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Moiré patterns are common in everyday life and often occur when two lattices overlap one another (e.g. in folds of sheer curtains). They are used in technique to measure the stress, 1 and even inspire the artists. [START_REF] See | The effect was used e.g. in the artworks of Victor Vasarely and[END_REF] The moiré phenomenon is omnipresent also at the nanoscale. The rotation moiré p superlattices arising from the misorientation of graphite layers were intensively explored since the early days of scanning tunneling microscopy. 3,4 Regular hexagonal arrays of morphological units were observed in stained folded biological membranes. 5 Recently, the moiré patterns were implemented on the nanometer scale in form of dislocation lines by twisting two identical silicon wafers one against the other at a precisely controlled angle and bonding together to make a bicrystal. 6 Porous alumina arrays with microscale rotation moiré fringes were synthesized by the two-step nanoindentation lithography and the subsequent anodization. 7 In this paper, we report the first observation of rotation moiré patterns produced by overlapping of block-copolymer (BCP) thin films self-assembled in well-defined hexagonal morphology. Selfassembled block-copolymer films has attracted much interest of material scientists in the last years as nano-lithography masks, 8 templates for synthesis of nano-particles, 8 and well-ordered membranes for ultra-filtration. 9 We obtain the nano-porous BCPs by the approach first suggested by Ikkala et al. 10 and developed also by our research group. 11 The films are prepared by co-dissolving polystyrene-blockpoly(4-vinyl pyridine) (PS-b-P4VP) and 2-(4'-hydroxybenzeneazo) benzoic acid (HABA) which is associated with the P4VP block by hydrogen bonds. P4VP+HABA complexes constitute a minority component of the system and form cylinders embedded into the PS matrix and aligned along the normal direction to the film. Hexagonal ordering of the BCP morphology was greatly enhanced by vapor annealing. 12 The nanoporous films were obtained by rinsing the low-molecular weight HABA from the cylinder domains. The films were stabilized by plasma immersion plasma implantation (PIII) which causes crosslinking and partial or complete carbonization of the polymer. 13 The films were then floated on the surface of w.t. 1% aqueous solution of hydrofluoric acid, picked on TEM grids and investigated by TEM. The overlapping layers (see Fig. 1) appeared in our experiments occasionally during the floating and picking-up procedures. At low magnification (Fig. 1a), the double layer films are differ from the single layer ones only by the transparency to the electron beam. The high resolution micrograph (Fig. 1b) reveals hexagonally-coordinated nano-holes in the single-layer part of the film, with the lattice constant of the triangular pore arrangement 35 30   d nm. On the same plot, it is seen that the superposition of the top and bottom hexagonally ordered layers gives rise to morphological features, which can be identified as the moiré rotation patterns.

The single-layer films are characterized by high degree of spatial coordination of the pores organized in the triangular lattice. In our experiments, the monodomains of the triangular morphology are typically 1-3m wide (Fig. 2a). The long-range order is best proven by the autocorrelated image (Fig. 2a)
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is the brightness of the image at the point ) , ( y x , and brackets denote the averaging over all the points. By the Wiener-Khinchin theorem, the autocorrelation function is related via the Fourier transform to the power spectrum density (PSD) of the image, S(kx,ky). The latter is shown as the inset to the Fig. 2b. In the explored films, only part of the pores was really empty, whereas the rest of them was partially filled by the carbonized material. Nevertheless, all the pores are clearly identified by better transparency to the electron beam.

TEM micrographs of a few overlapped highly-ordered films, and the arising moiré patterns are shown on the Fig. 3. We assume that the brightness of the image (the mass-thickness contrast) is proportional to the transparency of the film to the electron beam, defined as
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where ) , ( y x J and 0 J are the intensities of the beam after and before the film, respectively, is the mean free-path length of electrons, and   y x h , is the thickness of the film. 14 Then the transparency of the double layer film is the product of the transparencies of the single layer films,
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According to the elementary theory, 15,[START_REF]A good brief introduction in the quantitative analysis of the moire phenomenon can be found in Amidror[END_REF] image (Fig. 2a2). The angle  for the pair of the overlapped films can be found by measuring the angular splitting of the peaks of the PSD (inset to the Fig. 2a2). The experimentally observed parameters D=150nm, 33  d nm and ° are in good correspondence with each other, predicted by the theory.

Besides the main peaks, corresponding to the misoriented triangular lattices of the pores, the PSD of the double layer film contains the hexagonal set of low frequency peaks (inside the dashed line circle), that can be attributed to the periodic moiré pattern. These peaks can be described as the result of the convolution of the Fourier transforms, calculated for the single layer films, disoriented by the angle see the Ref.14 and the Supporting Figure S1). The inverse Fourier transform of the reciprocal lattice of the double layer film with use of the low pass filter (indicated by the dashed line on the inset to Fig. 2a2) reveals the hexagonal superstructure with the periodicity of the moiré fringes. Our interpretation of the moiré phenomenon in the overlapped nanoporous films is supported by the computer experiment (see the Supporting Fig. S2.).

The characteristic period of the moiré pattern generated by the films misoriented by 19° is 84  D nm (see Fig. 3b). The hexagonal motifs are yet well seen on the autocorrelated image and on the filtered image for this misorientation angle. A new kind of the pattern arises when approaches the maximal value (30 0 , for the triangular lattice). Fig. 3c shows the fringes which appear in the films overlapped at 29° (as derived from the corresponding PSD spectrum). The pattern is aperiodic, yet strongly autocorrelated, as the Fig. 3c2 clearly indicates. The PSD spectrum has almost perfect 12-fold symmetry, which is incommensurable with the translational periodicity. Intriguingly, the low pass filtering of the image reveals the quasi-crystal-like fringes possessing 5-fold symmetry (Fig. 3c3; see also the Supporting Fig. S3).

In a few experiments, we observed by TEM the double layer films of poorly annealed BCP assemblies, in which the pores are poorly coordinated, or the size of the 2D crystal grains is small Superimposing of such films produces disordered labyrinth-like patterns (Fig. 4). The distribution of the colour intensity of the double layer films (see the histograms on the Fig. 4) which we assume to be correlated with the thicknesses of the film, is tri-modal, unlike the bimodal distributions of the singlelayer films. The three modes of the colour intensity correspond to "matrix-against-matrix", for the electron beam. See also the Supporting Figure S4.

"matrix-against-pore" and the "pore-against-pore" overlapping situations, whereas in the single-layer films one has only the colour shades corresponding to the matrix and the pores. It is the "matrixagainst-pore" regions form extended clusters of intermediate colour intensity. Note that no similar clusters are present on the TEM-images of single layer films, which consist of the spots corresponding to isolated pores.

Discussion and outlook. We have reported the first observation of moiré rotation patterns arising in superimposed nanoporous films derived from block-copolymer assemblies. The characteristic dimensions of the moiré superstructures, arising in overlapped BCP nanoporous films, spun from dozens to hundreds of nanometers. Thus, the BCP-generated moiré rotation fringes cover the length scale interval between the moiré superstructures produced by twisting and merging of crystals, 6 and the moiré patterns made by microfabrication tools. 7 At small misorientation angles, there arise hexagonal moiré fringes well described by the Rayleigh relation. Large misorientation angles result in complex aperiodic fringes, which resemble two-dimensional quasi-crystalline tilings. [START_REF]This resemblance may have deep reasons, since both the moiré fringes and the aperiodic quasi-crystalline tilings are discrete in the reciprocal space. Discreteness of the diffraction patterns in the absence of spatial periodicity is an intrinsic property of quasi-crystals, fixed in a[END_REF] Misorientation angle between the ordered pore arrays of the top and the bottom layers can be determined as the angular splitting of the PSD peaks of the moiré patterns. Overlapping of disordered nanoporous films results in labyrinth-like morphologies, which are not present in the single-layer films.

The moiré patterns arising in overlapped nanostructured thin films, produced with use of BCP selfassembly, can provide new rich opportunities in nanofabrication. Recently, the BCP films were shown to have great potential as the masks for nanolithography. [START_REF] Park | [END_REF]8 Morphology of nanoporous templates was transferred into substrates by reactive ion etching, [START_REF] Park | [END_REF] vacuum metal evaporation, [START_REF] Shin | [END_REF] electrodeposition. 20 Yet the variety of the structures, which can be produced with use of single-layer BCP templates is constrained to the self-assembled morphologies, such as hexagonally-coordinated cylindrical domains, or lamellae. The moiré phenomenon can be used for the design of novel types of the BCP nano-masks (see the Supporting Fig. S5). As noted in Ref.6, the strong advantage of superlattice fabrication with the use of the rotation moiré effect is the invariance of the pattern over the translational shifts of the of the layers with respect to each other. 21 Therefore the translational control, which is extremely difficult at the nanometer scale, is not necessary. On the other hand, the rotated angle can be controlled with high precision at any length scale, provided the orientation of the block-copolymer lattices is well controlled.

The latter condition can be fulfilled by fabrication of the block-copolymer films over the micropatterned substrates. 
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 1 Figure 1. Nanostructured single and two-layer film spanned over an opening of a TEM grid. a) Low
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 2 Figure 2. A monodomain of hexagonal morphology of the single-layer film. a) TEM micrograph. b)
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 3 Figure 3. The upper row: TEM images of double-layer nanoporous films for different misorientation
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 4 Figure 4. TEM image of a film produced by superimposing of two layers with poor degree of pore
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