring functional forms
represent the extreme symmetric and asymmetric limits,
respectively. ' When the intrinsic transverse width of the
scattering is much smaller than the substrate mosaic, i.e.,
in a well-correlated state, it is expected that the Lorentzi-
an spot provides an adequate approximate line shape. ' In
the limit where the transverse widths greatly exceed the
mosaic spread, i.e., in a liquid state with, at most, weak
orientational order, the Lorentzian ring is expected to
describe the actual scattering profile. In the absence of
detailed theoretical characterization of the total line
shape, we have chosen these simple forms for purposes of
calculational simplicity and straightforward interpretation
of the data. It is our belief that within -2 K of the melt-
ing temperature, the Lorentzian-spot line shape describes
the data well enough to allow extraction of the radial
correlation lengths. Furthermore, the different line

I

12
o Lorentzian spot

+ Lorentzian ring

I I I I I I II

1.4

shapes give values for the radial correlation lengths which
differ by, at most, V 3, that is, the ratio in half-widths of
a Lorentzian and a square root of a Lorentzian with the
same x. The square-root Lorentzian shape is generated by
the total mosaic average of a Lorentzian-spot profile. '

Figure 5 shows a partial plot of the normalized X2 for
each radial fit type as a function of temperature. It is
found that the power law fits best only at the lowest tem-
peratures (as expected for the solid phase), the Lorentzian
spot provides an adequate fit over all of the data, and the
Lorentzian ring fits the data well at the higher tempera-

Temperature (K)
136 I38 140

I I

0 12 Xe (Io)

Radial Width
I~ 0.08-

~+ 0.04-

1.6 1.8 290 310 330
Q(A ') &b (degrees)

FIG. 6. Representative line-shape fits. All points are nor-
malized to 1&10 monitor counts (although in some cases the
statistics taken were as high as 1&10 counts). The measured
background has been subtracted. The solid lines in the radial
scans (a)—(d) are Lorentzian-spot fits. The solid lines through
the angular scans (e)—(h) are Lorentzian fits as described in the

.text.
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FIG. 5. Normalized g for model line-shape fits of radial

scans. A selection of points is shown. At high temperatures the
for power-law fits (rectangles) diverge; the same is true for

the Lorentzian-ring fits (triangles) at low temperatures. The
Lorentzian-spot line shape (open circles) provides a reasonable
fit over the entire temperature range.

10 W

I j I l

136 138 140
Temperature (K)

FIG. 7. Radial and angular scan HWHM as a function of
temperature near TM. The error bars represent one standard de-
viation as given by the weighted fits and therefore do not in-
clude systematic errors. The fits are described in the text.
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FIG. 8. The ratio of angular-to-radial width as a function of
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temperature. The angular widths are converted to A by tak-
ing the values 60 (deg) from Fig. 7, and setting EI9 (A ) =Gag
(radians), where G is the peak position of the Xe (1,0) radial
scans.

4
138

U)

10

C3

0
1

CD

. U

E
0. 1

0.004 0.02 0. 1

~ (A)
FKx. 9. Hydrodynamic scaling in the Xe liquid. The points

are from Lorentzian-spot fits. The solid line shows a fitted
power law corresponding to g =0.29 as described in the text.

0.01 0.04

tures but has the lowest X only for T= 141.5 and 161.5 K
(not shown). The corresponding angular scans at each
temperature were fitted by a sum of three Lorentzians
with the peak positions fixed at 60' apart (the remaining
three Lorentzians do not significantly contribute to the
scattering). The Lorentzians were constrained to have the
same magnitude and width so there were three adjustable
parameters (the amplitude, width, and center position).
This form fitted all the angular scans reasonably well; the
typical scan range was over 40'—60' (see Fig. 6).

Some representative fits are shown in Fig. 6. The radial
line shapes are all Lorentzian-spot fits. Figure 7 is a plot
of the radial and angular widths as a function of tempera-
ture. The radial widths are from Lorentzian-spot fits, ex-
cept for the point at 141 5 K, which is from a
Lorentzian-ring fit, the best fit at that temperature. The
angular widths are the HWHM's of the constrained
Lorentzian fits, corrected for the 3.2' substrate mosaic de-
duced from the Kr(10) diffraction. It is evident that the
radial and angular profiles broaden in a very similar
fashion as the temperature is increased above the melting
temperature of T~ —138.5 K. Note that a normal 2D
liquid should have a uniform ring of scattering with no
peak in the angular scan. The finite angular widths indi-
cate that the 2D solid has melted into a fluid phase with a
high degree of orientational order. Although the

Lorentzian-spot line shape can fit the observed radial
peaks very well, it is evident that the true scattering pro-
file is highly anisotropic. As a measure of the anisotropy,
the ratios of angular to radial widths are plotted as a
function of temperature in Fig. 8. The ratio is roughly
constant at =6.5 in the middle of the fluid region. More
will be said about this ratio later.

Figure 7 shows that the radial correlation length
(g= 1/v) grows smoothly as the temperature decreases to-
wards the melting transition and saturates at the finite-
size-limiting value imposed by the substrate. The diver-
gence of the correlation length at a phase transition is
characteristic of a continuous transition. Within the sys-
tematic limitations of this experiment imposed by the fin-
ite domain size, the Xe melting transition at 138.5 K is
therefore continuous, in agreement with previous experi-
mental results ' in this region of the phase diagram.
Furthermore, the Xe melts into a fluid with substantial
orientational (hexatic) order. We note that measurable
short-range correlations persist at temperatures as high as
161 K where x -0.24 A

The amplitude and width in the fluid phase were previ-
ously found ' to be related by hydrodynamic scaling:

2400
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FICr. 10. Radial and angular scans in the coexistence region.
The points are normalized to 1&(10' monitor counts and the
measured background has been subtracted. The solid lines cor-
respond to the coexistence "variable" liquid line-shape fits as
discussed in the text. The proportion of peak intensity coming
from the solid component is shown in each case.

(5)

where g' is the power describing the decay of correlations
in the solid just below the melting temperature. Figure 9
shows a log-log plot of the peak amplitude versus x. Fit-
ting to a power law yields q =0.29+0.03, in close agree-
ment with the results of experiments on ZI'X graphite.
On the solid side of the transition, the highest temperature
at which a well-defined solid was characterized is 137.5
K, where g =0.24. To compare this value with the hydro-
dynamic scaling result would require measurements in the
solid phase much closer to T~ —138.5 K. In practice, g
has been found to increase as T~TM, and g has been es-
timated as 0.35+0.02 by Dimon et al.
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IV. DISCUSSION

The structure factor for a normally disordered liquid
should be an isotropic ring of scattering. From our re-

A small set of scans at eight temperatures from 115 to
117 K was made to examine the melting transition in a re-
gion where it is believed to be first order. Of these, the
scan at 115 K was clearly seen to be in the solid phase and
described by a power-law line shape. The other scans
were fitted as Lorentzian spots and also to a composite
line shape in order to check for liquid-solid coexistence.

Previous x-ray scattering investigations of Xe melting
in the coexistence region were carried out as a function of
pressure with the temperature held constant. Under these
circumstances, the line shape is uniquely determined as a
sum of contributions from the pure liquid and pure solid
line shapes at the phase boundaries. In the present experi-
ment the temperature was varied while stepping through
the coexistence region, so the correlation length of the
fluid state at the appropriate phase boundary can vary at
each point.

The coexistence fits were therefore carried out by two
methods. In the first the scans were assumed to be the
sum of a solid peak with a line shape identical to that
measured at 115 K and a Lorentzian-spot component.
The radial and angular scans were fitted simultaneously,
with six parameters allowed to vary: the ratio of solid-
to-liquid intensity, the peak positions in radial and angu-
lar scans, the widths of radial and angular scans, and an
overall scaling factor. The second method was identical
to the first, except that the widths were fixed at the values
obtained by a pure liquid fit at a postulated phase boun-
dary.

In practice, the fluid fits and "variable liquid" coex-
istence fits were found to describe the scattering nearly
equally well, although the coexistence fits were somewhat
better at temperatures below 116.28 K. The fixed
"liquid" coexistence model was unable to fit the data well.
Some typical data fitted by the variable liquid coexistence
model are shown in Fig. 10.

The ratio of angular and radial widths in the fluid, or
fluid part of the coexisting phases, are shown in Fig. 11.
The data show a good deal of scatter, but the width ratios
are essentially consistent with those measured at 138 K.

suits it is therefore apparent that the Xe monolayer melts
into an orientationally ordered (hexatic) fluid in the con-
tinuous melting regoin (138 K) and probably also at 116
K. We now discuss the possible origins of the observed
orientational order.

We reiterate that the substrate can affect the order of
the transition as well as the amount of orientational order.
With a finite orientational field h6 the formation or orien-
tationally unaligned blocks, and hence of grain boun-
daries, is inhibited. Crudely, taking h6 as an orientational
energy per unit area [see Eq. (10)], and g6 as the largest
substrate-free orientational correlation length, the fluctua-
tions leading to first-order melting can be suppressed
when""

h6($6) &k~T~ . (6)

66I, =2 sin
2G

The substrate mosaic spread b, 8, is a fixed and known
quantity (see Fig. 3). The angular fluctuations can be re-
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0.05
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AN G U LAR WIDTH (A )
FIG. 12. Radial width versus excess angular width. The ex-

cess angular widths are determined as discussed in the text. The
solid line is a guide to the eye.

If the substrate-free melting transition is weakly first or-
der, g6 will be large and an extremely small h6 will be suf-
ficient to make the transition continuous. We conclude,
therefore, that no experiment on a substrate can show that
the transition would be continuous in the absence of a
substrate; one can argue that if h6 is small, g6 must be
large for the transition to be continuous.

From the behavior of the orientational correlations, one
can, however, learn about the nature of the fluid phase; we
note that in our experiment the orientational correlation
function, and hence g6, cannot be measured directly.
Even so, it is possible to measure the mean-square fluctua-
tions in the angular order, (58 ). To extract (58 ) from
our data, we take the view that angular fluctuations in-
duce angular disorder that behaves exactly as if the crystal
had a larger mosaic spread. We assume that the diffuse
scattering about each reciprocal-lattice point Cx is intrinsi-
cally a Lorentzian of the form

s(q)-(~q —a~'+ ')-'.
With a perfect crystal, an angular scan through such a
spot would have a half-width at half maximum given by
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lated to the measured half-widths 60 of our angular
scans by

(9)

where the linear addition rule is assumed since the mea-
sured profiles are Lorentzians. These results can be con-
verted to inverse angstroms by defining ~s= G( (58 ) )'

In Fig. 12 we plot v versus ~~. The circles represent the
results of the present experiment; triangles are results
from an earlier experiment at IBM using a rotating
anode. When the correlation lengths are long we have
K ~ Ke', only at much higher temperatures ( T- 160 K)
does this linearity appear to break down.

To aid in the interpretation of these data we consider
the following method of calculating (58 ). The Hamil-
tonian for a hexatic phase' can be written

Angular Width

FICx. 13. Schematic of the heuristic dependence of the radial
spot with a versus the angular spot width ~g for various values
of the substrate field h6, h6 & h6 &66 & h6.

f (ve)2d r+ —, I h68 d r
2

(10)

kB+ +AVe+h6
58 = ln

4~&g Eg(2~/L ) +h6
(12)

In a well-correlated hexatic phase, Kz —E,g ~, where E, is
the core energy of a dislocation. '0 Therefore, as g~~,
(58 ) —k~T/IC&, and one expects ~=1/g to be propor-
tional to x~ as observed experimentally.

Conversely, at the transition from hexatic to liquid, Kz
should jump to zero from a universal value of 72k~ T/~.
Therefore, in the limit of a tiny h6 the ic versus ae plot
should show a pronounced bend (see Fig. 13). On the oth-
er hand, a finite h6 will limit the rapid growth of Kg. The
heuristic dependence of the angular and radial widths is
shown in Fig. 13.

Figures 8 and 12 show that as a ~0 there is an approxi-
mately linear dependence of a on ~~. Because of the possi-
ble systematic errors, we do not believe that the points in

in the continuum elastic approximation. In Eq. (10) 8(r)
is the field of local Xe—Xe bond orientations, K„ is a
Franck constant describing bond-angle stiffness, and
—,
' h68 is the energy cost per unit area to rotate the xenon

layer by an angle 0 with respect to the substrate. Since
the Hamiltonian in Eq. (10) is harmonic, it is straightfor-
ward to compute the mean-square angular fluctua-
tions 10, 12, 14

(582) 8 & g dgk~T
2~«r~q2+h,

The uniform distortion term k&T/h6L has been as-
sumed to vanish because the overlayer is not free to rotate
uniformly with respect to the substrate due to orientation-
al pinning at the boundary. The cutoff wave vector q,
is (2/mW3)'~ (Zvr/a) for a hexagonal lattice of lattice
constant a and the size of the system is taken as I.XI.
The fact that K~ ——oo in the solid phase can be accounted
for by setting

q, =(2/m&3)'~ (2m/g) .

The validity of Eq. (11) in conjunction with Eqs. (7) and
(9) will be discussed later. The integral (11) yields

Fig. 8 at small ~ rule out a constant ratio of K to K~.
These results are consistent with that expected for a hex-
actic phase with small h6. However, it is clear that there
is no evidence of the jump in Kz suggested in Ref. 2.
This implies that the orientational field is sufficient to
smear out any hexatic-to-liquid transition.

In the limit where (2m./L) Kz ~&h6, and assuming
Kz 2E, (g/a), '——one can estimate the value of the E,
from Eq. (12). The resulting dislocation core energy,
E, —k~T~, is of the same order as the value at which
Saito finds a change from first order to continuous melt-
ing in a dislocation array simulation, and also where
Chui finds that grain-boundary-driven melting switches
from strongly to weakly first order. ' The value of E, for
the 2D electron lattice is known to be about 50% larger
than Saito's value for continuous melting. For the elec-
tron system, Morf ' has found that melting is continuous,
in agreement with the KTHNY theory.

The approximations leading to Eqs. (7), (9), and (11) are
numerous. Equation (10) is strictly a harmonic ("spin-
wave-like" ) approximation which should be valid in the
hexatic phase if disclination pairs renormalize out of the
problem. ' The quadratic q dependence of

~
58(q)

~
[Eq.

(11)] should be valid for small q only, and the expilict
dependence of (58 ) on the upper momentum cutoff q, is
artificial. Furthermore, the extraction of (58 ) from the
measured S(Q) is not rigorous. Aeppli and Bruinsma
have carried out a calculation of the angular dependence
of S(Q) for T near T~M. They find that at high tem-
peratures S(Q ) is well approximated by a sixfold
sinusoidal modulation of a liquid ring. At lower tempera-
tures (T near TM), a form with six Lorentzian spots is a
better approximation. We have found empirically that six
Lorentzian spots fit the data well over the entire tempera-
ture range. At high temperatures, the fitted width of the
Lorentzians becomes comparable with their 60 separa-
tion, and the resulting scattering is not fundamentally dif-
ferent from a modulated liquid ring; at 161 K the number
of counts above background in the angular scans varies by
only about 15%. Therefore, the use of six Lorentzian
spots allows for a simple parametrization of the angular
data in terms of a single parameter x~ over the entire data
range. However, in spite of these approximations, the
KTHNY theory with h6 ——0 gives a good description of
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the data for T near T~. Indeed, the fact that the core en-
ergy estimated above for xenon melting near its tricritical
point is comparable with Saito's tricritical value of the
dislocation core energy is a remarkable success of the
theory. On the other hand, it is clear that h6 is sufficient-
ly large to smear out the hexatic-isotropic fluid transition.

Crudely, the condition that h6 be neglected in Eq. (11)
is h 6 & Kz (2m/L ), which for T near T~ becomes
h6 &4mE, (g/. L) . This condition is easily satisfied for T
near TM. However, as T increases, g decreases, and h6
becomes progressively important, until for T& THM an
arbitrarily small h6 will dominate.

We have argued above that xenon melting at 138 K is
consistent with the KTHNY hexatic picture of 2D melt-
ing, with h6 effects being small for T near T~. We now
consider alternate models. In particular, we consider the
possibility that the same results can be produced by an
isotropic liquid with orientational order induced solely by
the substrate through h6. It is unfortunately very difficu-
lt to estimate the effects of the substrate reliably. The
value of h6 is not well known; there are no estimates in
the literature of h6 in the fluid phase and only limited in-
formation for the solid phase.

The orientational epitaxy potentials of Novaco and
McTague ' cannot be used in a simple way since they
predict that a xenon monolayer will rotate with respect to
the graphite R30' direction, whereas, in fact, at these tem-
peratures the xenon does not rotate. Thus, orientational
epitaxy potentials have a maximum at the R30' direction,
whereas Eq. (10) has a quadratic minimum. For this
reason, estimates of h6 based on the Novaco-McTague po-
tentials for Xe are somewhat ambiguous. One can fit
these potentials to Eq. (10) by ignoring the local structure
at 0=0. Not surprisingly, the resulting values of h6 de-
pend strongly on the region of fit. Furthermore, the Xe-
graphite potentials are uncertain to about a factor of
2.~ ' Various approximations of this type yield T=0
values for h 6/kz between 1 and 20 K. Here, we use h 6 to
represent the orientational field per atom as compared
with h6 which is the field per unit area. The above esti-
rnates are for T=O. It is generally expected that h6
should be renormalized downward for T ~0. ' " This
occurs because the thermal disorder of the adsorbed layer
prevents it from taking maximum advantage of a specific
orientation. Unfortunately, the magnitude of this effect is
not known, and, indeed, the value of h6 for a liquid is
even more uncertain.

The orientational epitaxy potential of argon sUggests
that an argon monolayer should have an h6 weaker than
or equal to that of xenon. However, in practice the argon
layers show more substrate effects, and Fain has
suggested that domain-wall effects may in some way be
the primary cause of the orientational order. It is clear
that the effects of the substrate on fluid orientational or-
der are not well understood.

With these limitations in mind, we can still attempt to
estimate the effect of the substrate on a simple Xe liquid
monolayer. Equation (10) should be valid for a normal
liquid, except that in a normal liquid there is no bond-
angle stiffness, so one would expect the Franck constant
K~ to vanish as q~0, whereas the KTHNY hexatic has

where we choose

q=(2/mv 3)'i (2m/g'6) .

Setting ve ——
~

G
~

(50 ), after some algebra the result
leads to

16~2

h 6/6
(14)

where h6 is an energy per atom. Equation (14) leads to
the condition

&6(g6/g) =(16m /3)(~/~g) kgT,

which for our data implies that

&6(g6/g) -3kgT~

(15)

(16)

will explain the observed orientational order with g6/g
constant. The numerical factor in Eq. (16) is quite uncer-
tain. Given this caveat, it is clear that, within this model,
the Xe data can be explained either if the field h 6 is much
greater than that estimated above, which seems unlikely,
or if the orientational correlation length, which we cannot
measure, is much greater than the positional correlation
length.

In principle, the above calculation can be extended to
account more correctly for the wave-vector dependence of
ICz. The bond-angle stiffness can be treated in the
Debye-Huckel approximation' in which

1
Ka (q) =Ko 1+ (17)

where E0 is a "bare" Franck constant. The orientational
fluctuations are then calculated by substituting Eq. (17)
into Eq. (11). However, physically, the usual Debye-
Huckel form does not allow for the possibility that there
are two important length scales in the problem. If one as-
sumes that the xenon fluid is a liquid with g6 & g, then on
length scales between g6 and g the system behaves like a
hexatic. One might then expect

IC~ -2E,g 1+
2

1

which leads to ~~~~, as observed experimentally. The
condition that this describes the data for T near TM ap-
proximately reduces to Eq. (16) from the sharp-cutoff
model.

Ez'finite at q=0. When the system is a well-correlated
fiuid, however, there will be a residual stiffness at finite q.
The most conservative approximation is to assume that
for a well-correlated fluid all fluctuations in the angular
order are on length scales longer than g6, and there is in-
finite orientational stiffness on length scales less than g6.
Then,

2) 8 q qdq
h
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V. SUMMARY

The melting of Xe monolayers adsorbed on single crys-
tals of exfoliated graphite has been investigated using
high-resolution synchrotron x-ray scattering. The solid
melts into an orientationally ordered fluid at 138 K, and
at 116 K there is some evidence of coexistence of a solid
with an orientationally ordered fluid. No experiment can
prove with certainty that a transition is continuous. It
can, however, set limits on the size of the first-order jump
by setting lower bounds on the positional correlations of
the high-temperature (fluid) phase. In the present case we
can argue that g reaches at least about 100 A. Further-
more, in the liquid phase, at 138 K the behavior of the
orientational and radial order is consistent with the hexat-
ic picture of the melting transition; a substrate field of a
few degrees Kelvin is sufficient to smear out any hexatic-
to-liquid transition. The value of the dislocation core en-
ergy needed to fit the data is comparable to the tricritical
value at which Saito finds a crossover from first-order to
continuous melting. ' The data indicate much stronger
orientational order than would be given by current esti-
mates of the graphite substrate field. We cannot rule out
an alternate, artificial model for melting in which there is
a continuous melting transition at which
gslg~const, and (ggg) h6-3k~ TM. It is unambiguous,
however, that g's becomes extremely large if not macro-
scopic in the liquid phase. Our understanding of substrate

effects must be improved in order to make a more defini-
tive statement.
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