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During the last decade. substantial progress in the knowledge of the properties of two- 
dimensional (213) matter has bbtn acheved thanks to studies r e a l i d  on monolayers of gases 
a d s o M  on weIl characterized subswtts like graphite, The existence of two relevant length 
scales in this problem, the adsorbatc-adsorbate equilibrium distance and the sepmnon 
between adsorption sites, leads to a rich phase h a w  where commensurate (C) and 
incommensurate (IC) smcturts can lx ptescntlf. In a commensurate phase, the lack of 
mslational invariance pduces  an energy gap (a) at the m e  center in the acoustic branch of 
the phonon dispetsion rela~on. The magnitude of this gap at low temperatures is related to the 
lateral variation of the adsorption potentld, thc so called cormgation. In an incommensurate 
phase. on the other hand. the uanslational invariance has been rtcavcled and the phonon 
branc hcs go to zero frequency at the zone center. 

Changes in ternpetam andor covmge induct phase msitions that art he result of a 
delicare balance ktween the interaction of the adsorbed gas and the substrate, and between 
the adsorbxi gas molecules thtmxlves, Thc interaction potential bttwan the gas molecuies is 
known in g e n d  in great detail. However, the howledge of the details of the gas-adsorbate 
intmction potential is still sparse, since not many cxperimntal techniques arc available and it 
is vcty difficult to model it hurttically. The adsorption potend itsclf has ken dtttmuned 
mainly with m~lccular ham scattering, but rht magnitude of the in-plane cmganon is very 
difficult to obtain in this way. Recently. inelastic neutron scattering measurements of the 
cormgation have been performed for the h y h g c n 3 ~ 4  and helium5 isotopes, krypton6, 
methane7 and nitrogens adsorkd on graphite. These results have provided quantitative values 
against which the theoretical d e l s  of the adsorbate-substrate inmction can be compared 

The case of the quantum gases (the helium and hydrogen isotopes) is particularly 
in;etts$ng due to the similarity of their phase diagrams9-15. They all present a commensurate 
(u3 x J3)R3P phase at low covmgts and t e m p c r a m .  Alt hrghtr  coverages, they present 
an incommensurate phase which is the stable one up to monolayer compIcdon. The C-IC 
transirion goes through a, domain wall phase (DW) at low temperatures and at higher 
temperatures through a domain wall liquid @WL). The details of this C-IC amsition varies 
slightly fur .the different quantum gases and the richest phase hagram is obtained for D2. All 
these phases have k c n  smhcd In detail by adsorption isotherms, spccific heat and neuuon 
diffraction measurements. The aim of neutron inelastic measurements is to determine the 
excitation sptctmm of the different phases and to deduce the interaction potentials involved 

The detailed knowkdgc of Ihe adsorption potential is not only relevant for adsorbed 
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monolayem, but is necessary to understand the gradual change of bulk properties that occur 
near an interface. 

EXPERIMERTAL RESULTS 

The measurements were p e r f o d  on the three axis specwmeter M14 and IN3 at h e  
high flux reactor of the Institute hue-Langevin. Tne spectrometer were used in the fixed frnal 
wavevector (KF) m d e  with a Be filter after the sample and a horizontally c w e d  analyzer. 
The sample consisted of 31.70g of Papyexlh sheers located in an aluminum container, 
oriented with their c-axis normal to the scattering plane. The total surface area was 
determined by adsorption isotherms and n e u m  diffraction. 

Usually difference specm art presented, whert the scan taken with the graphite sample 
before adsorbing the gas is  subkacted as background. For 3He, however, a corrected 
background must bt used, since the large neutron absorption of 3 ~ e  d i f i e s  drastically the 
signal coming from the graphite substrate. Therefore, in this case, the background scan has 
been rnuItiplied by a transmission factor, T. to take this effect into account. This factor is a 
function of the sample geometry, the neutron cnergy-momenrum wansfer and the 3He 
coverage. The transmission per unit height has been calculated for a cylindrical sample 
integrating numerically the following formula: 

where R is the radius of the sampb, 8 thc scattering angle, p the 3 ~ e  density, II and IF the 
lengths of the initial and final path within the sample and z the corresponding inverse 
absorption length (coverage dependent). The amsrnission of the sampIt increases 
monotonically by a b u t  30% bttween 0 and 1THz (1- = 48.28K) for our experimental 
setup. An alternative methd w determine the background is to use data obtained at the same 
coverage. but higher temperatures where h e  layer melts (above 3K for 3 ~ e ) .  The melting, 
however, produces a broadening of the elastic peak due to quasielastic scattering related to the 
higher diffusion coefficient of the fluid. At stiU higher temperatures dewrption mcurs and 
again the signal from the subsmte is mdi f ied Thus, only the comcted background merhcd 
can Ix used for this particular system. It must lx pointed out that the elastic and inelastic 
signals arc well separated. that corrections due to background subtraction are small and that 
the background does not show any peak in the inelastic region of interest; therefore, this 
procedure does not introduce significant systematic errors in rhc evaluation of the spectra 
within our present m r  bm. 

The graphite sample, and hence the adsorbed layer, is essentially a 2D powder: the in- 
plane aystatlographic dmctions arc not oriented Thus, the measured signal consists of a 
directional average over all phonons for which scattering is allowed (see insert in fig. 1). 
Scans were taken at a momtnturn transfer Q = 1.70A-1. This comsponds to the distance 
between zont centers in reciprocal space for the C phase. Due to the powder average and the 
polhation factor, these scans fmus on the phonons at the zonc center (i.e., the gap region) 
and on the u-ansvetse phonons at the zont boundary, In scans performed at Q = 0.836-1, on 
the other hand, one works within the first Brillouin zone, and thus only longitudinal phonons 
can be excited3,LTtlg. 

The Hvdrppen isotooes 

In the first inelastic neuron scattering expertnentsP9 only an "Einstein m d e "  could be 
detected in thc commensurate phase and no phonon dispersion measured. More recent work, 
performed with higher resolutioa3. could assign the zone center phonon gap and the 
transverse and longtudinal zonc boundary phonons. In figure 1 a n  shown the results for D2, 
HD and Hz. Deuterium, which has a coherent neutron cross seczion, allows a separate 
measurement of the msvme and longitudinal phonons using the technique describzd in the 
paragraph above (see insen in fig. 1). KD and H2, on the other hand, possess a large 





Firmre 1: Ncuaon inelastic data of the hydrogen isotopes adsorbed on graphite in the 
comensutatt phase (the background has already h e n  subtracted). At the top are the 
deuterium 0 2 )  spectr;i for ~ = 1 . 7 0 A - l  (a) and ~=0.85A-1 (b). the full lint is the fit to the 
data as explained in Refs. 3 and 4. The insert shows the re* of r e c i p d  space covered 
by these two scans. One example of a scattering triangle is sketched: it corresponds to the 
excitation of a transverse zone boundary phonon (Q is the total momentum transfer, r is a 
r e c i p a l  lattice vector and q is the phonon momentum). The deuterated h ydmgen (ID) and 
the hydrogen (H2) spectra taken at ~=1 .70A- l  are shown in parts (c) and (d), respectively. 
The curve through the experimental points is the fit with the phonon density of states 
convoluted with the energy resolution of the specfromew. The unmnvolutd density of states 
is drawn beneath it. 

y the den incoherent neumn cross section and , ~sity of states can be measured. 
Nevertheless, the main features of the phonon sptcaum could lx identified and they are listed 
in Table 1 together with the theoretical results. 

The zone center frequencies, which a Lsure of the hydrogen-graphite 
cormgation, are in reasonable agreement with the calcu!ations. but the width of the DOS is 
overestimated by theov. The interaction between the adsorbed matecules is weaker than 
expected and more theoretical work would bt welcomc. The mass dependence of the phonon 
spectsum cannot be explained with an isotopic effect only. This aspect w3U be discussed after 
the experimental results for the He isotopes have been presented. 
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At higher coverages (around p=1.15) a skped domain wall phase could be identified 
using neumn hffraction and heIastic neumn spectra pwformed on D2/graphite, 
show the appearance of a new excitation with an energy -29 K, lower lthan the phonon gap 
of the C phasa.  The fact that the energy of this excitation does not change when modifying 
the coverage (in thc limits of the DW phase) suggests that it cornsponds to the excitation of a 
single domain wall. If it were due to the interaction of domain walls it should shift in energy 
as the distance between domain walls is changed. The peak corresponding to the 
commtnsuratc structure remains, but is rtduccd in intensity and begins to broaden due to 
lifetime effects. A very interesting aspect of thest excitations is that they exist with a well 
defined shapc in  the domain wall liquid phase, where the diffraction data only show the 
signal of a liquid23. 

The inelastic sptcm obtaincd for the IC phase of & (with p z 1.3) show that the 
frequency of the m d e s  increases linearly with coverage up to monolayer completion. 
inrllcating a gradual stiffening of the lattice. lhcy can be fitted assuming a homogeneous 
triangular lattice, where, in first approximation, the effect of h e  subsmte has been ignored. 
Such a fit is shown in figure 2 for p=l.48.  The sound velmities obtained from this mdel are 
ct=2200 m/s for the long~tulnal modes and ~ ~ 1 2 8 0  d s  for the mansverse ones. The 
nearest n e i g h b r  distance at this coverage i s  3.50A. This is comparable to solid hcp D:! at 
279 barZ4 (a=3.526 A, c=5.750 A), where the sound velocities in the hexagonai planes are 
~ = 2 1 6 0  rds and -1 130 d s .  
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Fjpre  2; Inelastic s p t c w  taken at Q=1.70A-I of D.r adsorbed on graphite in the 
lncommtnsurate phase (p=1.48, T=4 K). The full line is ahc fit to the d a t a  ?he m d e l  
considers a riangular lattice interacting through c e n d  harmonic forces, taking into account 
the rnosaicity of the sample, the powder average and the resoiution of the specmmeter as 
described in rtf.3. The dotted line and the dashed-dcncd lint are the contribution of the 
transvesse and Iongimdind phonon 'branches, rcspcctiveiy. The fined force constant ktwcen 
adjacent &orb& moltcules is 0.2 Nlm. the cmsponding longitudmal and mswetsc sound 
velocities arc 2200 m/s and 1280 d s ,  respectively. 

The Helium 

Only recently the zone center phomn gap of the commensurate phase of the He 
isotopts has k e n  measurtd5.3. The large neumn absorption cross section of 3Hc makes it 
extremely difficult to obtain reliable data As discussed above. a comcted background has to 
be subtracted, 4He, on the othcr hand, has a very smal l  coherent neumn cross section which 
makes its measurement very difficult 

In figure 3a art shown the INS data obtained for a p a . 9  3Hc coverage at T=0.85 K. 
A clear peak can be seen at 0.27 THz which bas k e n  identified as the phonon gap. The 
dashed line is the background corrected for the large neuron absorption crass section of 3He. 
Figure 3b depicts the same data with the background submcttd. The full line is a fit with a 
modek that considers a miangular may of interacting helium aroms. Each atom also intencts 
with the graphite through a restoring force to its tquilibrrum position, the center of the 
graphire hexagon. All the forces arc assumed to be c e n d  harmonic forces. The mosaicity 
and powder averages were performed as described in ref. 3. 

The origin of the e x m  intensity at frequencies up to 0.7 THz is not yet clear. It can bz 
ascri'btd to wo pssibIe origins: it is either rhe signal of the aansverse zone bundary phonon 
or it is related to the out-of-plane buncing mode. This out-of-plant mode has been found at 
1.5 THz for a single He azorn27. It seems unlrkcly that the prtscnct of adjacent He atoms 
should modify substantially this value. On the other hand, if the amsvtrse phonon is at 
a0.65 THz, as suggestd by the data, then the phonon &spmion relation of 3Hc would be 
the lugest rncasurcd for the quantum gats.  This would imply that the effective interaction 
between the 3He atoms is very strong, much swngcr indeed than for the hydrogen isotopes. 
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a) Ntuwon inelastic sptcm for 5 ~ e  (e1.70A-l, p 4 . 9  and T4.85K). The dashed 
line 1s the background correctd for absorprion as dcscrild in thc text. b) The same dara with 
the background subtracted. The full l i n t  is the fit with a model that considers a triangular 
array of ?He atoms and takes account of the mosaicity and powder averages of the sample, as 
well as the s ~ t m m t c r  resolution. 



If this f e a m  is confirmed by further experiments, then the picture of the domain wall phase 
for 3 ~ e  will be completely different from that of hydrogen. The sharp superheavy domain 
walls found in the DW phase of the hydrogen isotopes is a result of the weak adatom-adatom 
interaction potential compared with the adatom-substrate one. In the case of 3% the DW 
would consist of very broad domain walls (a rough calculation suggest that they would be =7 
commensurate lines wide), since it wouId be energetically m m  favorable for the system to 
Imse commensurability keping the adatom-adatom separation as large as possible. 
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DISCUSSION 

Usually, when modelling the adsorbate-substrate potential ~teele's28 Fourier 
decomposition has been used 

where z is measured perpendicular to ihc substrate surface, r is a vector in the plane of the 
surfact (its oripn for graphite is taken at rhe cenm of the honeycomb cell), and the vectors g 
are reciprocal lattice vectors of the substrate surface lattice. This sum is rmncatcd at the first 
shell of recipmd lattice vectors lgl = g, and the functions V,(z) and Vp(z) are ueated near 
the minimum (z=q) of V. Thc leading amplitude of the corrugation Vgo is negative for the 
quantum gases adsorbed on gzaphite and the minimum adsorption energy is found29 at rd .  

For the (43 * d 3 ) ~ 3 0 ~  commensmte latrice, ignoring a possible hybridization of the 
adlayes and subsmtt dynamics3q he frequency for the in-plane zone center phonon gap is 
given for an adsorbate of mass M by 

harmonic approximation, For the quantum gases, large deviations from this simple 
~ i a  is expected due to their large z m  point motion and the saong anhanmonicity of the 

in-plant part of the adsorption potential. 

In thtorcdcai calculations of thc properties of these systems, a form for the adsorbate- 
adsorbate and for the adsorbate-substrate interaction potential has to be assumed. For the 

iction beween rare gas atoms a knnard-Jones (12,6) fon inter? 

seems quite reasonable, but alsc 
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ie Boer parameter, A = hlad(m) 

mure 4; Gap values and DOS width plotted vs. the d t  B a t  parameter A for the quantum 
gases (A is the ratio b e e n  the de Braglie wavtltngrh of the relative motion of two atoms 
with mtrgy e and thc minimum in the W potential). The vducs plottd are d u d  quantities 
and arc explained in the text, 
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combining the h a r d - J o n t s  parameter of both systems. This practice is qucsuonable, since 
it is known that the geometric mean often o v m s h a t t s  em and other combining mles have 
k e n  suggesttd33a. To circumvent this probkrn, a set of Ltmard-Jones parameters have 
@en constructed that match the values of the bound start energies as determined by elective 
dswption t~paiments21~~36. The rcsuIrs of these calculations, as shown in Tables I and IT, 
re quite encouraging and repduct very well the experimental gap values. An excellent 

fiew on the subsmte cormgation problem for sart gases and also more complicated 
deculcs has been presented menfly by ~ruch37. 

Figure 4 prtsents the gap and DOS width values for the quantum gases. Assuming the 
.orenu-Benhtlot combination mIe, VP is proportional to ( ~ A A  E ~ ~ ) O - ~ ,  where eAA 
o r r ~ ~ p d s  to the adsorbate and egg to graphite. The quantity M 42 J ~ ~ 0 . 5  should dways 
a a constant Them is still a dependence on a that is left, but it should not rnd i fy  

matically the result, since it changes only slightly beween He and Hz. The strong 
3- of a constant sten in figure 4, is an evidence of h e  importance of the quantum 
mctcr of these molecules. Thc large m p i n t  motion, increasing with the de Boer 
atmtcr, averages the surfacc cormgation Wucing  a lower effective cormgation. 

The M3S width is a measure of the inte&%on between adsorbed molecules. All the 
m m  gases adsorbed in the C phase are drIuted re- to their bulk value. A larger zero 
nt motion increases the overlap of the wave functions and produces a swnger effective 
:raction. The quantity M (4 - AZ) 1 EAA* where is the upper cutoff fresuency of the 
IS, should also bc constant. A clear increasing tendency is displayed by the hydrogen 
t o p t ~ ,  unfortunately the 3 ~ e  value is st i l l  only a guess. 



CONCLUSIONS 

The agreement between theoretical calculations for the commensurate phase and 
experimental vaIues for the phonon gap is reasonable, but the interaction between adatoms is 
still overestimated. The measurements performed in the C and IC phases alIaw the 
determination of elastic constants which are comparable t~ bulk systems under large positive 
and negative pressures. An adequate analysis of these data permit the determination of the 
interaction potenrid at distances that are hard to reach in 3D matter. A precise knowledge of 
the graphite surface has an intrinsic interest that goes beyond the adsorbate monolayet 
regime. 
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