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Quasicrystals are metallic alloys which possess long-range order but yet are not periodic in some or all spatial dimensions. The surfaces of quasicrystals have been the subject of intense scrutiny for a number of years, and a consensus has emerged that certain clean quasicrystal surfaces prepared under ultra high vacuum conditions are unreconstructed terminations of the bulk structure 1,2 . In (scanning tunnelling microscopy) STM measurements, these surfaces are characterised by a few local structural motifs that are visible all over the surface but without periodicity. Thus these surfaces can serve as substrates for investigating the interaction of adsorbates with a quasiperiodic surface.

There has been great interest recently in observing and understanding the growth of solids on quasicrystal surface templates, where many new and unexpected growth phenomena have been observed 3 . The possibility that films prepared on quasicrystalline surfaces could exhibit novel electronic and magnetic properties provides a compelling motivation for such studies.

The adsorption of molecular species is also of interest in achieving an understanding of the surface reactivity of quasicrystals, and to compare molecular adsorption behaviour with the extensive literature for molecular adsorption on single crystal surfaces. The possibility of using adsorbed molecules to modify or functionalise surfaces, in particular for technologically relevant applications such as reducing friction coefficients 4 , provides an added motivation. Despite this, there have been comparatively few studies of molecular adsorption on quasicrystals. Thiel and co-workers have investigated oxygen and water adsorption, with a view to understanding the oxidation behaviour of quasicrystal surfaces and related approximants [5][6][7][8][9][10][11][12] . Here dissociative adsorption takes place, and the adsorbed species react agressively with the substrate destroying the surface order. A similar picture was found for H 2 S adsorption 13 . Jenks et al. found using temperature programmed reaction spectroscopy that methanol, iodoethane and 1-iodopropane dissociatively adsorb on i-AlPdMn, with a variety of species being evolved 12 .

Besides affecting reactivity and surface functionality, if molecules were found to adsorb in unique adsorption sites, then it should be possible to observe a two-dimensional quasiperiodic molecular array. Ledieu et al. 14 investigated the adsorption of C 60 on i-AlPdMn, where it was found that the fullerene molecules adsorb intact and preferrentially dock in the pentagonal hollow sites (the truncated Bergman clusters) 15 local order with τ -scaling of the inter-molecular distances. This study suggests that they may be a geometric factor in the preferred adsorption site: C 60 molecules have pentagonal rings of C atoms. However it was impossible to determine the exact configuration of the molecules with relation to the substrate in that study.

In a follow-up to that work, a survey was undertaken using reflection adsorption infrared spectroscopy (RAIRS) of the adsorption of several other molecules 16 . In that study, benzene was found to be a promising candidate for ordered molecular adsorption on i-Al 70 Pd 21 Mn 9 at low temperatures, as the substrate low energy electron diffraction (LEED) pattern was found to be unaffected by the adsorption of the aromatic molecules. The distinctive planar hexagonal geometry of the C 6 H 6 molecule poses the interesting question of whether this six-fold molecular symmetry leads to a six-fold symmetry of the overlayer or if the substrate influence is strong enough to establish an adsorbate structure governed by five-fold symmetry. Here we report in more detail on our investigations of this system carried out using reflection absorption infrared spectroscopy (RAIRS) and STM.

II. EXPERIMENTAL DETAILS

Before insertion into ultra high vacuum (UHV) the sample was polished according to an established procedure described elsewhere. 17,18 Cleaning the crystal in situ was done by cycles of Ar + ion bombardment for 45 minutes at 3 keV followed by annealing to 970 K for about 1-2 h by e-beam heating. The LEED pattern after this procedure indicated good quasicrystalline order over an energy range from 12-246 eV.

For the RAIRS studies the sample was mounted in a purpose-built UHV chamber equipped with LEED and a quadrupole mass spectrometer. Using a K-type thermocouple attached under the tantalum straps holding the sample the temperature reading had an estimated accuracy of ±10 K. The spectrometer employed was a Galaxy series FT-IR of Mattson Instruments. Spectra consisted of averages of 200 scans and were recorded at 4 cm -1 resolution. STM images were recorded in a separate chamber using an Omicron variable temperature STM operated with a liquid helium flow cryostat to achieve sample temperatures of 21 K.

For temperature measurement a Si diode mounted on the cooling block clamped to the sample served as the closest measuring point. A heating system in the flow cryostat allowed Benzene was degassed by numerous freeze-thaw cycles before dosing. Dosing of benzene took place by maintaining a background pressure of 1 × 10 -9 mbar controlled via a leak valve in the analysing chamber. A quadrupole mass spectrometer was employed to monitor the purity of the benzene. It was also used to determine the desorption temperature of the adsorbed molecules.

III. RESULTS AND DISCUSSION

The infra-red reflectivity was recorded during adsorption of benzene at low temperatures (see Fig. 1). To identify the bands observed they were compared with the position of bands observed for molecular benzene adsorbed on a Cu(110) surface 19 . Spectra taken at 92 K (Fig. 1(a) and(b)) with small doses of benzene exhibit a single band around 677-679 cm -1 which is attributed to an out-of-plane C-H bending mode, γCH(ν 4 ). Due to the dipole selection rules this mode is the only one active in an adsorption geometry with the ring parallel to the surface. Since this band is the only significant feature observed, we conclude that molecular adsorption occurs flat on the surface at these low doses.

After a larger dose of 28 L (Fig. 1(c)) this band is slightly shifted to 687-689 cm -1 and additional features at 1037 cm -1 and 1479 cm -1 appear. These peaks are attributed to C-H in-plane bending modes and a C-C stretch mode, which corresponds to the 'breathing' mode of the carbon ring. Due to the RAIRS selection rules this mode will only be observable in an adsorption geometry not parallel to the surface 19 . We conclude that a non-coplanar stacking of the benzene rings occurs at higher coverages. In annealing the overlayer it was found that desorption was complete at 153 K.

Figure 2(a) shows the clean surface imaged at 21 K using STM after the preparation procedure described before. The resolution at this temperature, while adequate to resolve protrusions of atomic dimensions, is not as good as the best obtained on samples similarly prepared and imaged at room temperature. This is due to thermal drift in the system.

In particular the truncated Bergman clusters, which are usually imaged as five-fold "dark stars" are not well-resolved 18 . However the Fast Fourier Transform (FFT) of this surface region (not shown) displays ring of ten spots as expected for the five-fold symmetric surface of this quasicrystal.

The surface was exposed to benzene at 21 K while being scanned continuously. Some of the results are shown in Fig. 2(b) and (c). The adsorbed molecules impaired scanning conditions, such that it was not possible unambiguously to relate molecular adsorption sites to positions on the clean surface. Nevertheless at the 0.3 L coverage, isolated protrusions are visible which can be interpreted as corresponding to individual benzene molecules. After a 6 L dose, the surface is completely covered with benzene molecules, and the coverage is of the order of 1 ML. Note that the coverage for the 6 L dose studied using RAIRS will be equal to or less than the coverage after the corresponding dose using the STM because of a possible temperature dependence of the sticking coefficient. Therefore the parallel adsorption geometry observed in the RAIRS experiment corresponds to a monolayer or sub-monolayer (a) and (b) were taken at a temperature of 21 K, while (c) was at a temperature of 90 K.

The molecules do not appear to display any ordered pattern at any coverage. No diffusion of molecules was observed. After allowing the sample to warm up above the desorption temperature as determined in the RAIRS experiments (153K) the clean surface was found to be restored with no benzene molecules or fragments remaining. FFTs of images of the surface after desorption display rings of 10 spots. The LEED pattern recorded after benzene deposition was comparable in quality to the one recorded beforehand. We can conclude that the benzene molecules desorb entirely leaving the surface unchanged.

The results of this work can be compared with the adsorption of benzene molecules on the surfaces of related single crystal metal surfaces. Benzene adsorbs on Al(111) at 90 K with the ring-plane parallel to the surface 20 . Furthermore the desorption temperature for the monolayer phase is 150 K, very close to the temperature found in the current study.

The bonding was found to be rather weak and ionic in character. In contrast, on Pd(110) benzene does not begin to desorb until a temperature of ≈350 K 21 . Although the molecular orientation on Pd(110) was not determined it was found that benzene adsorbs in the rectangular hollow sites characteristic of (110) surfaces to form an ordered c(4x2) overlayer.

Overall there are much closer similarities for our study with benzene on Al(111), which is consistent with our understanding that the exposed surface is Al rich 18 .

The lack of molecular ordering on the quasicrystal indicates that the interaction with the substrate is not insubstantial; it appears that the molecules either stick where they land upon adsorption, or diffuse after adsorption to a preferred location and then stick. If this latter scenario is the case, then the absence of order would imply that different adsorption sites are being occupied. The fact that the clean surface is recovered after desorption at 153 K indicates that the interaction with the surface is not chemically aggressive.

These results add to the limited database of work on molecular adsorption on quasicrystals in the literature. A consistent picture is emerging. Molecules which adsorb dissociatively appear to interact aggressively and in doing so destroy the quasiperiodic order of the clean surface. Molecules which adsorb intact tend to do so in a way which does not lead to ordered molecular arrays which are found on crystalline surfaces 21 . In terms of transfer of quasicrystallinity from the substrate 'template' to the adsorbed species, it would appear that metallic species hold out the best prospects for ordered growth 3 .

IV. SUMMARY

The low-temperature adsorption of benzene molecules on the five-fold surface of 

  temperatures to be achieved. The system was also equipped with an Omicron LEED/Auger system.

FIG. 1 :

 1 FIG. 1: RAIRS data recorded during adsorption of benzene on the five-fold surface of the Al 70 Pd 21 Mn 9 quasicrystal. The left-hand panel contains survey scans while the right-hand panel shows a magnified view of the region from 600-780 cm -1 . The doses correspond to (a) 1 L (92 K); (b) 6 L (92 K) and (c) 28 L (105 K).

  FIG. 2: 200 Åx 150 Å images (a) the clean five-fold surface of the AlPdMn quasicrystal (b) Same region of the surface after exposure to 0.3 L of benzene; (c) Surface after exposure to 6 L of benzene.

Al 70 Pd 21 1

 21 Mn 9 has been investigated using RAIRS, LEED and STM. At sub-monolayer coverages, RAIRS indicates that the molecules adsorb in a planar geometry, while at higher coverages a transition to a non-planar adsorption geometry takes place. There is no evidence in STM for the formation of an ordered 2-d molecular overlayer. The adsorbed molecules desorb completely upon annealing to 153 K. This behaviour is similar to that of benzene adsorbed on Al(111)20 .. We acknowledge the UK Engineering and Physical Science Research Council (grant number GR/S19080/01) and the European Union Marie Curie Development Fund (award HPMD-CT-2001-00093) for funding this work. Progress in Surface Science, edited by P.A. Thiel bf 75 ( 2004).
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