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Evidence of a Square Two-Dimensional Solid of Methane Physisorbed
on the (100) Surface of Magnesium Oxide
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The structure of CD, films adsorbed on a highly homogeneous MgO(100) surface has been
probed by neutron diffraction. Both the monolayer and the bilayer crystallize in a commensurate
square ¢ (2x2) superstructure. This is the first clear evidence of a two-dimensional condensation
of a solid van der Waals film with square symmetry. An order-disorder transition is observed and

appears to be a first-order melting.

PACS numbers: 68.20.+t, 61.12.Dw, 68.45.Da, 82.65.Jv

Previous studies on two-dimensional (2D) phys-
isorbed phases have been restricted to the use of hex-
agonal substrates (graphite,! some lamellar halides,?
and the boron nitride?). Indeed, only these materials
present the very homogeneous surfaces which are re-
quired for the observation of 2D phases. Moreover,
most of the theoretical work has been done for hexag-
onal substrates because the hexagonal symmetry is the
higher one in two dimensions: As a matter of fact
only two elastic constants are needed for this sym-
metry while three are needed in the case of square
symmetry.*>

Recently, Coulomb and Vilches have succeeded in
the preparation of a new substrate of cubic symmetry:
MgO.® The high homogeneity of their powder sample
(100) surface is indicated by the observation of two
successive 2D phase transitions during the condensa-
tion of a rare-gas monolayer.” The gas quantities, ad-
sorbed on the same MgO powder of H?S grade (highly
homogeneous surface), are different at monolayer
completion for Ar, Kr, Xe,” N,, and CH4,8 suggesting
that these 2D films (with the exception of at most
one) are incommensurate with the MgO(100) surface.
Structural studies of Kr/MgO ? and of 3¢Ar/MgO ! car-
ried out by x-ray and neutron diffraction have shown
that the respective 2D solid phases crystallize in in-
commensurate close-packed structures. We note that
the MgO powders used in these experiments seemed
to have a weak surface homogeneity.

In two dimensions, the close-packed structure of
spherical molecules is of hexagonal symmetry. Hence
for the case of a square surface, as for MgO(100), a
commensurate phase undergoes not only squeezing
(or expansion) of the interatomic size, but in addition
a drastic change in symmetry. CD, appears to be the
most suitable adsorbate for the observation of a com-
mensurate (2D) solid; as a matter of fact its bulk lat-
tice parameter a (a=4.18 A for the temperature

T=60 K 11) matches the MgO parameter a, very well
(a0= 4 21 A)

We present here a neutron-diffraction characteriza-
tion of CD, films adsorbed on MgO powder (HZS
grade). Both the monolayer and the bilayer are com-
mensurate solids over a wide temperature range
(2< T <80 K). Previous structural studies of
methane films adsorbed on uniform lamellar sub-
strates such as graphite!2 or NiCl, '® have pointed out
that the CH, monolayer structure is hexagonal close
packed.

The experiment was performed on the D1B two-axis
spectrometer at the high-flux reactor of the Institute
Laue Langevin (ILL) (A=2.52 A, Ag/q=10"2).
The sample was prepared according to the method
described by Coulomb and Vilches.® After combus-
tion of magnesium ribbons, the MgO powder was
baked for twelve hours at 950 °C in a quartz cell and
transferred under vacuum into a 50-mm-high, 16-
mm-diam aluminium cell. It was baked again at
400 °C after transport to the ILL.

Figure 1 shows isotherms of CD4 and Kr measured
on this sample. The substep in the Kr isotherm after
the first step is our test to verify the quality of surface
homogeneity. During the whole experiment, equilibri-
um pressures were in agreement with a set of iso-
therms previously measured.® Finally, the cleanliness
of the sample was checked after the diffraction experi-
ment. The quality criterion was still satisfied. The dif-
fraction spectra were obtained by the difference
between those of the substrate plus the adsorbate and
those of the bare substrate. The mean counting time
was 10 h, except for the bare substrate and the com-
plete monolayer at 10 K, for which it was 20 h.

We shall discuss the structure of the physisorbed
film for different coverages 6 at low temperature. For
#=0.78 and 6=1. O a strong ‘‘sawtooth’’ peak is ob-
served at ¢ =1.50 A~ !, Figs. 2(a) and 2(b). This peak

1536 © 1985 The American Physical Society



VOLUME 54, NUMBER 14

PHYSICAL REVIEW LETTERS

8 APRIL 1985

Adsorbed Quantity(cm3STP)

Pressure(Torr)

102 10~
FIG. 1. Adsorption isotherms of Kr on MgO [at T=77.0
K (curve a) and T=79 K (curve b), respectively, before
and after the neutron diffraction experiment] and of CD4 on
MgO [at T=78.3 K (curve ¢) and T=76.5 K (curve d)].
Experimental points are measured when adsorbing (circles)
or when desorbing (triangles).

position is very different from those already obtained
for diffraction by a CD4 monolayer ¢ adsorbed on uni-
form hexagonal surfaces (g=1.71 A~ for CD,/gra-
phite!2 and ¢ =1.75 A~ ! for CD,/NiCl, 3). A second
weak sawtooth peak is clearly visible at g = 2.1 A

the long-counting time spectra (20 h), Fig. 2(b). Clear
evidence for the existence of this peak is given by a
least-squares-fit procedure employing no constraint on
position or intensity. The calculated positions of the
(10) and (11) diffraction peaks _ for a commensurate
¢(2x2) monolayer are g =1.49 A-land g=2.11 A1
respectively, for the MgO(100) surface. These values
are in excellent agreement with our experimental
results and allow us to conclude that for a coverage
6 < 1, the CD, film is a square ¢ (2% 2) solid.

In order to compare the experimental peak shapes
with calculated ones, we must make assumptions on
the orientations of the CD,4 molecule in the unit cell.
We have tested several possible orientations (molecule
standing on a tripod with or without cylindrical sym-
metry, molecule rotating with spherical symmetry, and
molecule standing on a dipod, i.e., on two hydrogen
atoms). We noticed that the orientation of the
molecule has little influence on both the peak shapes
and their hierarchy. The calculated curves shown in
Figs. 2(b) and 2(c) have been drawn with the
molecules oriented in the unit cell as in Fig. 3(a)
which gives the best fit between experimental and cal-
culated profiles. The profile used was the one pro-
posed by Ruland and Tompa.!* We took into account
the structure factor by direct multiplication. For a cov-
erage of 2, the diffraction spectrum is quite different.
While the (10) peak seems to be deformed and moved
towards high g, the (11) peak is at the same position
but is narrower and is strongly enhanced with respect
to the (10) peak, Fig. 2(a). To understand such a dif-
fraction spectrum, we must remember that the high-g
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FIG. 2. Coverage dependence of the diffraction spectra
for CD4 films adsorbed on MgO at low temperatures.
Crosses correspond to the experimental points and the full
lines represent the calculated diffraction profiles. The ex-
perimental results are well fntted by solidlike profiles (with
q10—149 A-1, gn=2.11 A-', and a coherence length

=500 A).

part of a sawtooth peak is due to g vectors not parallel
to the surface and that it may be strongly modified by
the structure factor of the solid bilayer. This effect of
modification of the peak shape (and even the apparent
position) is much stronger in our case than in previous
observations on graphite because of two reasons:
Firstly, our substrate is a nonoriented powder and
secondly, the symmetry of the solid bilayer is dif-
ferent, leading to a ‘‘forbidden’ (10) peak for a dif-
fraction vector parallel to the surface. The computa-

a) b)

FIG. 3. Structure of the CD, films: (a) projection of the
CD4 molecules on the 2D unit cell; (b) same projection for
the bilayer unit cell.
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FIG. 4. Coverage dependence of the diffraction spectra
for CD, films adsorbed on MgO at 7= 95 K. (a) Liquidlike
profile (with ¢=1.57 A=! and L =10 A). (§) Sum of a
solidlike profile (with g=1.5 A“‘, L 500 A) and of a
liquidlike profile (with ¢=1.71 A=!, L =15 A, and a pro-
portion of 25%).

tion that we have done for different molecular orienta-
tions shows that the main features have little depen-
dence on molecular orientation. The best agreement is
obtained for d=2.25 A and the unit cell drawn in Fig.
3(b). The main result of our diffraction study is that
both the bilayer and the monolayer are commensurate
with a square ¢(2x2) structure.

We shall now present the spectra obtained for higher
temperatures. For a submonolayer coverage 6 =0.78,
the square solid is stable below T=80 K. At 7T=385
K, we observe the vanishing of long-range order. The
spectra are similar to that shown in Fig. 4(2) and are
well fitted by a liquidlike peak at g = 1.57 A1 with a
coherence length L =10 A. For coverages greater
than one monolayer, the ¢(2x2) solid structure still
exists at 7=95 K. Even more interesting is the obser-
vation of the monolayer solidification, as coverage in-
creases, where a phase coexistence between the com-
mensurate solid and a disordered phase occurs at
T =095 K, Fig. 4(b). This is strongly suggestive of a
first-order transition; however, other interpretations
are not ruled out as a result of the statistical scatter
and the use of a powder sample. Our study is still in
progress and more detailed results will be published
elsewhere.!’

In conclusion, this study has established that deu-
terated methane adsorbed on high-quality magne-
sium-oxide powder forms a commensurate c(2x2)
square structure. This commensurate structure per-
sists through completion of the first layer; the bilayer
is still commensurate at least at 10 K. In spite of the
wide range of temperature and coverage explored, no
evidence of an incommensurate solid phase was found.
The orientation of the molecule which corresponds to
the best fit of the diffraction data is rather surprising
but is consistent with the square symmetry of the
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structure. Unlike the case of krypton on graphite,
there is no commensurate-incommensurate transition.
This may be simply explained by the fact that the
¢(2x2) square structure is very close to the structure
of the (100) plane of bulk CD4.!' A film growing to-
ward the bulk may well preserve the c(2x2) super-
structure for several layers.

Considering the melting of the commensurate
phase, several points appear. Firstly, the transition ap-
pears to be first order. Secondly, since the transition
from liquid to solid is obtained by an increase in cover-
age, we must conclude that the liquid is less dense
than the commensurate solid. While this fact is usual
in melting transition, we must notice that the com-
mensurate solid is 16% less dense than a compact one.
Therefore the liquid phase is of abnormal low density.
As a supplementary proof, the liquid ring is aroynd
1.57 A~ for CD, on MgO while it is around 1.71 A~
for CD4 both on NiCl, !? and on graphite.!2 This low-
density liquid should be explained by an influence of
the substrate potential.

Lastly, the existence of a commensurate phase al-
lows isotherms of CD4 on MgO to be used as standards
for the measure of specific surfaces of this substrate.
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