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Introduction

Ultrathin oxide films on metal supports have developed into versatile model systems to study metal-oxide interfaces with atomic precision and in absence of spurious charging effects common to insulating bulk materials. [1][2][3] Over the years, dozens of metal-oxide combinations, mimicking various technologically relevant binary oxides, have been established, most of them with excellent structural properties and homogeneity. While some of them have scalable thicknesses and can be used to study the transition from monolayers to bulk oxides, others exist only in substrate-specific thin-film configurations. Oxide films with scalable thickness are, for instance, MgO/Ag(001) and CaO/Mo(001), 4,5 while films with non-bulk stoichiometry, e.g. Pd 4 O 5 /Pd(111), Al 10 O 13 /NiAl(110), Si 2 O 5 /Mo(112) and FeO 2 /Pt(111) only appear as ultrathin wetting layers. [6][7][8][9] The question whether an ad-oxide grows in the form of a thin-film phase or adapts a bulk-like structure right from the beginning depends on various factors. Hereby, the interfacial lattice match plays a major role, as it decides how easy the ad-layer reaches registry with the support and whether conventional means of strain relaxation, e.g. the insertion of dislocation lines, are sufficient to adjust the bulk structure. [START_REF]Thin Film Growth[END_REF] Of similar importance is the structural and chemical flexibility of the oxide film. [START_REF] Giordano | [END_REF] Systems that naturally occur in different compositions, oxidation states and metal-oxygen bonding arrangements show a higher tendency to develop specific thin film phases. The plethora of thin-film titanium-, vanadium-, cobalt-and manganese-oxides grown on either Au(111), Rh(111), Pd(111) or Ir(100) are good examples in this regard. [12][13][14][15] Oxides with rigid crystal structure and limited chemical flexibility, such as MgO and CaO, show the opposite behaviour. 4,5,16 These systems tend to develop bulk-derived structures already as thin films, and overcome registry problems either by dislocation networks or incommensurate interface structures. 17,18 Finally, the effects of lattice softening, interfacial charge transfer and substrate relaxation need to be considered to rationalize the structural diversity observed in ultrathin oxide films.

The present work deals with the structural and compositional variability of ultrathin copper oxide films grown on the Au(111) surface. Copper oxides can be found in three bulk phases with deviating Cu-O bond lengths and angles, namely Cu 2 O, Cu 4 O 3 and CuO. 19 Especially, cuprous oxide (Cu 2 O) is of high technological relevance due to its outstanding electronic, optical and chemical properties, e.g. its intrinsic p-type conductance behaviour, a band gap in the visible range and exceptionally large exciton-binding energies. It is therefore a promising material for photocatalytic water splitting and fabrication of all-oxide electronic devices. 20 Given the large number of Cu-O bulk structures, the occurrence of various thin-film phases can be anticipated. 21 Already known are the native Cu-O films, prepared by anodic Cu oxidation in aqueous and alkaline solutions, 22,23 or by Cu(111) exposure to gaseous O 2 . 24 The latter comprise highly strained Cu-O bilayers with non-bulk stoichiometry and large unit cells, the so called '29' and '44' reconstructions. 25 Other Cu-O binding motifs that are specific to thin films have been identified by density functional theory (DFT) calculations. 26,27 In recent experiments, we have used the Au(111) surface for copper-oxide growth, as it features a rather small lattice mismatch of 4.4% only. 28,29 Indeed, (111)-oriented Cu 2 O films of high structural quality could be grown over a wide range of preparation conditions. Here, we concentrate on alternative oxide polymorphs, such as Au[1% 10] and [11% 2]-oriented Cu-O stripes as well as (2 Â 2) Cu-O networks, emerging at different growth temperatures and oxygen pressures. The morphology of these films is determined with high-resolution scanning tunnelling microscopy (STM), while their internal structure and thermodynamic stability are analysed with state-of-the-art DFT calculations. Our work aims at connecting the rich Cu-O phase diagram to specific properties of this thin-film system, such as a high structural and chemical flexibility of the Cu-O network, the role of interface coupling to the gold and the high reducibility of Cu-oxides in vacuum.

Experiment and theory

The experiments have been performed in a custom-built ultrahigh vacuum STM operated at liquid-nitrogen temperature. The oxide films were prepared by Cu deposition (99.99% purity) onto a sputtered and annealed Au(111) single crystal in 5 Â 10 À6 mbar of oxygen at room temperature. 28 Deposition rate and initial Cu thickness were set to 1 ML min À1 and 5 ML, respectively, as calibrated with the Cu2p/Au4f intensity ratio of a metallic Cu/Au(111) reference in X-ray photoelectron spectra. After deposition, the samples were gently annealed in vacuum to promote film ordering. The respective temperatures are given later in the text. Note that film annealing was accompanied by Cu dissolution in the Au(111) crystal, and actual thickness values are therefore lower than anticipated from the initial Cu exposure.

The DFT calculations were carried out with standard GGA (PW91) or hybrid (HSE03) exchange-correlation functionals, 30 as implemented in VASP. 31 While the former largely underestimates the Cu 2 O band gap (0.46 eV), the hybrid approach brings a significant improvement (1.96 eV) and better reproduces the experimental value of 2.15 eV. 29 The interaction between valence electrons and ionic cores was treated with the projector augmented wave method. 32 By using soft oxygen pseudopotentials, the Kohn-Sham orbitals could be developed on a plane-wave basis set with 270 eV energy cutoff only. The Au-supported Cu-O films were modelled with asymmetric slabs separated by at least 10 Å of vacuum. The positions of all oxide ions were allowed to relax until residual forces dropped below 0.01 eV Å À1 , while the in-plane coordinates of the substrate Au atoms were kept fixed. Further details on the computational settings can be found in the ESI. † 3 Experimental results: temperaturedependent morphology of copper oxide films

We start our discussion by introducing the different Cu-O thin films that have been produced in our experiments. In all preparations, similar values for Cu coverage and oxidation pressure were used, keeping the post-annealing temperature as sole variable in the series. Fig. 1 depicts the evolution of the film morphology upon increasing the annealing temperature from 450 to 700 K. Even harsher annealing destroys the oxide film, as Cu partly dissolves in the gold substrate while oxygen desorbs to the gas phase. As a result, the clean Au(111) surface, sometimes exposing the well-known herringbone reconstruction, gets visible again (see ESI †).

The most softly annealed Cu-O films (T = 450 K) are characterized by regular stripe patterns aligned with one of the three Au[11% 2] lattice vectors (Fig. 1a). The stripes are made of rectangular unit cells, with the long axis (26-29 Å) marking the stripe width and the short one (10 Å) the periodicity along the stripe. The stripe width corresponds to 9-10 repeat units of the Au(111) lattice in [1% 10] direction, while the periodicity along the stripe matches two Au units in the orthogonal [11% 2] direction. are marked by holes, imprinting a comb-like appearance to the stripes.

After annealing to 550 K, the Cu-O stripes change orientation and typical structural elements now align with the Au[1% 10] lattice vectors (Fig. 1b). The new registry with the Au(111) surface gets reflected in a new oxide unit cell. While the stripe width varies from 15 to 25 Å, i.e. in multiples of Au[11% 2] lattice vectors, the periodicity along the stripes is fixed to two Au[1% 10] units or 5.8 Å. The interior of [1% 10] stripes features differently sized pores with regular spacing along the axis but different local arrangements on both sides of the stripes (Fig. 2c andd). Closer inspection reveals both, hexagonal and right-angled structural elements that produce distinct zig-zag lines along the stripe axis. Coexisting with the [1% 10]-oriented Cu-O stripes, a 2D pattern made of rectangular 10.0 Â 8.7 Å 2 cells can be found as minority termination of samples annealed to 550 K (Fig. 1c).

Further annealing to 600 K establishes a new registry between Cu-O layer and Au(111) support. The morphology is now determined by a hexagonal pattern with 5.8 Å periodicity, being compatible with a (2 Â 2) superstructure with respect to nonreconstructed Au(111) (Fig. 1d-f). While the thickness of lowtemperature films discussed so far may exceed 10 Å, as concluded from holes in the oxide layer, the (2 Â 2) derived patterns are of monolayer height (see ESI †). Annealing to temperatures beyond 550 K is therefore accompanied by a thinning of the Cu-O films, whereby excess copper dissolves in the gold crystal. The reduction of film thickness can directly be seen in Fig. 1d, which shows a couple of residual [1% 10] stripes surrounded by the (2 Â 2) monolayer network. The monolayer films seem to have enhanced stability, as they disappear from the Au(111) surface only at temperatures above 700 K.

While the (2 Â 2) network is characteristic for all hightemperature Cu-O phases, the associated domain structure of the film undergoes distinct changes during annealing. In the 600 K configuration, the domains arrange in triangles of 30-35 Å edge length. While their corners meet in single points, their wings share [1% 10]-oriented, low-contrast boundaries (Fig. 1d). With increasing temperature, the (2 Â 2) domains grow in size and evolve from triangular to elongated shapes, now aligning with an Au[11% 2] direction (Fig. 1e). The dividing boundaries are of zig-zag type and made of short, Au[1% 10]-oriented sections. Moreover, the registry of (2 Â 2) maxima switches between integer and half-order positions when crossing a line defect, a typical behaviour of antiphase domain boundaries. At optimum annealing, the (2 Â 2) domains stretch over 200 Å in the long direction, while their width remains limited to 35 Å.

The final high-temperature phase develops upon vacuum annealing to 700 K, when the elongated (2 Â 2) domains transform into homogenous stripes running along equivalent Au[1% 10] directions (Fig. 1f). Their inner structure is again governed by hexagonal (2 Â 2) units, while two types of boundaries delimit the stripes (Fig. 3). The first one is formed by a dark, single or double line, the second appears as characteristic succession of elliptical maxima with 5.8 Å spacing. The distance between boundaries of the same type varies from 27.5 to 32.5 Å for narrow and wide stripes, respectively, which corresponds to 5 1 2 and 6 1 2 gold unit cells in [11% 2] direction. The non-integer periodicity demonstrates that always two stripes form one repeat unit with respect to gold, or similarly that neighbouring stripes have an antiphase relationship again. The periodicity along the stripe axis amounts to 5.8 Å, i.e. two repeat units along Au[1% 10].

Theoretical results on copper oxide monolayers

Our first-principle simulations of Cu-O films focus on monolayer structures, hence samples annealed to 600 K and higher. In these limits, we have modelled infinite CuO x layers and stripes with various compositions and dimensions and analysed their stability, electronic properties and STM signatures. In the energetically favoured lattice registry, the cations bind to hollow positions of the Au(111) surface, while the O dn and O up species attach to Au-top and hollow sites, respectively. 26 While the unsupported Cu 3 O 2 honeycomb structure is perfectly flat, the supported film exhibits a buckling, in which the distance between O dn and Cu planes amounts to 0.4 Å and between Cu and O up planes 0.9 Å. An outward relaxation of oxygen in oxide films supported on electronegative metal substrates has already been reported and relates to the electrostatic repulsion between the anions and the negatively charged metal substrate. 33 Also in the present case, this mechanism is operational since a moderate electron transfer takes place from the Cu The small electron transfer at the metal/oxide interface is insufficient to stabilize an integer oxidation state of the substoichiometric Cu cations and supported Cu 3 O 2 films are therefore metallic with a depleted valence-band maximum (Fig. 4c). Simulated STM images for the unoccupied states, calculated by the Tersoff-Haman formalism, 34 show bright features at the position of the O up ions, while the O dn and Cu species do not produce detectable protrusions (Fig. 4d). The contrast is therefore of geometric origin, as the O up species are located well above the Cu layer. The structural and electronic properties of an infinite square monolayer on Au(111) are summarized in Fig. 5. Although interfacial charge transfer and metal-oxide binding strength largely follow those in the honeycomb layer, the anions in the square lattice show a different relaxation behaviour. Here, the O ions bound to Au-top and bridge sites relax outwards by 0.4 and 0.2 Å with respect to the Cu plane. As a result, both types of anions contribute to the STM contrast and produce a dense square lattice in simulated images (Fig. 5d). (B) are favoured in oxygen excess (Dm O 4 À0.9 eV). Moreover, since the energetically preferred edges tend to minimize the number of broken bonds, coordination rather than polarity (only edges in model (D) are non-polar) governs the thermodynamic stability. 35,36 Based on our computational results, we expect the Cu-terminated (A) edges to prevail at the oxygen-lean conditions of the experiment. An important characteristic of this edge type is the strong outward relaxation of the O anions, producing the distinct triangular pattern observed on both sides of Au[110]-oriented honeycomb stripes (see Fig. 3 

and ESI †).

The structure and energetics of stripes terminated with the preferred Cu-rich (A) edges have been studied also as a function of stripe width, here expressed by the number n in Cu 3n+1 O 2n repeat units (Fig. 7). As the stripe width increases, a monotonic decrease in adhesion energy per cation (E adh ) is found, driven by the reduced contribution of under-coordinated edge atoms that interact the strongest with the gold surface. Conversely, the formation energy of supported stripes (E form ) shows a local minimum for widths n equal to 3-4, while that of unsupported stripes quickly converges to a constant value representative for twice their edge energy (Fig. 7b). Such a substrate-induced minimum in E form suggests the development of Cu 3 O 2 stripes with finite widths, stabilized by misfit strain on the Au(111) surface.

Finally, the symmetric Cu-terminated stripes are always composed of an even number of oxygen rows, and, as discussed above, feature a strong outward relaxation of anions close to the edges. The resulting O up configuration at both stripe edges is incompatible with the alternating O up /O dn relaxation pattern typical for infinite honeycomb layers. Stripes of finite width therefore introduce a structural frustration that mainly impacts the stripe centre (see ESI †). In the widest stripes considered here (n = 5), the structural frustration results in a narrow line defect positioned in the very stripe centre.

5 Discussion: structure models of copper oxide films

The final section of our paper aims to rationalize the observed Cu-O morphologies on Au(111), using the DFT calculations performed on the high-temperature (2 Â 2) phases. On this basis, we then develop preliminary models for the low-temperature, multilayer structures that have not been addressed by ab initio calculations due to their complexity. As discussed in section 4.1, the idealized Cu 3 O 2 monolayer in (2 Â 2) registry with the Au(111) support is composed of interwoven, six-membered Cu-O rings, with the O ions alternatingly occupying hollow and top sites in the gold surface. The former locate more than 1 Å above their top-bound counterparts and produce the hexagonal (2 Â 2) pattern seen in simulated and experimental STM images (Fig. 4d and8a). Even better resolved STM data, obtained with H 2 O-functionalized tips, shows both the O up and O dn species of the Cu 3 O 2 layer (Fig. 8b).

While the (2 Â 2) lattice is common to all high-temperature Cu-O films, it is the characteristic domain structure that discriminates the various phases (Fig. 1d-f). The development of finite-sized domains is generally ascribed to misfit strain between oxide layer and metal support, being released in domain boundaries whose density and straightness is affected by the conditions of sample annealing. The highest concentration of line defects is found in Cu-O films annealed to 600 K. The respective boundaries form a distinct triangular pattern, across which the atomic registry jumps by one Au[1% 10]-type lattice vector (Fig. 9a andb). This increases the distance between adjacent (2 Â 2) maxima from 5.8 Å inside to 7.6 Å across two domains. The extra space is sufficient to add Cu atoms along the edges in order to realize the thermodynamically preferred Cu-rich (A)-type edge, shown in Fig. 6. Given the isotropic nature of misfit strain and the trifold symmetry of the two lattices, the domains take the triangular shape observed here. The final reorganization of the honeycomb lattice takes place at 700 K, when the 2D layer breaks apart into a regular pattern of [1% 10]-oriented stripes (Fig. 3). The stripe width of either 27.5 or 32.5 Å closely matches the short domain axis revealed in former annealing steps. This suggests that the principles of strain relaxation are unchanged and only the boundaries have straightened up to align perfectly with the Au[1% 10] direction. A main difference is the occurrence of two boundary types in [1% 10] stripes, a dark one and a bright one made up of elliptical protrusions (Fig. 3). The dark lines are compatible with the type of dislocations discussed before. The bright elliptical protrusions, on the other hand, occupy regular (2 Â 2) positions of the honeycomb lattice, indicating a stoichiometric rather than a structural origin. To explore their nature, three qualitatively different structure models have been considered, all of them based on unit cells of 30 Å length (Fig. 10). Note that the experimental stripe widths of 27.5 or 32.5 Å are incommensurate with the Au support and actual coincidence cells are two times larger, too big for an efficient DFT optimization.

In a first approach, we have modelled a regular n = 4 honeycomb stripe with Cu-terminated edges (Fig. 10a). The corresponding STM simulation exhibits a triangular (2 Â 2) pattern along the stripe edges due to the O up /O dn sequence discussed before. Neighbouring stripes are separated by dark lines, mimicking the domain boundaries seen in experiment. However, the edge-induced O dn /O dn structural frustration gives rise to another dark line in the stripe centre, instead of the bright elongated spots found in STM (Fig. 3). Remind that the vertical positions of such frustrated anions might be particularly sensitive to vibrations, soft modes, in-plane strain, and interaction with the STM tip and their experimental contrast might thus be different from the 0 K Tersoff-Hamann simulation presented here. Moreover, the structural frustration may enhance the local reactivity of the oxide film, which makes these regions prone to adsorption processes, hence to changes of the STM signature.

The second model is based on a continuous and stoichiometric Cu 3 O 2 honeycomb monolayer, in which the substrateinduced strain is released in a Moire ´pattern that extends over the 30 Å of the coincidence cell (Fig. 10b). The registry change between oxide and metal lattices along the Moire ´cell produces a frustrated O dn /O dn row sequence of anions, similar to the one in the centre of n = 4 stripes (Fig. 10a). The periodicity of the honeycomb lattice requires however a second O up /O up or O dn /O dn frustrated sequence in the Moire ´cell. While the relative stability of the two defects is sensitive to the in-plain strain, i.e. the unit-cell size, the STM simulation with one O dn /O dn sequence (appears as dark line) and one O up /O up sequence (appears as line of bright double spots) closely resembles the experimental pattern (Fig. 10b). Finally, a model based on a continuous Cu 3 O 2 film with periodically inserted stoichiometry defects is shown in Fig. 10c. The layer may be seen as Cu 13 O 8 stripes with optimal n = 4 width, interconnected by lines of square Cu 2 O elements. The thermodynamic possibility of square and hexagonal units coexisting at oxygen-lean conditions has already been demonstrated in section 4.2. A simulated STM pattern of this model contains indeed dark lines due to frustrated O dn /O dn sequences and bright lines due to the oxygen atoms in the square defects. While the appearance of the square units depends on the Cu-O-Cu bond angles, hence on the overall misfit strain, also this structure shows good match with the experimental [110]-oriented Cu-O stripes.

In the final part of our paper, we discuss possible configurations for the low-temperature Cu-O phases on Au(111), as depicted in Fig. 1a andb. None of these structures have been modelled with DFT, although individual structural elements were considered and may now serve as building blocks (see ESI †). All high-temperature films discussed so far consist of interwoven sixmembered Cu-O rings and are of Cu 3 O 2 stoichiometry. A building block that would support Cu 2 O stoichiometry is a square unit with four O ions in corner positions and four Cu ions located at the edges (see Fig. 2a, inset). Such units are 5 Â 5 Å 2 in size and also present in the Cu 2 O(100) surface. Square structures of similar dimensions can now be identified in the [11% 2] stripes formed at 450 K, although their appearance shows certain variations due to changing tip conditions. A Cu 2 O(100)-derived oxide made of square Cu-O elements may therefore provide a first model for the [11% 2] stripe phase, even if the mutual connections between the units are not yet clear. 

  Fig. 2a and b display close-up STM images of [11% 2]-oriented Cu-O stripes. Typical structural elements are nearly quadratic building blocks of 5 Â 5 Å 2 size that appear at different topographic heights and therefore divide the film in bright and dark sub-stripes. The corners of each unit cell

Fig. 1

 1 Fig. 1 STM overview images of ultrathin copper oxide films annealed to increasing temperatures (U s = 0.5 V, 40 Â 40 nm 2 ): (a) Au[11 % 2]-oriented Cu-O stripes, (b) Au[1 % 10]-oriented Cu-O stripes, (2 Â 2) honeycomb Cu-O lattice arranged in (d) triangular domains, (e) elongated domains and (f) Au[1 % 10]-oriented stripe domains. The three stripes in the centre of (d) are remnants of the low-temperature phase of (b). Panel (c) shows a minority phase on 550 K annealed samples that consists of rectangular unit cells (10 Â 10 nm 2 ).

4. 1

 1 Infinite Cu 3 O 2 monolayer on Au(111)When reducing the thickness of gold-supported Cu 2 O(111) films to the monolayer limit (actually to a single O-Cu 4 -O trilayer), only the three O-bound Cu atoms remain thermodynamically stable, while the fourth, chemically unsaturated species is unstable in the whole range of oxygen chemical potentials. Stability of this Cu Cus atom requires a minimum thickness of 3-4 monolayers, as discussed in the ESI. † The Au-supported monolayer has thus Cu 3 O 2 stoichiometry and exhibits a honeycomb structure, in which three-fold coordinated anions are placed alternatively above (O up ) and below (O dn ) the central plane of two-fold coordinated Cu ions (Fig.4).

Fig. 2

 2 Fig. 2 (a) Overview (10 Â 10 nm 2 ) and (b) high-resolution STM image of [11 % 2]-oriented Cu-O stripes located on different rotational domains (5 Â 3 nm 2 ). Unit cells are marked with dashed rectangles. The inset shows a quadratic Cu 2 O element as possible building block of the film. (c) Overview (10 Â 10 nm 2 ) and (d) close-up image of [1 % 10]-oriented Cu-O stripes (4 Â 2.5 nm 2 ) with a tentative ball model combining hexagonal and square motifs. Copper and oxygen atoms are depicted in blue and red, respectively.

Fig. 3

 3 Fig. 3 Close-up STM images of a (2 Â 2) derived Cu-O monolayer film arranged in [1 % 10]-oriented stripes, (a) 10 Â 10 nm 2 and (b) 5 Â 3 nm 2 .

  3 O 2 film towards the gold. However, pronounced electron back-transfer along the short interfacial O-Au bonds (2.33 Å) considerably reduces the excess charge in the gold to 0.06e per Cu 3 O 2 . Also, inequivalent oxygen adsorption sites and the rigidity of linear O-Cu-O bonds inhibit an outward relaxation of all anions.

4. 2

 2 Alternative structures in Cu-O monolayers on Au(111) The honeycomb Cu 3 O 2 lattice can be seen as network of linear O-Cu-O elements sharing 3-fold coordinated anions. However, other 2D-periodic arrangements of O-Cu-O elements are conceivable as well, for instance triangular and square networks with 6-fold and 4-fold coordinated anions and Cu 3 O and Cu 2 O stoichiometry, respectively. At the oxygen-lean conditions of the experiment, the calculated stability lies in between the Cu 3 O 2 honeycomb (for Dm O 4 À2.0 eV) and the Cu 2 O square network (Dm O o À2.0 eV), as indicated in the ESI. † As a consequence, local defects with square structure might be present in the honeycomb lattice, especially if they enable better match with the gold substrate. On the other hand, the different O-Cu-O angles in hexagonal (1201) and square networks (901) render a mixing of the two structural elements energetically unfavourable.

4. 3 Finite

 3 Cu 3 O 2 stripes on Au(111) To get insight into the domain structure of the hightemperature Cu-O films, we have simulated finite honeycomb stripes running along the Au[110] direction and analysed their composition and stability as a function of edge composition and width. Atomic models for different Cu 3 O 2 stripe terminations are displayed in Fig. 6. Whereas the edges in models (A) and (D) are Cu-terminated, those in (B) and (E) are delimited by oxygen, and (C) stripes have mixed termination. Only two of these terminations are thermodynamically stable. The Cu-rich (A) edge prevails at oxygen-lean conditions (Dm O o À0.9 eV), while stripes delimited by two-fold coordinated oxygen ions

Fig. 4

 4 Fig. 4 Au-supported Cu 3 O 2 monolayer: (a) side and (b) top view of the atomic structure, (c) projected density of states and (d) simulated STM image at positive bias voltage.

Fig. 5

 5 Fig. 5 Au-supported Cu 2 O monolayer: (a) side and (b) top view of the atomic structure, (c) projected density of states and (d) simulated STM image for the unoccupied states.

Fig. 6

 6 Fig. 6 (a) Structures and (b) formation energies of Au-supported stripes terminated by edges of different stoichiometry. The formation energies are determined with respect to an infinite Cu 3 O 2 honeycomb monolayer on Au(111) and a free oxygen molecule.

Fig. 7

 7 Fig. 7 (a) Structure and (b) adhesion (E adh ) as well as formation energy (E form ) of honeycomb stripes with Cu 3n+1 O 2n stoichiometry and Cu-rich edges (A model) calculated as a function of stripe width n. The formation energies are determined with respect to the energy of a supported, infinite Cu 3 O 2 honeycomb layer and of a single Cu ad-atom. Corresponding results for unsupported stripes are given as reference.

Fig. 8

 8 Fig. 8 (a) STM image of the honeycomb Cu 3 O 2 monolayer taken with a metallic tip (0.5 V, 3 Â 3 nm 2 ). A tip change in (b) makes not only the (2 Â 2) lattice of the O up ions but both oxygen species visible.

Fig. 9

 9 Fig. 9 (a) Close-up STM image of a (2 Â 2) derived Cu-O monolayer film with triangular domains. (b) Ball model of a line defect showing the displacement vector deduced from (a). Similar dislocations are found in (2 Â 2) films with elongated domains obtained at 660 K annealing (c). The STM images are 7 Â 5 nm 2 in size.

Fig. 10

 10 Fig. 10 Structure models of different high-temperature Cu-O stripes: (a) finite n = 4 honeycomb stripe, (b) Moire ´pattern in an ideal honeycomb lattice and (c) stoichiometric square defect in the honeycomb layer.
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A similar approach leads to a tentative structure model for the [1% 10]-oriented stripes formed at 550 K annealing (Fig. 2c). Here, the differently sized pores on both sides of the stripes are interpreted as Cu-O hexagons and Cu 2 O squares. By arranging them in suitable manner, the overall width and the zig-zag lines along the stripes can be reproduced (Fig. 2d). The rectangular 2D pattern that often coexists with the [1% 10] stripes may be explained in similar fashion (Fig. 1c). Here, two Cu 2 O squares, as in Fig. 2a, merge to a rectangular unit of 10 Â 8.5 Å 2 size by expelling the central Cu ion.

Two effects are proposed to drive the transition from [11% 2] to [1% 10]-oriented stripes upon annealing. First, the Au(111) herringbone reconstruction with its [11% 2]-aligned row/trough structure gets lifted, which removes a stabilizing factor for Cu-O stripes running in the same direction. And second, the oxide stoichiometry continuously changes in the annealing process, as Cu dissolves in the Au crystal and O 2 evaporates to the gas phase. As a result, the thick Cu 2 O films in either [11% 2] or [1% 10] stripe configuration transform into a Cu 3 O 2 honeycomb lattice that is thermodynamically preferred at high temperature. It is interesting to note that the template effect of the Au(111) is unable to fix the honeycomb Cu 3 O 2 right from the beginning despite a rather perfect lattice match. Apparently, neither the Au-Cu nor Au-O bonds are sufficiently strong to imprint the hexagonal symmetry directly onto the growing oxide film.

Conclusions

Morphology changes in ultrathin Cu-O films grown on an Au(111) support have been studied as a function of temperature with STM and DFT. The low-temperature oxide phases appear as Au[11% 2] and [1% 10]-oriented stripes and carry distinct elements of the Cu 2 O(100) and (111) bulk termination, respectively. With increasing temperature, the oxide thins down to a Cu 3 O 2 monolayer with honeycomb structure. Cu 2 O square elements occur as stoichiometric defects in the layer at low oxygen chemical potential. The honeycomb lattice is delimited by temperature-specific domain boundaries, made of Cu-terminated and Au[1% 10]-oriented edges of different length and straightness. The diversity of copper-oxide films observed here is the result of the high structural flexibility of the Cu-O-Cu bonds and a rather weak template effect of the Au support. Preparation of bulk-derived Cu 2 O structures may be easier by replacing the Au support with a more rigid substrate of hexagonal symmetry, such as Pt(111).
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