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Search for evidence of commensurate argon-on-graphite films near monolayer completion
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The structural properties of argon films adsorbed on graphite at 85 K were investigated as a function of
coverage using neutron diffraction. This study was prompted by the recent high-resolution heat-capacity
measurements of Dagt al. which uncovered a series of anomalies near monolayer melting. These features
were attributed to the formation of a registera@x 3 R30° phase. The diffraction study presented here
shows that this commensurate phase does not exist in the portion of the phase diagram suggested by the
thermodynamic study. On the contrary, a compressed solid phase with a lattice constant close to that of the
close-packed plane of the bulk solid forms. Evidence of second-layer population in the diffraction study
suggests that these heat-capacity anomalies might be direct evidence of layer promaotion.
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INTRODUCTION Studies involving films of rare gases and small molecules
adsorbed on exfoliated graphite have been used to explore
The study of adsorbed films has proven to be a fruitfulthe wide range of phases and phase transitions listed above.
field of research for over a centuhfFor example, a wide Rare-gas films have been widely used as prototype systems
variety of two-dimensional2D) phases and associated tran- because the simplicity of their electronic structure has led to
sitions have been revealed including: 2D solid, liquid, andthe development of accurate interatomic potentials. Knowl-
vapor phases; solid films that are both registered with anédge of these interaction potentials makes it possible to per-
structurally incommensurate with the underlying lattice; andform detailed calculations and computer simulations which
molecular films that are orientationalkgis)ordered. More are necessary to develop a microscopic picture of layering
recently, work has centered on multilayer films in an attemp@nd melting behavior. As we noted earlier, it is the strength
to elucidate the principles which govern the development obf the adatom-adatom interaction relative to the adatom-
three-dimensional or bulk material properties from nomi-substrate forces that plays a primary role in determining the
nally 2D matter. Here such phenomena as layer-by-layephysical properties of the adsorbed film. In many cases a
melting, commensurability transitions between layers, andather complete picture has emerged of how these atoms or-
reentrant layering transitions have been obsefvEde phe-  der on the graphite substrate. For example, at submonolayer
nomena mentioned above can be understood by considerimgverages and low temperatures, Kr forms a solid phase
the relative magnitudes of the adatom-adatom and adatonwhich is in registry with the graphite basal pleh&his
substrate interactions and their variations both parallel and/3x /3 R30 phase forms because the close-packed plane of
normal to the surface. the bulk Kr has a near-neighbor spacing which is only a few
Volumetric adsorption isotherms and heat-capacity methpercent smaller than the corresponding spacing of the graph-
ods have traditionally been used to study adsorbed filmdte surface. Hence, in the low-coverage regime the strength
These measurements are valuable because they provideofthe Kr interaction with the substrate dominates. However,
rapid means for investigating large portions of a phase diaas the coverage is increased toward monolayer completion,
gram and because they can subsequently be used to calcul#ite Kr-Kr attraction becomes the dominant interaction lead-
physically important quantities such as the heats of adsorgng to the formation of a close-packed triangular solid phase
tion, surface area, and spreading pressure. It is important twhich is no longer in registry with the graphite substrate.
note that in order to derive a microscopic description of theArguments based on steric considerations can be made
processes responsible for the observed thermodynamic behich would suggest that other rare-gas atagmsg., Ar and
havior, studies which employ techniques such as elastic difXe) are either “too small” or “too large” to adopt a com-
fraction, inelastic scattering, ellipsometry, and scanningmensurate structure on graphite. However reports of Xe reg-
probe microscopy must also be performed. In fact, it hagstry on graphité bring such “common wisdom” arguments
been a combination of macroscopic and microscopic techinto question. Recently, precision heat-capacity measure-
niques along with computer simulations that has led to anents by Dayet al® of the Ar-on-graphite system found a
clearer understanding of the structure and dynamics of thesseries of heat-capacity anomalies just prior to the melting of
films. the monolayer. It was suggested that these anomalies might
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represent a commensurability transition between the ad-
sorbed film and graphite substrate. In order to investigate the
possibility that Ar is commensurate with the graphite sub-
strate at higher temperatures near monolayer completion we
performed an extensive set of elastic neutron-diffraction
measurements starting from submonolayer to above mono-
layer completior{i.e., the region in which the Ar-on-graphite
anomalies were observedNhile we found no evidence to
support the formation of a solid commensura{@& /3) Ar

film structure we were able to use a combination of the ther-
modynamic and diffraction measurements and existing com-
puter simulations in order to suggest what these anomalies
might be the result of.

Coverage (L)

F
EXPERIMENT
The powder-diffraction data were recorded in a transmis- 0.5 ————tmm—rt : —
sion geometry at the H5 beamline of Brookhaven National 80 82 84 86 88 90
Laboratory’s high flux beam react@iFBR) using TAMPA, Temp (K)

a medium-resolution, multidetector array. The incident neu-
trons, with a wavelength of 2.44 A, were selected by an
in-pile, pyrolytic graphite monochromator using t@02) FIG. 1. An expanded section of the near-monolayer Ar-on-
reflection. The horizontal divergence of the neutron beamyraphite phase diagram proposed by hal. Coverage unitsy,
was determined by using 2®oller collimators before the are expressed, as in the test, usif@j< y3 layers. The isothermal
monochromator, between the monochromator and the samppeth (at 85 K) followed in our diffraction measurements is shown
and in between the sample antHe-filled detectors. This with an arrow. The various regions in the diagram have been la-
results in an instrumental resolution of about 0.02 § af  beled following the convention of Dast al, where “F" represents
1.90 A%, The H5 beamline and detector package is con2 fluid phase, “CS?” the commensurate solid phase, and “DS” a
trolled by a program developed using commercialdisorderedsolid phase.
LabVIEW® software available from National Instruments.

As in our previous experiments, the substrate was an ex-
foliated form of graphite known as graphite foam obtainedcounted at the peak of the graphi@02 reflection. Ar gas
from union carbidg¢UOP). Before being placed in an alumi- was introduced to the system and used to grow films ranging
num sample can the graphite foam was heat treated at 100% thickness fromx=0.7 to 2.2 in~0.1 steps. Note that
°C in vacuum for at least 12 h. This substrate was chosen fahese coverage figures include corrections for the gas which

its large, homogeneous erfaces f‘”d the lack of any prefegecypies the empty space within the sample cell. Isotopically
ential ordering(i.e., it is a “perfect” powdeJ. The adsorp- o riched 36Ar gas was chosen due to its large coherent
tive capacity of the graphite was determined to be 80 STP.

35 : . neutron-scattering cross section. Counting times with the ad-
cm® using a 77.4 K N isotherm. Our coverage units are sorbed film in place were comparable to those used to ac-
such thatX= 1.0 represents the number of atoms needed t%uire the graphite backgrounds
complete the commensura{@x /3 solid phase. Stability of '
the substrate was monitored by performing adsorption mea-
surements before and after the diffraction measurements. No
change in the adsorption isotherm was observed. The sample

cell was cooled using a helium closed_ c_ycle refriger_ator, As mentioned above our main purpose here is to investi-
whose temperature was regulated to within 2 mK using gate the portion of the Ar/Gr phase diagram where heat-
modgl LT(_3—10 temperature controller from Con_ductu_s, '”C'capacity signals suggest that a commensurate solid phase

Diffraction measurements from adsorbed films mvoIvemight form. Figure 1 shows an expanded view of the Ar/Gr
two steps: measurement of the diffraction profile from thediagram (derived from Fig. 7 in Ref. Band the path fol-

bare substrate; and measurement of the total diffraction Pr95wed in the measurements presented here. Eiqure 2 shows a
file from the substrate with the adsorbed film in place. The P ™9

diffraction profile from just the adsorbed film is then ob- subset of the neutron-diffraction scans recorded along the

tained by taking the difference of these measurements. Thig2 K isothermal path betweeX=0.7 isothermal path be-

difference technique is necessary due to the low intensity cfv€€nX=0.7 and 2.2. As the argon coverage is increased the
the diffracted signal from the filmwhich is scaled approxi- diffraction profiles evolve from a broad humpéfilidiike)
mately by the ratio of adsorbed molecules to the number o$PECtrum with a peak position near 1.8 Aat low coverage
molecules in the substrate to a composite spectrum made up of a sharp péadated
Diffraction profiles from the graphite substrate, held at 85near 1.9 A™' as expected upon film compression/
K, were measured first and represented a counting time gfolidification riding on a broad backgroun(e., solid plus
about 10 min/point in steps of 0.05°. The diffracted intensi-fluid coexistencgat higher coverages. A dashed vertical line

ties were such that approximatelyxd0® neutrons were has been inserted in Fig. 2 to identify the positioQimhere

RESULTS
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FIG. 2. (a) A subset of the neutron-diffraction measurements. Ar coverages are listed on the right-hand side in L@mS/ﬁflayers.
Note that the position where &3 3 commensurate solid would be expected to appear is indicated by a dashed line. As the coverage is
increased the diffraction peak shifts steadily towards higheas would be expected upon film compression. Recall that the solid would
have to expand with increasing coverage if the registef@# \3 solid phase were to form. Gaps in the data appear where the $602g
Bragg peak from the graphite substrate appe@sRepresentative linefits to neutron difference data at 16w 0.7) and high X=2.0)
coverages. As discussed in the text the data in the lower diffraction tde®(7) are representative of a fluid phase as indicated by the
broad peak. The solid line fit assumes a spatial correlation range of 30 A and a near-neighbor distance of 4.20 A. The upper trace illustrates
the formation of a 2D solid phase at higher coverages as indicated by the sharp diffraction peak and its asymmetric tg)l Jihagtolid
line is a composite line shape which has both a slfaipsolid and broadfluid) component. The range of spatial correlations in the solid
and liquid components of the filifobtained from the inverse of the peak widthgfer by at least an order of magnitude in the=2.0 trace.
The near-neighbor spacing in the solid phase is found to be 3.82 A, which is about 10% smaller than the 4.26-A spacing expected for the

J3x /3 commensuate phase.

a diffraction peak from ay3x+3 commensurate phase SUMMARY

would appea(l.e.,Q:1.703A l’_ near-neighbor spacing of g giffraction measurements presented here do not find
4.26 A). Line-shape analysis indicates that a solid, triangulayidence of a commensurate-incommensurate transition in
phase with a near-neighbor spacing of 3.82 A forftiss  the near-monolayer completion region of the phase diagram
spacing is close to the near-neighbor spacing in bulk Ar as suggested in the thermodynamic studies. On the other
The analysis was performed by assuming that the fluid comhand, it is important to note that the measurements by Day
ponent of the composite line shape remains relatively conet al. do indicate that there is some change in entropy occur-
stant(near-neighbor spacing of about 4.2 And that only ring in the film ju.fst p_rior to the monol_ayer melting_. Hence

the relative fraction of this component increases with in-Pased on a combination of both experimental studies as well
creasing coverag@s signaled by the growth of the steady &S related_ computer slmulatlons, we _Would like to suggest
rise in the intensity in the range between 1.0-1.5 7). the following explanation. As the Ar film melts, atoms are

. . . . promoted from the first layer into the second. While the va-
At the highest coverages, i.e~2.2, inclusion of a small . . . )
solid bilayer component in the linefits has been found toclanues created in the first layer allow thg near substrate solid
; : . o i o film to expand somewhat, the atoms which populate the sec-
slightly improve the_ quality” of the flt‘.‘A_smaII”but definite 5nq layer must still experience a large enough attractive
change in the_ functlongl form of the fIU|dI|ke_ compone_nt force with the graphite substrate to stabilize the solid film
takes places in the neighborhoodX# 1.4. This change is peneath it thereby raising the melting temperature. This sug-
difficult to characterize quantitatively but is very likely a gestion is consistent with the behavior observed in the heat-
result of an increase in the number of second-layer atoms. apacity scans in which the monolayer melting temperature
is important to note, however, that regardless of the details o seen to increase with increasing film coverage above it.
the fitting process no adjustment of the fit parameters coul®ur results provide further confirmation of this by noting
be made which would indicate the presence of either a fluidhat as the diffraction profiles indicate the presence of a dis-
or solid phase which is commensurate with the graphite subsrdered second-layer populati¢éabove abouiX=1.4), the
strate. diffraction from the first-layer becomes much sharfigr., it
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has become “solidj. We note that earlier studies have ACKNOWLEDGMENTS
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