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Melting and orientational epitaxy in argon and xenon monolayers on graphite
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We have studied the melting behavior for Ar at a coverage of p-0.81 and the orientational-

epitaxy effect for Ar and Xe. We find that the Ar melts continuously from a rotated incommensu-
e

rate solid to a rotated fluid phase; the fluid with positional correlations of 400 A is rotated by -2'.
The melting behavior agrees well with that observed by x-ray diffraction using a ZYX-graphite sub-

strate, and is consistent with the heat-capacity data of Migone et al. For Xe, the orientational-

epitaxy data show a rotation to zero for increasing misfit magnitude, contrary to the Ar and Kr be-
havior. This is discussed in light of the role of entropy in the structure of this system.

INTRODUCTION

The rare gases adsorbed on the (001) surface of graph-
ite offer perhaps the simplest and best studied monolayer
systems known. In particular, they have been studied in
an effort to understand one of the most basic of phase
transitions: melting. While a great deal of effort has
been devoted to this problem of the melting of a two-
dimensional (2D) solid adsorbed on a substrate, ' a con-
cise, universal picture has not yet emerged. Indeed it is
apparent from the vast body of experimental data that
the salient differences between the properties of the most
studied rare gases on graphite Ar, Kr, and Xe lead to
qualitatively different behavior. For example, these rare
gases differ in their relative strength of interaction with
the graphite substrate. ' Further, the period of the over-
layer competes with the period of the graphite substrate.
These interactions lead to commensurate, incommensu-
rate, and orientational-epitaxy phases. The very ex-
istence of these phases implies that the interplay between
the substrate and the adsorbate is fundamental to the
physics of these systems and cannot be ignored in discus-
sion of their phase transitions. In this paper we discuss
experiments performed on the melting transition of
monolayer Ar on single-crystal graphite and on the
orientational-epitaxy phases of both Ar and Xe mono-
layers.

Monolayers of Ar have been studied by numerous ex-
perimental techniques, including neutron and x-ray '

diffraction, LEED' (low-energy electron diffraction), and

heat-capacity measurements. "' The heat-capacity
study by Migone et al. shows peaks which provide evi-
dence for successive transitions in the Ar monolayer. '2

The first is a small and sharp peak which is superimposed
upon a dominating broad peak. They identify the first
sharp (0.3 K FWHM) peak as being due to a first-order
melting transition for the solid, and the broad peak as
perhaps being associated with a more continuous loss of
residual order in the system. This interpretation con-
trasts with other data on the system. Extensive x-ray
data indicate a continuous melting transition. ' The line
shape in the diffraction experiment evolves continuously
from that of a finite-size limited solid peak to that of a
peak for a Quid with a -50 A correlation length.

One question that neither of these studies could ad-
dress concerned orientational epitaxy in this system.
LEED data for Ar adsorbed on single-crystal graphite
clearly indicated that the solid overlayer had its symme-
try axis rotated with respect to the graphite substrate; '

the angle was observed to be -3'. These data provided
the first experimental evidence for a rotated phase in a
rare-gas —graphite system, and confirmed the theoretical
prediction of Novaco and McTague. ' ' In addition, the
LEED data suggested that the finite rotation angle was
maintained into the Auid phase. ' Clearly, a measure-
ment which could simultaneously address the melting
and orientational-epitaxy behavior was required. In this
work we have performed an experiment on Ar adsorbed
on single-crystal graphite, where we have used synchrot-
ron x-ray diffraction to study both phenomena.
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In addition, we present orientational-epitaxy data for
Xe. The melting behavior has been extensively investi-
gated and a continuous transition is inferred for cover-
ages significantly larger than a monolayer. First order
melting is observed in the submonolayer regime. ' ' '

Single-crystal x-ray diffraction data show that the con-
tinuous melting of Xe takes place from an aligned solid
phase' (orientational-epitaxy angle is equal to zero), yet
Xe has been shown to possess a rotated solid phase. '

Thus, there exists a qualitative difference between the Ar
and Xe systems. The main results of our study are as fol-
lows: A continuous melting transition is observed for Ar;
the melting occurs from a rotated phase, through a rotat-
ed fluid with correlation lengths larger than -400 A. In
contrast to Ar, Xe possesses an orientationally epitaxied
phase at low temperature, and the rotation angle goes to
zero with increasing temperature prior to the melting
temperature.

45—
40—

c 30
25—

O

20 —~y ~

l5—
l 0&v

5—

~ ~ 0 ~ yO

~ ~ ~

T =65.73K

~ oo ~

0 l l

5 l0
PRESSURE ( Torr )

l5

FIG. 1. A typical isotherm for Ar on the graphite-foam sub-
strate measured at a temperature of 67.73 K. A dead-volume
correction for the cell, determined by measuring a He isotherm
at 66 K, has been applied to the data.

EXPERIMENTAL APPROACH
RESOLUTION STUDIES USING COMMENSURATE Kr

The experiments were performed at Beamline VII-2 at
the Stanford Synchrotron Radiation Laboratory (Palo
Alto, CA); beamline hardware were as previously de-
scribed. The details of the cryostat and gas-handling
system used for this single-crystal graphite adsorption
study have been described in detail and were the same as
has been used in previous studies, ' ' ' with one additional
feature. For this study we have added -0.1 g of graphite
foam (Vermicullar graphite} to the cell. The three-
dimensional (3D) vapor pressure of the Ar in equilibrium
with the rnonolayer is so low that it is impossible to con-
trol externally by, e.g., a leak valve. The graphite foam
provides a buffer whose surface area can be determined
by a standard isotherm; the foam can then be filled with a
known coverage thus providing a well-defined 3D vapor
in equilibrium with the single crystal. The vermicullar
graphite foam used was baked in a vacuum of -10
Torr at -700'C for six hours prior to loading into the
cell under a dry N2 atmosphere. The entire gas handling
system, including graphite foam, was then baked to
—120'C prior to the experiment on the single crystal.
Both Ar and Kr isotherms were measured and the
effective surface area was determined by calibration
against previous Ar and Kr isotherm and diffraction
data 22

About 1 Torr pressure of He gas was added to the cell
after the Ar fill. This was done to provide an efficient
path for thermal conduction between the single-crystal
and the graphite foam, assuring that the two were in
thermal equilibrium. Finally, the graphite single crystal
was fiashed to -600 C to clean it in sI.tu by passing a
current through it.

A typical Ar isotherm is shown in Fig. 1. The fill is in
arbitrary units, but the fill required for one cornrnensu-
rate Kr monolayer (a coverage of p = 1) is equal to 12.4 in
these units. A dead volume correction has been applied
to the Ar fill, the dead volume in the cell as a function of
temperature having been determined with a He isotherm
measurement.
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FIG. 2. Radial {20-0) scan for commensurate Kr adsorbed
on the single-crystal substrate at T=89 K and p=0.6 Torr; the
peak full width at half maximum is 0.0008 A ~ The tail on the
high-q side of the peak is due to the mosaic of the graphite crys-
tal.

To characterize the mosaic and finite-size qualities of
the single crystal, scans of commensurate solid Kr were
performed at a coverage p of less than 1 (see Figs. 2 and
3}. Since a commensurate 2D solid has true long-range
positional order, the diffraction peak from the Kr pro-
vides both the radial (Fig. 2) and angular (Fig. 3) resolu-
tion function of the combined system consisting of a spec-
trorneter plus graphite sample. The Kr radial scan width
is close to that of the instrument; this implies a finite
crystallite size for the single crystal of —10000 A. Simi-
larly, the angular scan of Fig. 3, performed by rocking
the incident angle at fixed scattering angle such that
q=1.703 A, is a measure of the mosaic distribution of
the crystallites which comprise the surface of the graph-
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FIG. 7. Series of angular scans for Ar at coverage p=0.81
with temperatures as noted. Solid lines are Lorentzian line-
shape fits. Lower three panels have a scale change of a factor of
10.
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FIG. 6. Series of radial scans for Ar at coverage p=0.81 as a
function of temperature; solid lines represent Lorentzian
lineshape fits, with temperatures as noted. Lower three scans
have a scale change of a factor of 10,

RADI AL TEMPERATURE

Ar MELTING p = 0 Sl

I

ature in Figs. 8 and 9. Here ~„d;,& is the fitted Lorentzian
HWHM of the radial peak, and ~„,„,„„„is equal to the
momentum transfer multiplied by the fitted angular
HWHM. The peaks evolved from the width in the solid
to a fluid phase with a positional correlation length 1/a.„
d;,&

of -400 A over a range of -0.3 K.
Accompanying the melting transition is a change in the

orientational epitaxy angle. Figure 10 shows a plot of
orientational angle versus T, with the fluid phase points
indicated. We thus have the unique result that the solid
melts from a rotated orientation to a rotated fluid; when
the fluid correlation length is 400 A, the fluid has a rota-
tion angle of -2.0'. It should be noted that additional
angle scans were performed around the symmetry direc-
tion, 8„,=0'. No evidence of an unrotated fiuid or solid
phase was seen.

A plot of rotation angle versus percent misfit for Ar,
Kr, and Xe (see below) is shown in Fig. 11. The Kr data
are from Ref. 21. The percent misfit m is defined with
respect to the commensurate lattice constant do or com-
mensurate wave vector qo, as
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FIG. 8. Plot of the fitted radial Lorentzian H%'HM K d; I vs

temperature for Ar melting at coverage p =0.81.
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for Ar melting at coverage p=0.81.

where d is the measured lattice constant of the incom-
mensurate solid, and for a hexagonal lattice q =4m/&3d.

In the melting studies of Xe, it was observed that the
ratio of ~,„„„to ~„d;,~ was a constant approximately
equal to 3 for the Quid phase. " %'e show in Fig. 12 a
plot of this ratio for Ar. One can see that for our Ar data
this ratio falls between 1 and 3 in the temperature range
studied. However, the Ar data alone cannot support the
conclusion that this ratio is a constant.

Data were taken for the orientation angle of the incom-
mensurate Xe solid as a function of temperature. The Xe
was added to the cell to yield a coverage of p= 1.07. An-
gle scans for the Xe solid are shown as a function of tem-
perature in Fig. 13; the temperature and maximum in the
corresponding radial scan are indicated. The Xe evolves
from a rotated incommensurate solid phase to an aligned
incommensurate solid phase. The data are shown as a
function of misfit in Fig. 11, and summarized in Table II.
The Xe solid with this coverage melts at —135 K. Note
that the Xe, unlike Kr and Ar, rotates to zero for increas-
ing misfit; however, all three rotate to zero for increasing

temperature.
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FIG. 12. Plot of K „vs K d, l. The solid lines represent a
slope of 1 and 3.
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the Ar melting study performed on ZYX graphite. ' We
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Nelson-Young (KTHNY) transition:
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FIG. 13. Angular scans for Xe solid as a function of tempera-
ture as indicated; average p-1.07.

DISCUSSION

The melting data for Ar and the rotational data for
both Ar and Xe lead to an inescapable conclusion: The
orienting field of the substrate plays a crucial role in the
physics of these adsorbateisubstrate systems.

The Ar melting transition at a coverage of p=0.81 is
clearly continuous (see Figs. 6 and 7); the monolayer sys-
tem evolves continuously from the solid phase to a fluid
phase with 400 A correlation lengths. We saw no evi-
dence for a discontinuous, abrupt change in either radial
or angular width. Also, the 0.2% predicted change in
lattice constant inferred from the Ar heat-capacity data'
is 4 or more times larger than the smallest change in lat-
tice constant observed between successive temperature
steps (see Table I). Indeed the lattice constant undergoes
a continuous 0.2% change from the solid value at T to

with zp=0. 06+0.02, 8 =0.49%0.4, and T =49.67+0.5,
where t =(T—T )/T and v is held at 0.369 as was
done for the ZYX-graphite data. While only 4 data
points determine the parameters in (3) our data follow the
above curve with the same value of B as the ZFX-
graphite data. We find a melting temperature of 49.67.
Our data complement the ZYX-graphite data because we
have studied a correlation length range for the fluid from—1500 to 400 A, while those data covered the range from
800 to 50 A. The data can also satisfactorily be described
by a power law K=Kpt ' the exponent was found to be
v=0.43. This exponent is not consistent with the
v=0.83 found in the ZYX-graphite study. Thus, the
combined data of the ZYX-graphite study and the present
single graphite crystal argue against the power law form
and in favor of the universal form (3).

With regard to the excess angular width, the data ar' e
quite similar to Xe. ' Figure 12 illustrates that the ratio
of ~,„„„to a„d is in the range of 1—3 for Ar, whereas for
Xe this ratio was -2—4. Thus, as with Xe, the positional
correlations evolve with the excess angular width. It is
the orientational epitaxy angle which distinguishes the
Ar from the Xe.

Ar possesses a finite rotation angle at melting whereas
Xe and Kr both melt from an aligned orientation. Since
our data do not allow us to follow the rotation angle
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TABLE I. Summary of Ar melting and rotation data.

Fitted Fitted

Temperature (K)

44.29(5)
44.96(5)
45.50(5)
46.04(S)
46.55(5)
46.99(5)
47.44(5)
48.00(S)
48.10(5)
48.19(5)
48.29(5)
48.35(5)
48.46(5)
48.54(5)
48.64(5)
48.72(5)
48.82(5)
48.92(5)
49.04(5)
49.20(5)
49.30(5)
49.47(5)
49.64(5)
49.80(5)
49.88(5)
49.96(5)
50.03(5)

Q,„(A )

1.8495(2)
1 ~ 8476(2)
1.8460(2)
1.8443(2)
1.8425(2)
1.8408(2)
1.8388(2)
1 ~ 8369(2)
1.8366(2)
1.8362(2)
1.8357(2)
1.8357(2)
1.8359(2)
1.8346(2)
1.8315(2)
1.8336(2)
1.8333(2)
1.8328(2)
1.8322(2)
1.8315(2)
1.8311(2)
1.8301(2)
1.8292(2)
1.8282(2)
1.828(1)
1.827(1)
1.827(1)

Misfit
(%)

7.92
7.83
7.75
7.66
7.57
7.49
7.39
7.29
7.27
2.47
7.23
7.23
7.24
7.17
7.02
7.12
7.11
7.08
7.05
7.02
7.00
6.94
6.90
6.85
6.84
6.79
6.79

Rotation
(deg)

2.872(2)
2.816(2)
2.776(2)
2.724(2)
2.673(2)
2.619(2)
2.557(2)
2.496(2)
2.485(2)
2.474(2)
2.460(2)
2.460(2)
2.425(2)
2.412{2)
2.404(2)
2.387(2)
2.368(2)
2.351(2)
2.327(2)
2.291(2)
2.274(2)
2.233(2)
2.187(2)
2.116(2)
2.06(3)
2.03(3)
2.00(5)

Kradial

(10 A )

0.9(2)
0.6{2)
0.7(2)
0.6(2)
0.8(2)
0.7(2)
1.0(3)
0.5{2)
0.8(2)
1.0(3}
0.9(3)
0.7(2)
0.8(2)
0.7(2)
0.8(2)
1.0(3)
0.4(2}
0.8(2)
0.8(3)
0.8(3)
0.6(2)
0.8(3)
1.6(4)
7.5(5)

18(3)
23(3)
25(5)

+any
(10 A )

1.7(4)
1.6(4)
2.0(4)
1.9{4)
1.5(4)
1.6(4)
1.5(6)
1.9(4)
1.8(4)
1.7(6)
1.6(6)
1.9(4)
1.8(4)
1.9(4)
1.8(4)
2.3(6)
1.8(4)
1.8(4)
2.6(6)
2.5(6)
2.2(4)
2.5(6)
3.6(8)

17(1)
52(9)
53(7)
90(10)

below -2', we can only speculate on the behavior of the
rotation angle in the Quid which has a correlation length
less than 400 A. From the plot in Fig. 10, rotation angle
is varying with temperature even at the melting tempera-
ture. If we extrapolate this curve linearly to a tempera-
ture above melting where the Ar from the ZYX data

possesses a 50 A correlation length, we find that 6I„,
would be —1.7'—1.8'.

But it is clear that rotation angle is not varying linearly
with respect to temperature or with respect to misfit.
The rotation angle rolls over more rapidly toward zero
for decreasing misfit. This behavior has been addressed

TABLE II. Summary of Xe rotation data.

Temperature
(K)

95.0
90.0
85.0
80.0
75.0
70.0
65.0
60.0
55.0
65.0
75.0
80.0
85.0
90.0
95.0
97.5

100.0
105.0

Qmax
(A-')

1.5943(3)
1.5999(3)
1.6052(3}
1.6102(3)
1.6145(3)
1.6182(3)
1.6215(3)
1.6240(3)
1.6260(3)
1.6245(3)
1.6152(3)
1.6107(3)
1.6052(3)
1.6001{3)
1.5945(3)
1.5920(3)
1.5905(3)
1.5896(3)

Misfit

(%)

—6.82
—6.44
—6.09
—5.76
—5.48
—5.24
—5.03
—4.86
—4.74
—4.83
—5.44
—5.73
—6.09
—6.43
—6.80
—6.97
—7.07
—7.13

Rotation
degrees

0.15
0.31
0.55
0.64
0.71
0.75
0.75
0.75
0.75
0.72
0.72
0.73
0.68
0.60
0.37
0.10
0.00
0.00

Warming or
cooling

C
C
C
C
C
C
C
C
C
W
W
W
W
W
W
W
W
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by Shiba, ' and the explanation is tied into the effect of
domain walls in the system. The description works quite
mell in the case of Kr on graphite, where the variation of
rotation angle with misfit follows the Shiba prediction.
We have made an effort to model this effect for Ar with
the Shiba description. In the Shiba theory, the relation-
ship between misfit and rotation angle is dependent upon
two parameters: domain wall width, A, , and the ratio of
the longitudinal and transverse speeds of sound for the
overlayer, C„/Cr. For Kr, the data were well described
by fixing CL/Cr to ~3, corresponding to a Cauchy solid;
the domain wall full width was then equal to -6 Kr (10)
row spacings. For Ar, the data can only be modeled if
both A, and CL/Cr are allowed to vary. The solid line
through the data in Fig. 14 is the Shiba theory for a criti-
cal onset of 4.6% and a CL/Cr ratio of 1.88. The line is
obtained by the approximation of scaling the Shiba result
for CL/Cr=&3 from Ref. 24. This is not unphysical
since substrate-induced stress has been predicted to re-
normalize CL/Cr. Furthermore, a transverse softening
must be expected at melting. For comparison with the
Shiba treatment, we show two additional curves in Fig.
14. The dot-dashed curve is the Novaco-McTague result
at zero misfit. The straight line is the first-order result.
It agrees with the Novaco-McTague line for small misfit,
while it agrees with the Shiba curve for large misfit. '

Clearly, the overall agreement with the Shiba theory is
not good. The last four to six data points which are in
the fluid phase deviate from this curve. The resulting
curve predicts that the rotation angle will rotate to zero
at a misfit of -4.6% (q=1.7851 A, D=4.064 A). This
corresponds to a 1.5% expansion of the lattice constant
relative to the largest lattice constant observed for Ar
fluid in the ZYX study. Another estimate for the critical
misfit would be -6% which is obtained by extrapolating
the curve including the data points from the fluid. But,
6.8% is the smallest misfit for which we observe a
diffraction peak.

We did not find any evidence for a peak at zero rota-
tion angle, but we cannot rule out the possibility that
such a peak was merely too weak for us to observe.

It is a prediction of the KTHNY theory that in the
fluid phase the peak intensity A and the width ~ scale as
a +" (Ref. 2). This was tested in both the Xe and Ar
ZYX-graphite studies and an g of about 0.3 was in-
ferred. ' We have attempted to test this scaling relation
with the data in the present study and have found that
the single-crystal data do not seem to obey this scaling re-
lation, but there is too much scatter for a rigorous test.

Figure 11 shows the misfit versus rotation data for Xe.
Since Xe is incommensurate in expansion relative to the
commensurate (&3X &3 )R 30' structure, the misfit is
negative. Thus, Xe appears to rotate to zero for increas-
ing ~m~, in contrast to both Ar and Kr. However all
three do rotate to zero with increasing temperature.
Both the Novaco-McTague and Shiba descriptions of
orientational epitaxy are zero temperature theories which
neglect the effects of entropy. While the Novaco-
McTague theory is a linear-response calculation, the Shi-
ba theory includes the topology of the hexagonal
domain-wall lattice. Therefore, in the latter, the over-

layer is predicted to be rotationally aligned until a finite
misfit, the critical misfit for rotation. The existence of
large domains and long domain walls thus energetically
favors the overlayer's alignment with the substrate.
Numerous authors have pointed out that the hexagonal
domain wall network provides a canonical way to intro-
duce entropy to the structure. ' ' The domain wall
network can fluctuate or "breathe" such that the total
domain wall length and the number of domains is
preserved. Only the energy associated with the domain
wall interaction is altered in such a fluctuation. At high
temperature one must then expect constant fluctuations
in the domain sizes. The majority of atoms in the over-
layer must therefore be in domains the sizes of which are
larger than the nominal size given by the misfit. Thus, we

suggest that the effect of temperature can be described by
an interaction between the overlayer and the substrate
which is dominated by domains larger than the average
size; i.e., the epitaxial angle will tend to be small with in-
creasing temperature. If the effective domain size be-
comes larger than the critical value for the onset of rota-
tion then the efFect of temperature is to realign the over-
layer with the substrate. This is exactly the observed be-
havior for Xe. Further, because Xe has a relatively
weaker interaction with the substrate than Ar the domain
walls will be less pronounced. Consequently Quctuations
in the domain wall network in a Xe monolayer should be
more pronounced than in the Ar at the same reduced
temperature. This may explain the qualitatively difFerent

behavior for the epitaxy in the two systems.

CONCLUSION

We have studied the melting behavior for Ar at a cov-
erage of p-0.81 and the orientational epitaxy effect for
Ar and Xe. We find that the Ar melts continuously from
a rotated incommensurate solid to a rotated fluid
phase —the Quid with positional correlations is rotated by-2'. The melting behavior agrees well with that ob-
served by x-ray difFraction using a ZYX-graphite sub-
strate, and is consistent with the heat capacity data of
Migone et al. insofar as the monolayer loses its correla-
tions from 1500 to 400 A in a temperature interval of
width 0.3 K. For Xe, the orientational epitaxy data show
a rotation to zero for increasing

~
m ~, contrary to the Ar

and Kr behavior. This is discussed in light of the role of
entropy in the structure of this system, and also the rela-
tively lomer susceptibility of the Xe overlayer to the sub-
strate potential. These data underscore the important
role of the substrate in determining the behavior of these
overlayer systems.
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