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Interpretation of STM images: copper-phthalocyanine on copper

An interpretation of the constant-current STM image of a Cu-phthalocyanine molecule adsorbed on a Cu(100) surface is proposed based on an extension of the elastic scattering quantum chemistry (ESQC) technique to simulate STM images. After a brief description of the method, the dependence of the Cu-phthalocyanine image on the tip structure and the Fermi level is presented. The way in which atom po!litions of an adsorbate can be \!Xtracted from an experimt:ntal STM image using the STM-ESQC technique is also discussed.

Introduction

Imaging a molecule in ceal space is an elegant way to get to know its exact structure, i.�., its size, shat)t: and the naturP. of its bonds [1]. Thinking about the field emission microscopy (FEM) activi ties, we remember that the resolution of the molecular skeleton was poor but molecules like phthalocyanine and flaventrene were truly ob served [START_REF] Melmed | [END_REF]. Nowadays, images of molecules like benzene [3], naphthalene [4], phthalocyanine [5] or nlkylcyanobiphenyl [6] are obtained u.su1g the scanning tunneling microscope (STM). But like in the early days of FEM, image mechanisms and contrast interpretation of the STM images are still a problem. Certainly, the STM image of a mol�cular adsorbate does not wrrespond to a simple van der Waals spher\! mc,del of the molecule because the tip shape convolutes with the adsorbate shape. Therefore, a first tentative explanation was to interpret the contrast by the definition of a !ocai effective tunnel barrier at each ( x, y) STM tip position [7]. This leads to the evaluation of a local (x, y )-dependent pseudo work.-function which depends on the imaged chemical species and on the chosen substrate. However, this interpretation does not produce more insight on the involvement of each molecu lar orbital of the adsorbate in the local contrast.

Next come the molecular orbital calculations on the isolated molec.lle, with the aim of deter mining the electron density map of certain crucial molecular orbitals of the aJsorbate such as the lowest unoccupied (LUMO} or highest occupied (HOMO) molecular orbitals [5,6]. Althou g h the symmetry of ihe experimeniai adsorbate print in the image is generally the same as the one given by these maps (as it was for FEM ima g es), this print does not-fit in details the HOMO nor the LUMO electron density maps. More sophisti cated is the use of the Tersoff-Hamann formula to make tht connection between such calcula-tions and the tunneling current intensity [8]. H0wever, it is known that the Bardeen approxi mation L9J ieac.i i1lg iu 1.�H ... Tcrsoff-Hamann for mula [8] is not applicable when the tip is close to the substrate or significantly coupled to the sur face via an adsorbate [10]. Moreover, in a large majoricy of these calculations, nor the tip apex nor the surface are connected to an electron reservoir [11]. In this case, only the tip-apex-to surface electronic coupling via the adsorbate can be calculated [19]. This electronic coupling is only indirectly related to the intensity of the tunneling current calculated when the tip apex and the surface are both connected to their respective b\llk [13].

What we mean by interpreting an STM image can be separated in 3 parts: (a) to find on the experimental image the position of the atoms in the adsorbed molecule, (b) to understand why atoms in the molecule (or parts of the molecule) appear like holes or bumps in the image and, finally, (c) to evaluate tip-adsorbate deforma tions due to mechanical or electrostatic interac tions between the tip and the adsorbate. Step (a) is generally not tackled by calculation. Often the atoms are positioned by hand on the image with the hdp of some symmetry (or characteristic shape) of the molecule. Step (b) has first been discussed by Lang [14] for isolated atoms. But his discussion was never extended to molecules where bonding and electron delocalization are impor tant factors. For (c), structural deformations are small for "thin" molecules or for molecules lying flat on the surface. Therefore, they are not con sider�d in the following. They might be important in the STM imaging of a thick organic moriolayer (15] or of DNA [16]. Notice that when the adsor bates are unpinned on the surface, an important point to understand is also the mechanics of the tip-adsorbate push. Together with the tunneling current calculation, this requires an energy mini mization of the tip-adsorbate-surface atomic structure to get the most stable one at each tip position. We have prefered in the following to consider a pre�upposed relaxed geometry for the adsorbate.

We present here our interpretations of the Cu-phta!rn.yanint: STivi images based on the STM extension of our ESQC (elastic scattering quan tum chemical) kchnique to calculate the intensity 'Jf a tunneling current (17]. This extension has already been shortly described [ 18] and details of calculations will be presented soon in a more technical paper [19]. Therefore, we prefer here to focus more on the interpretations of images than on the theory. Let us only recall the principal steps of our model.

In the tunneling mode, the tip is very c. 1Se (5 0 to 7 A) to the substrate. Then, the system to consider cannot be the free adsorbate alone. It must be a supermolecule made of the tip apex, the adsorbate, and the substrate surface [12,14]. The electronic structure of this supermolecule is (x, y, z )-dependent with (x, y, z) the coordi nates of the STM tip apex relative to the sub strate. Moreover, this supermolecule is strongly interacting with the tip wire and with the bulk of the substrate. In this case, for an electron coming from the tip wire (or frcm the bulk of the sub strate), the supermolecule is a defect compared to the ordered electroni� structure met by the electrnns in the tip and in the substrate. Scatter ing on this defect is mainly elastic due to the small size of the STM tunneling junction. At a low bias vollage V, the tunneling current intensity l ( x, y, z) through such a ( x, y, z )-depefldent defect is given by the generalized Landauer for mula [20]. This formula relates the conductance J(x, y, z )V-1 of the defect to the trace of the squared transmission matrix through this defect taken at the bulk Fermi level [21]. This matrix is obtained following our ESQC procedure [START_REF] Joachim | Scanning Tunneling Mi croscopy and Related Methods[END_REF] and using extended Hilckel molecular orbital (EHMO) calculations [START_REF] Hoffmann | [END_REF]. Therefore1 we calculate the tun neling current intensity with the tip apex and surface connected to electron reservoirs but with out the standard Fermi golden rule (or Bardeen) approximation [9]. Notice that the effective elec tronic coupling between the tip apex and the surface through the adsorbate can aiso be ex tracted from our calculations [START_REF] Joachim | Scanning Tunneling Mi croscopy and Related Methods[END_REF]. Moreover, this effective coupling can serve to define at each ( x, y, z) tip position an effective tunnelin, po tential barrier as proposed in ref. [7]. The barrier height so evaluated can be plotted as a func:ion of Ct, y, ... ). '.1.'h�t wrn1ld be missing in this poten-tial is, e.g., the image force effect since we are dealing by hypothesis with a very low bias voltage. In extending ESQC to STM, we have considered that the calculation of STM images can be made equivalent to the now standard evaluation of the conductance of a disordered material (a defect) connected to ideal conducting leads. The only difference is �hat the electronic structure of the defect changes under STM tip scanning.

The parer is organized as follows. In section 2 the conditions for the calculation of the constant-current images obtained for the Cu phthalocyanine on Cu(lOO) are detailed. In sec tion 3, the shape of the calculated STM images is discussed together with the possibility to extract the atomic structure of an adsorbate from its STM experimental image using its calculated im age. In section 4, the apparent corrugation on the STM print of the Cu-phthalocyanine is inter preted using the electronic structure and elec tronic level position of the adsorbate Cu phthalocyanine compared to the copper bulk Fermi level.

Calculation of the Cu-phthalocyanine STM image in the constant-current mode

An isolated Cu-phthalocyanine molecule can be imaged if one searches for isolated ones around deposited aggregates or if these molecules are deposited on a fresh surface by the tip. Following this last recipe, STM images of an isolated Cu phthalocyanine on a GaAs surface have been obtained first by Gimzewski and co-workers (24] followed by Moller and co-workers (25]. Higher resolution images of isolated Cu-phthalocyanines have been obtained by Lippel and co-workers [5] on a Cu(lOO) surface. In this case, the tunneling current intensity was be1'.,een 2 and 6 nA for a tip-to-substrate bias voltage between -70 and -390 mV. The maximum corrugation found be tween the top of the Cu-phthalocyanine crown and the Cu(lOO) surface is 2.0 A. Since atomic resolution was also reached on Cu(lOO) in this experiment besides the adsorbate, we chose to calculate these STM images of Cu-phthalocy anine on Cu(lOO). Hamiltonian of the tip-apex-molecule-copper-surface supermo,ecule is built using the 4s copper orbital for all the c0pper atoms in the supermolecule plus all the valence orbitals for the phtalocyanine organic skeleton. Cyclic boundary conditions are used for both the tip wire znd the bulk substrate to get their metal bulk electronic band structure without lateral quantification effects.

The Cu(lOO) surface is described by two layers of copper atoms each made of 64 atoms in an 8 x 8 square lattice with respect to the crystallo graphic distances. The bulk copper supporting the Cu(lOO) surface is made of a periodic repeti tion of these two layers which gives the bulk regular fee copper structure. For the tip wire, the same unit cell as for the bulk substrate was cho sen. The tip apex is made of a single copper atom bound to the tip wire surface. A larger tip apex, such as a 4-atom tetrahedron, can also be used.

However, it was found unnecessary to use such a tip for a flat-lying molecule like the Cu-phthalo cyanine. For the position of the Cu-phtha locyanine molecule's atoms, we have followed the geometry proposed by Somorjai and co-workers [26]. The molecule orientation on the Cu(lOO) face is only tentative [26] clearly visible. This is due to our first choice of the atomic orbitals used to describe the tip apex electronic structure. For the calculated image in fig. 1, each copper atom is described by its 4s

Slater atomic orbital with its exponent and energy given by the standard EHMO parametrization [START_REF] Hoffmann | [END_REF]. Therefore, the extension of this type of orbital in space is not enough to ensure an order of magnitude variation of the tunneling current per 1 A. [20,21] is calculated from the EHMO Hamiltonian following our ESQC method [17,18]. The band structure of the buik copper substrate and copper tip wire needed to calculate the scattering matrix is only de scribed by its 4s band in the present calculations.

i'hen' is no difficulty to extend the band descrip tion to p and d bands. The computation time will then increase in consequence. However, the copp�r atom in the Cu-phthalo cyanine center is not visible.

Aside from the optimization of its electronic structure, other optimizations of the tip, such as shape and pollution, may be important. In our method, the tip apex is built atom by atom.

Therefore, one can change the tip shape for example from a tetrahedron to a trigonal pyra mide. One is also free to put adsorbates on the tip and even replace metal tip atoms by others.

But all these changes must be tried only when standard tip structures have failed to reproduce the experimental results. This was, for example, the case in interpreting the 2 x 2 sulfur on rhe nium STM images [27]. To reproduce the experi mental images, it was necessary to replace the tip apex end atom by a sulfur atom [27]. Moreover, the advantage of our calculation is that the exact position of each atom of the Cu phthalocyanine skeleton is known because we have chosen them. The first irr.portant conclusion is that compared to these positions, the lateral extension of the Cu-phthaiocyanine print on tht! image in fig. 2 is larger (further than the hydro gen atoms) than expected from a LUMO or HOMO electron density map [5]. This is a gen eral aspect of molecular adsorbate STM imaging:

the overlap between the tip apex and adsorbate orbitals is not zero even at large lateral distances, compared to standard interatomic distances, be tween the two. This results in a non zero tunnel ing current when the tip is in the lateral neigh bourhood of the adsorbate. This contributes to the apparent expansion of the adsorbate print in its STM image compared to the position of its atoms. Interferences between through-adsorbate and through-space tunneling processes partici pate to this effect which is orbital�symmetry-and tip-shape-depenaent. A local density-of-states calculation (8,14,28] is not adapted to grasp this effect since the tip is considered far away from the surface. Moreover, in such calculations, the tip radius or the tip-substrate distance is gener ally optimized to fit the lateral size of the adsor bate print with the experimental image [8,28].

To push further in the direction of the e1'.1rac tion of atomic positions, a fitting between the experimental and the calculated image is re quired. The displacement of any atom in the adsorbate skeleton has a signature on the STM print even if the consequence of this move is not the direct displacement of a bump on the image. More difficult in this perspective is the CPU time required for such calculations. To minimize the experimental-to-calculated STM image distance, one needs not only try a !arge number of possibil ities for the atomic positions in the adsorbat�. The tip structure must also be optimized. This can be done in principle with images of naked surfaces supposing that the tip structure does not chan�e from the naked to the covered surface. But such a full optimization of the tip-ad sorbate-surface supermolecular geometry ap pears to be still ahead due to the computation time required.

Interpretation of the apparent corrugation on the image

For a large adsorbate with many orbitals avail able near Er, the electron density map con structed from one of the orbitals in resonance with Er cannot reproduce all the details of an experimental image. One needs to superpose at Er all the through-bond and through-space con tributions to the tunneling current [START_REF] Joachim | Scanning Tunneling Mi croscopy and Related Methods[END_REF]. They may come from orbiLls out of resonance with Er. The reason is that the interaction between an orbital of the adsorbate and one of the tip is propor tional only to the inverse energy difference be tween these two orbitals. For an orbital out of resonance, it is the tail of the resonance taken at Er which must be considered [START_REF] Joachim | Scanning Tunneling Mi croscopy and Related Methods[END_REF]28]. The super position of all these orbital contributions is not additive due to interference effects [START_REF] Joachim | Scanning Tunneling Mi croscopy and Related Methods[END_REF]17].

Therefore, even a saperposition of tht� local den sity of states cannot reproduce the detailed corru gation. It is the specific position of the reso nances and their mutual interferences which are responsible for the STM corrugation. This rules out the distinction of atoms in the STM image of a large adsnrbate. Functional groups may not have the same signature if included in different adsorbates or if the substrate has changed. More over, the local-density-of-states approximation produces the overall shape of an adsorbate STM image since the ( x, y) variations of /( x, y, z) depend on the spatial shape of the considered orbitals and therefore of the corresponding local density of states. But this is not. enough to recog nize an adsorbate without using symmetry or its characteristic shape.

On the scan in fig. 2, some nitrogens con tribute a little to the corrugation and others are not visible. Moreover, the carbon skeleton pro duces Er-dependent bumps. To interprete the bumps and holes, fig. 3 presents the Er variation of the tunneling current for different (x, y) tip positions at a fixed z altitude over the Cu phthalocyanine. The differences in corrugation in figs. 1, 2 and 4 between the tip positions A and B, defined in hg. 2, are interpreted by looking at the molecular orbital resonance positions (fig. 3a).

Between -12.0 and -8.0 eV, there are 3 reso nances at position B, only a flat one at position A and each can be indexed to a Cu-phthalocyanine molecular orbital. The change in current from A to B is controlled by symmetry matching between the tip and the Cu-phthalocyanine orbitals. For example, for the tip at position A, the resonance at E = -9.0 eV produces a bump (fig. 4) which disappears on the scans in figs. 

S. Conclusion

Based on quantum chemistry calculations, sim ulations and shape predictions of the STM image of a molecular adsorbate of the size of the Cu phthalocyanine are now available. Re "'ognition of a small adsorbate and tip structure dett.. rmination are in principle possible. By moving each atom step by step in calculating an image, the distance between experimental and calculated images can be minimized and the atomic stmcture of the adsorbate extracted from its expenmental STM image. Our technique is in principle also applica ble to predict STM images of larg\� adsorbates like DNA. The computing time required is one limitation of such calculations. Others are the evaluation of electric and mechanical forces act ing on the adsorbates during a scan. The mechan ical deformation can in principle be handled us ing a molecular dynamic approach. But comput ing time is also a limitation. Electric field effects are more complex to deal with. Using an SCF procedure in calculating the tunneling current to take into account adsorbate polarization effects seems find the principle. But added to the calcu lation of mechanical effects, the calculation and interpretation of an STM image becomes a tremendous computing problem.

Fig. 1 .

 1 Fig. 1. STM constant-current calculated image of a Cu-phtalocyan�ne on Cu(lOO). Tunneling current is 3 nA, tip bias voltage 50 mV, Er= -10.8 eV, image size 23 x 23 A.2 and z linear scale: 1.37 A from the copper surface to the . top of the crown. The EHM?

  and must be confirmed by molecular mechanics calculation and by a com pat ison with the experimental images. A first calculated constant-current image is presented in fig. 1. The shape of the print created by the Cu-phthalocyanine is in good agreement with published experimental images. The only problem is the apparent hole in the calculated image at the place of the central copper atom. This hole seems to be filled up in some of the experimental images. The image in fig. 1 is made of 69 x 39 pixels. Each pixel is obtained after an optimization (3 steps in average) of the z tip altitude to get the set up current. In the scanning to get this image, the tip apex was so close to the Cu(lOO) surface in its parts free of molecules (4.3 0 A in average) that the metallic corrugation is

Fig

  Fig. � . . Top-vie . w c�nstan�-current calculated STM �mage �ith an �ptimize� tip apex electronic �tructure description. Same scanning cond1!1ons as m fig. 1 with Er= --10.3 eV and with the image size restricted to 17.9 x 17.9 A 2 • The z linear scale is reduced to 1.08 A from black to white. The black squares on lhe image are the position of the Cu-phtalocyanine atoms chosen for the calculation. The two types of nitrogen in Cu-phtalocyanine are labeled with 1 and 2.

Fig. 2 ( 5 . 3 A

 253 Fig.2presents an image obtained after the optimization of the electronic structure of the tip apex end atom. The criterion for this is to repro duce on free Cu(lOO) a good current-distance characteristic with a decrease in current of one 0 order of magnitude per 1 A variation of the tip altitude. Compared to the scan in fig.1, this does not lead to atomic resolution on the free Cu(lOO) since the tip is now scanning at an higher altitude 0 (5.3 A in average). For this image, the chemical description of the Cu-phthaiocyanine copper atom is also completed by its 3d and 4p atomic orbitals. There are some changes in the bumps compared to the image in fig.1due to a shift in the bulk copper Fermi level Er from -10.8 to -10.3 eV. This shift was introduced to ensure that Er will be wel! positioned in the middle of

3 .

 3 Position of the atoms on the Cu-phthalocyanine STM imageAs already noticed in the introduction, atoms are usually positioned by hand on the images with the help of symmetry. For the Cu-phtalocyanine, the C4 symmetry is 1etained both on the calcu lated and on the experimental images. However, there is no atomic detail on the calculated image even if the number of calculated pixels is in creased. Furthermore, as already noticed, the Cu-phthalocyanine copper central atom does not show up in the center of the print. Some details are apparent on the crown. They are Fermi level-dependent but do not correspond to any atomic position.

Fig. 3 .

 3 Fig. 3. Variation of the tunneling current as a function of the electron energy for a fixed 4.2 A z tip altitude from the Cu-phtalocyanine. (a) Is for two different tip positions A and B specified by a star on the scan in fig. 2, and (b) is for the tip positioned on the nitrogen atom Nl, N2 and on the central copper atom. The position of the Cu-phtalocyanine molecular orbital energy levels are specified for the energy range chosen with SO the single and highest occupied orbital. The current intensity is in (2e 2 h-1 )V.

1 and 2 .

 2 From fig. 3b, nitrogens N 1 cannot produce bumps at the same Er C'.S nitrogens N2, since the resonances for

Fig. 4 .

 4 Fig. 4. T{'p-view constant-current calculated STM image with the same conditions as in fig. t hut with E1 - K8 ..:\'. Tl1� -ii11l:<t1 scale is 1.25 A from black to white.

  figs. l, 2 and 4 can be analyzed in this way.
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