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Introduction

The growth of metal thin films on quasicrystalline substrates has led to the discovery of unique structures, many of which have nanoscale quasiperiodic ordering [1,2]. An interesting example of a nominally flat film having 1-dimensional quasiperiodic order is copper on the five-fold surface of i-Al 70 Pd 21 Mn 9 . This structure was discovered by J. Ledieu et al. using scanning tunneling microscopy (STM) performed at room temperature [3]. At intermediate coverages (3-25 layers), the copper film forms ordered domains having five different orientations on the substrate. Within each domain, a quasiperiodic row structure is observed. The rows have two different separations (S = 4.5 Å ± 0.2 Å and L = 7.3 Å ± 0.3 Å) that are related approximately by the golden mean ( 1.618. . . ) and arranged in quasiperiodic order, which was identified as a part of Fibonacci sequence. Within the domains, a step height of 1.9 Å was measured between the layers. Additional structural information was obtained by LEED measurements carried out at 85 K [2,4]. These measurements indicated that copper atoms are periodically organized along the aperiodically spaced rows. The nearest-neighbor copper distance was measured to be 2.5 ± 0.1 Å. Based on the nearest-neighbor distance and step height (from the STM study) a model consisting of strips of fcc{100} copper was proposed. A more detailed characterization of this same film structure was carried out using Medium-Energy Ion Scattering (MEIS) [5]. In this study, the same kind of fcc{100} strip structure was adopted as the model. The best-fit structure comprised an L strip having five atomic rows with L = 7.397 Å and an S strip having three atomic rows with S = 4.561 Å. The copper separation perpendicular to the strip pattern was fixed at its bulk value (2.55 Å), the nearest-neighbor copper distance was optimized along the strips to 2.71 ± 0.02 Å, and the interlayer spacing was 1.67 Å. The sample used in this experiment (Al 70 Pd 21 Mn 9 ) was the one used in a previous study [4]. After insertion into ultrahigh vacuum, the sample preparation included of cycles of Ar+ ion sputtering and annealing to 940 K for a total of 20 hours. The temperature of the sample was measured by an infrared optical pyrometer (emissivity set to 0.35). The Cu source used in the experiment consisted of a tantalum wire 0.125 mm tightly twisted around a rod of copper (99.9%, oxygen free). The sample temperature was 308 K during dosing. The Cu coverage, estimated using a comparison of Auger electron spectra and LEED patterns to those established in earlier experiments [3,4] is 5-6 monolayers. The normal incidence LEED data were acquired at a surface temperature of 85 K. The LEED measurements were performed using a conventional VG 3-grid rear-view LEED system. The data were collected using a CCD camera interfaced to a PC via a frame grabber board. The integrated diffraction spot intensities were extracted from the frames by integrating over a circle centered on the spot and subtracting a background intensity equal to the average of the intensity at the perimeter of the circle. The LEED intensities thus obtained are shown in Figure 1. 

Calculations

The analysis of the LEED intensities requires the calculation of intensities for model structures. Two approaches have been used for the calculation of intensities for quasicrystalline structures. One (quasiperiodic slab -method) is to use a quasiperiodic structure model and carry out a calculation with severe approximations for the positions of the atoms. The other (periodic approximant -method) is to use a periodic structure model that approximates the structure at short range but includes exact atom positions. We have recently compared these approaches for the decagonal AlNiCo surface [6].

The LEED calculations were done using two different programs; the Symmetrized Automated Tensor-LEED package of M.A. Van Hove et al. [7] (models based on periodic approximants) and the modified version of the W. Moritz's LEED program [8,9] (models based on quasiperiodic slabs). Phase shifts for copper are calculated using the Phase shift program by A. Barbieri et al. [10] and the Pendry R-factor [11] is used for measuring the level of agreement between the experimental and the theoretical data. The energy range for the theoretical calculation was 20-460 eV and the cumulative energy range is about 1700 eV which allows optimization of about 25 parameters. These adjustable parameters consist of the vertical positions of the atoms and the real part of the inner potential. The substrate AlPdMn is ignored in all calculations. This is justified by the fact that due to the thickness of the copper film, its contribution to the diffraction data is believed to be insignificant. Because of the nature of the system under consideration the number of possible model structures is almost unlimited, thus this paper will concentrate on those models we have considered the most promising among many other candidates.

The step height measured in the STM study (1.9 Å) [3] is closest to the interlayer spacing of copper {100} (1.81 Å). We have also considered the possibility of copper strips consisting of fcc{111} and fcc{110} arrangements (the interlayer spacings for those two are 2.08 Å and 1.28 Å respectively). Consistent with the prior STM/LEED study, the R-factor analysis prefers the structures built of fcc{100}strips.

Calculations based on quasiperiodic slabs (Moritz's LEED program) are used as more global approach to finding preferred structures. More detailed calculations are done using the "periodic approximant-method" (Symmetrized Automated Tensor-LEED program).

Models based on quasiperiodic slabs

Quasiperiodic models are built of using strips of either {100}, {111} of {110} copper. The L strip is 7. 3 Å wide and about 120 Å long. The S strip is 4.5 Å wide and about 120 Å long. These strips are arranged to form a part of Fibonacci sequence LSLLSLSLLS. . . in order to form layer with an area of about 120 Å × 120 Å. These layers are stacked to form a slab of thickness of about 15 Å. The stacking of the layers follows the stacking of either {100}, {111} or {110} copper. The interlayer spacing is initially kept the same as for bulk Cu (1.81 Å / 2.08 Å/ 1.28 Å, for {100}, {111} and {110} respectively). The nearest-neighbor distance between atoms within the strips is kept at the bulk value (2.55 Å). On the border of two strips this distance may be smaller or larger than bulk value, depending on the model. The first model based on {100} strips was built using three atom rows for L strip and two atom rows for S strip. In the preliminary calculations all layers were kept flat and the interlayer spacings were kept fixed. Only the real part of the inner potential was allowed to vary at this stage. These unrelaxed structures are referred to from now on as "bulk" structures. The top view of this model is shown in Figure 2 A. Closely looking at the figure, one can notice a problem with this model. The outermost atoms between the L strip in the first layer and the S strip in the second layer (or equally between the S strip in the first layer and the L strip in the second layer) are too close to each other. The distance between these atoms is about 1.9 Å. To avoid this problem two modifications of this model were made. The first modification (Figure 2 B) has only one row of atoms in the S strips (instead of two). The second modification has two rows in both L and S strips (Figure 2 C).

Figure 3 shows top views of the models based on {111} and {110} strips. The model based on the {111} strip has three atoms in the L strips and two atoms in the S strips. In the {110} based model there are two atoms in the L strips and one atom in the S strips.

In the studies presented here, the interlayer spacings of the top seven layers were relaxed for the above mentioned models (in case of {100}-based models, this is equal to about 10 Å). The Pendry R-factors for the "bulk" structures and for the relaxed structures are listed in Table 1.

Models based on periodic approximants

The method of using periodic approximants to describe a quasiperiodic surface is explained in our earlier work [6]. Periodic models are build using a unit cell that consists of three L strips and two S strips. The L strip is initially 7.3 Å and the S strip 4.5 Å wide. These values are adjusted at a later stage to give optimum agreement. The Cu-Cu distances within the strips have the bulk value (2.55 Å) but on the border of two strips this may vary depending on the model. The L and S strips are arranged such that one unit cell = LSLSL. The dimensions of the unit cell are initially 30.9 Å×2.55 Å. The interlayer spacing is initially 1.81 Å which is the bulk value for Cu{100}.

In the first model the L strip has three atoms in each layer and the S strip has two atoms in each layer, which makes 13 atoms in each layer of the unit cell. Models with and without a half atom diameter shift (1.28 Å) between the L and the S strips were explored. Because LEED is not very sensitive to lateral Cu{111} Cu{110} subsequent layers; the L strip had either two or three atoms and the S strip had either one or two atoms. This means that the unit cell has either eight atoms and 13 atoms in every other layer, or 11 atoms and ten atoms in every other layer, depending on how the atoms are arranged. Each of these variations has two possible terminations which makes the total number of models for this modification equal to four. One of these models (L = 3 in the first layer and 2 in the second layer, S = 1 in the first layer and 2 in the second layer) is show in Figure 4 B. These models all have reasonable nearest-neighbor copper distances. Since the STM observations indicate similar structures for all terraces, models such as these would require a significant dynamic rearrangement during the growth, so that the same type of layer is always present at the surface. Similarly to the quasiperiodic slab calculations, models in which L = 3 atoms and S = 1 atom, and in which both the L=S=2 atoms were tried. These models have 11/10 atoms in the unit cell in every layer and are very similar to the first periodic model except that there are two/three atoms fewer in the unit cell, making more room for the atoms and solving the problem of too short nearest-neighbor distance.

A metastable phase of bcc Cu is reported in the literature [12]. On Au{100}, a thin Cu film forms a bcc structure while an orthogonal bct structure is observed at higher coverages [13]. Therefore we also considered a stepped orthorhombic structure with a = 2.88 Å in the aperiodic direction and b = 2.5 Å in periodic direction. With an angle α = 13.28 • with respect to the {100} surface, this stepped surface is one-dimensionally quasiperiodic with L = 7.34 Å and S = 4.56 Å. Because of the small interlayer spacing of this stepped structure, smaller unit cell of LSL was used. With this unit cell, 25 free parameters means optimizing down to about 5 Å.

Table 1 shows the Penry R-factor for the relaxed structures. The number of relaxed parameters in each model is equal to about 25 (this number varies slightly depending on the model). The expansion of the Cu-Cu spacing along the periodic direction, which was seen in the MEIS [5] study, was considered for all the models. The effect of this expansion was not systematic. For some of the models it slightly made the agreement better, for others the effect was the opposite. For different variations of {100} strips L = x/y means that L has x atoms in the first layer and y atoms in the second layer. Same applies for S = x/y. For the "periodic approximant" -models the optimized Cu-Cu distance along the periodic direction is shown. The higher the R-factor value is, the larger is the uncertainty associated with that value. This means that large R-factor values provide no information to distinguish bad structures from each other.

F

Conclusions

In this paper we have presented new LEED data for aperiodic Cu film grown on i-AlPdMn. Based on these and earlier studies, we have proposed ten possible structure models and have performed extensive quantitative LEED analyses for the most promising ones. On the grounds of R-factor analysis, the models based on strips of {100} copper are found to be the most promising of those studied. The best fit is for the model with L=3 and S=2, but it contains unphysical Cu spacings. The next best fit is for the stepped model. The relaxations in the other models also suggest a step-like surface relaxation. However none of the models gives a level of agreement comparable to studies of other clean Cu surfaces, which suggest that the exact details of the structure are yet to be determined. One factor which could affect these results is the potential for the electrons to penetrate the Cu film and scatter from the substrate. Although any such scattering is expected to be minor for a 5-6 layer Cu film, coverage-dependent measurements might be useful. 
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 1 Figure 1. The LEED spectra consists of six symmetrically inequivalent beams. Solid lines correspond to the experimental beams and dashed lines correspond to the theoretical beams. Beams are labelled with k-vectors. The theoretical spectra corresponds to the best fit model (Cu{100} based periodic approximant model with L=3 and S=2). Pendry R-factors for each beam are shown.

Figure 2 .

 2 Figure 2. Top views of the three different variations of a quasiperiodic slab based on {100} strips. In all A-C a 20 Å × 60 Å part of the slab is shown (top two layers). A: Slab with the L = 3 atoms and the S = 2 atoms. B: L = 3 atoms and S = 1 atom. C: L = 2 atoms and S = 2 atoms. The L and S sequence is same for all the models.

Figure 3 .

 3 Figure 3. The top views of quasiperiodic slabs based on {111} and {110} strips. A 20 Å × 60 Å part of the slab is shown (top two layers) for both crystallographic faces. The L and S sequence is same as in Figure 2.

Figure 4 .

 4 Figure 4. Top and side views of two "periodic approximant" -models. A: L = 3 atoms and S = 2 atoms. B: L = 3 or 2 atoms and S = 2 or 1 atom(s). Unit cell is shown with dashed line. Units are in angstroms.
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 1 Table with the Pendry R-factors for different modles.
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