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Abstract

The structure and electronic states of copper phthalocyanine (CuPc) on
Cu(100) and Cu(110) were studied mainly using scanning tunneling mi-
croscopy /spectroscopy (STM/STS). We observed that the molecule adsorbs
flat on Cu(100), and the lowest unoccupied molecular orbital (LUMO, e,) is
shifted down to the Fermi level, which indicates a partially filled state. The
inherent fourfold symmetry of the molecule remains intact upon adsorption,
and thus, the degeneracy of LUMO is maintained on the surface. Conversely,
the molecule adsorbs in a low-symmetry configuration on Cu(110) and prefer-
entially forms a dimer. Thus, the degeneracy of LUMO is lifted, and the split
LUMO is shifted below the Fermi level. We propose that the hybridization
with surface d band plays an important role in the energy level alignment
and its structure dependence for CuPc on Cu surfaces.
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1. Introduction

Organic thin films grown on metal electrodes have received considerable
attention for their application in optelectronic devices such as organic light
emitting diodes and solar cells [1]. In addition, electrical measurements of
single molecular junctions have been conducted extensively, aiming at the use
of individual molecules as a component of electronic devices [2]. The per-
formance of these devices depends mainly on the electronic properties of the
molecules in contact with metal electrodes; these properties determine the
electron transport efficiency across the interface [3, 4, 5, 6]. As the gas-phase
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molecules approach the metal surfaces, depending on the nature of inter-
action and the interface structure geometry, their discrete electronic levels
are perturbed [7, 8, 9, 10]. Therefore, considerable effort has been devoted
to understanding the electronic states of organic molecules interacting with
various metal surfaces [11, 12, 13, 14, 15, 16, 17, 18, 19]. The energy level
alignment of the lowest unoccupied molecular orbital (LUMO) with respect
to the Fermi level (Eg) is particularly important because it is associated
with the electron injection barrier from the surface to the molecule. When
a closed-shell molecule is put close to metal surface, the spilling-out electron
cloud would be pushed back to the surface due to Pauli repulsion, modifying
the metal work function and causing the downshift of LUMO level [11, 20].
The downshift is also caused by the variation of the effective potential as
the molecule is moved toward the surface, including image-potential (screen-
ing) effect [10, 16, 21]. Furthermore, the hybridization with metal states
may perturb the LUMO level [7, 8, 9]: In the weak chemisorption limit, it
is broadened with additional level shift to form a virtual state within metal
bands. The strong hybridization causes the splitting outside of the metal
bands, corresponding to the bonding and antibonding orbital formation.

In general, the interaction of organic molecules with Au(111) is relatively
weak compared to that with Cu(111) [12, 13, 15, 22]. This is understood in
analogy to the argument for the nobleness of gold [23]. When a molecule
adsorbs on the surface, the interaction of the molecular orbital with filled d
bands of metal surface requires the energy cost for orthogonalization due to
pauli repulsion, which is larger for more extended 5d orbital (Au) than 3d
orbital (Cu). As a result, the adsorption of organic molecule results in larger
adsorption height and smaller adsorption energy on the Au surface. As the
adsorption height is smaller, the LUMO shifts to lower energy. For example,
the LUMO of 3,4,9,10-perylene-tetracarboxylic acid dianhydride (PTCDA) is
located at 0.8 eV below Er on Cu(111) [12], whereas it is located at 0.73 and
1.08 eV above Ef for the molecules in the different domains on Au(111) [22].
In the former case, LUMO is hybridized with metal states and significant
electron transfer from the metal to the molecule takes place. The interaction
with Ag(111) is intermediate, where the former LUMO is located at ~0.3 eV
below Fr and is partially occupied [24, 25].

Furthermore, the LUMO energy level depends sensitively on the sur-
face structure. Willenbockel et al. studied the electronic states of PTCDA
molecule on three low-index Ag surfaces, and found that the energy level of
LUMO correlates well with the work function of bare metal surfaces (¢).
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The LUMO is the most stabilized at the open (110) surface with the lowest
work function: it is located at -0.7 eV for Ag(110) (¢py=4.05 eV), -0.5 eV
for Ag(100) (¢p=4.23 eV) and -0.2 eV for Ag(111) (¢9=4.40 eV). Thus, the
energy level of LUMO at Ag surfaces was proposed to be determined mainly
by the work function of bare surfaces.

Conversely, the energy level alignment and its dependence on the surface
structure is not well understood for Cu surfaces, despite the importance of its
application in electrodes. Although there exist extensive studies regarding
organic molecules on Cu(111) [26, 27, 28, 29, 30, 31|, less attention has been
given to the local geometry and electronic states for those on Cu(100) [28,
32, 33, 34] and Cu(110) [35, 36]. Information regarding the electronic states
for these surfaces helps in the systematical understanding of the interaction
between organic molecules and Cu surfaces. In this study, we analyzed the
LUMO of copper phthalocyanine (CuPc¢) molecule on Cu(100) and Cu(110)
to understand the dependence of the energy level alignment on the surface
structure. The local geometry and electronic states were studied mainly
using scanning tunneling microscopy (STM). It is a unique tool that enables
simultaneous characterization of the structure and electronic states at a level
of individual molecules, and has been employed to study the electronic states
of adsorbed CuPc molecules situated in well-defined local environments [26,
27, 30, 37, 38, 39, 40]. In particular, the LUMO is located at Er (partially
occupied) for CuPc on Cu(100), whereas it is located at ~0.1 eV below Ep
(almost occupied) for that on Cu(110). Combining the result for CuPc on
Cu(111) (~0.5 eV below Eg) in the literatures [26, 29] with the results of our
experiments, we discuss the mechanism of energy level alignment of CuPc on
Cu surfaces.

2. Experiments

The STM experiment was conducted at 6 K in an ultrahigh vacuum
chamber (USM-1200, Unisoku), using an electrochemically etched W or Ptlr
tip as the STM probe. Single crystalline Cu(100) and Cu(110) surfaces were
cleaned by repeated cycles of argon ion sputtering and annealing. The solid
CuPc or ZnPc was sublimated from a crucible heated at 610 K to the surface.
The sample was exposed to the vapor at 300 K, and then transferred to
the STM at 6 K or 78 K for measurement within 10 min. The scanning
tunneling spectra (STS) and its spatial mapping were obtained using the
lock-in technique with the modulation voltage of 20 mV s at 200 Hz. The



tip height was fixed at the set point of the sample voltage V; = -0.4 V and
tunneling current I = 1 nA at the individual positions. The STS spatial
mappings were conducted as follows: First, the tip was positioned over one
lobe of the CuPc molecule at the set point of V;=-1.0 V and I = 1 nA; then,
the feedback was turned off and the molecule was probed at constant tip
height for the STS intensity mappings. At each position, the dI/dV; and
I values were recorded at selected Vj, enabling simultaneous acquisition of
dI/dV; and current images in a single scan. The lateral manipulation of
individual CuPc molecules was conducted in the following way: First, the
tip was positioned over one CuPc lobe. Then, with the feedback disabled,
the tip was moved close to the molecule, until the molecule was lifted up to
the tip [41]. Finally, the tip was laterally displaced along the surface to move
the molecule. By lifting the molecule with the tip, it is possible to displace
even chemisorbed molecules. The probability that the molecule will move as
expected on Cu surfaces was low compared to that on Au(110) [39], which
may be due to the stronger interaction between the molecule and the Cu
surfaces.

The oxygen atoms or nitric oxide (NO) molecules were coadsorbed with
CuPc on Cu(100). The surface was exposed to NO gas via a tube doser
positioned ~1 cm from the surface in the STM. The exposure at 78 K results
in the dissociation of NO on the surface, and the adsorption of oxygen atoms
at the hollow sites (nitrogen atom are desorbed as N,O) [42]. From their
relative position to coadsorbed oxygen atoms, the adsorption site of CuPc
was determined. Conversely, the exposure at ~10 K results in molecular
adsorption [42]. The coadsorbed NO molecules were used to prepare a NO-
modified tip to image the molecular orbital of CuPc. The NO-modified tip
was obtained by scanning the NO-adsorbed surface at V; = 10 mV and [ =
5 nA.

The vibrational state of adsorbed CuPc was characterized by electron en-
ergy loss spectroscopy (EELS, LK-5000, LK Technologies, Inc.) in a separate
chamber. We used the primary electron energy of 5 eV, incidence angle of
60°, reflection angle of 60° with respect to the surface normal, and typical
energy resolution of 3 meV (the full width at half maximum of the elastic
peak). Most of the vibration modes observed in this work were confirmed to
be excited via dipole scattering mechanism by the angle-dependent measure-
ment of the peak intensities. The EELS measurement was conducted at 300
K.



3. Results

3.1. CuPc on Cu(100)

Figure 1(a) shows a typical STM image of CuPc molecules on Cu(100).
Even at higher coverage, the molecules were dispersed and did not form
islands, suggesting that the intermolecular interactions is repulsive for CuPc
on Cu(100). The molecule lies flat with the axis along the opposing phenyl
rings rotated by ~ £25° from the high-symmetry [011] direction; this is in
agreement with previous STM studies [28, 32]. The position of CuPc at
the surface was determined by the STM image obtained by NO-modified tip
[Fig. 1(b)]. The image shows atomic resolution of Cu(100) surface, and thus
enables to determine the position of the molecule on the surface. The solid
lines represent the lattice of surface Cu atoms, from which it is derived that
the molecular center is positioned at a hollow site. Note that the surface Cu
atoms appear to be dark in the STM image when probed with a NO-modified
tip of p-orbital character, as discussed in the Appendix. The position was also
investigated with a normal tip by recording STM images of CuPc coadsorbed
with oxygen atoms which are known to be adsorbed at the hollow sites (Fig.
S1). From their relative location, the center Cu ion was confirmed to be
positioned at a hollow site. Thus, the molecule belongs to the point group
of Cy, as shown schematically in Fig. 1(c).

The electronic states of CuPc on Cu(100) were investigated by STS [Fig.
2(a)]. The spectra were recorded at each position shown in the inset. The
bottom spectrum was recorded over the clean surface. Other spectra show a
peak near Ey over the molecule, and the intensity is higher at the molecular
center than at the lobes. Figure 2(b) shows the STS intensity mapping
of the peak (V;=0.02 V). The current intensity (Vi=0.5 V) was recorded
simultaneously in Fig. 2(c), which shows the location of the molecule. These
data illustrate that the peak intensity is distributed over the molecule with
the maximum at the molecular center. In order to identify the origin of the
peak, the STS were also conducted for ZnPc which has d'° configuration, as
compared to d° configuration for CuPc (Fig. S2). The STM image of ZnPc
on Cu(100) was not distinguishable from that of CuPc, and the STS show
the same peak as for CuPc. Therefore, the peak in Fig. 2(a) is assigned to
the LUMO distributed across the ligand 7 orbital, rather than the d orbital
originated from the metal center. The LUMO is degenerate (e, under point
group of Dyy), and its outline of gas-phase CuPc is depicted in Fig. 2(d).



Figure 1: (a) STM images of CuPc molecules on Cu(100) at 6 K obtained at V;=-0.1
V and I = 1 nA. The image size is 9.0 x 7.9 nm. (b) STM image of a CuPc molecule
obtained with a NO-modified tip at V5z=-0.01 V and I = 5 nA. The solid lines represent
the lattice of Cu(100). The image size is 3.9 x 3.9 nm. (c) Schematic illustration of a
CuPc molecule on Cu(100). The molecule is positioned with the center Cu ion on the
hollow site of Cu(100).



The LUMO is shifted down to the Er as a result of the interaction with the
surface, and broadened due to the hybridization with metal states.

For the m-conjugated molecules on metal surfaces, the STM imaging per-
formed using a tip with p-orbital character can provide information about
the molecular orbital responsible for the conductance [43]. We used a NO-
modified tip for imaging the orbital of CuPc on Cu(100) [Fig. 1(b)]. The
p-orbital character of the NO tip allows it to couple with the nodal points
of the molecular orbitals, and thus, the image reflects lateral gradient of the
molecular orbital [44, 45]. Figure 1(b) shows intramolecular structure in the
isoindole moiety of the ligand, which is consistent with the lateral gradient
of LUMO (See Appendix). This suggests that the dI/dV; peak at EF is as-
cribed to LUMO and the contribution from the d orbital of the metal center
is relatively small.

Notably, the peaks in Fig. 2(a) appear to be asymmetric especially for
those recorded over the molecular lobes. This feature is reproducible and

does not depend on the tip condition. These peaks are well reproduced by
(q+e)?

14€2
Fano parameter and ¢ = e‘ﬁ/’;(’, where —e is elementary charge of electron,

¢o the LUMO energy level and I' the resonance width [46]. The result of
the fitting is shown in Fig. S3, considering the LUMO level ¢;=0.0 eV and
'=0.20+0.01 eV. The asymmetry of the peak is reflected in ¢, which is
2.3£0.2 and 2.0+0.3 for the spectra over the molecular center and over the
lobe, respectively. The large ¢ value represents the spectra of symmetric
Lorentzian shape, and an asymmetric feature appears as ¢ decreases to 1.
Because the discrete molecular state (LUMO) is located at Er and hybridized
with the metal continuum states, the electron transport through the molecule
shows interference effect between the conductance channels, giving rise to the
Fano resonance in the dI/dV conductance spectra [46, 47].

Figure 3 shows EEL spectra of Cu(100) as a function of exposure to CuPc
vapor at 300 K. At the initial exposure (up to 3 min), peaks were observed
at 21, 53, 70, 77, 90, 134, and 181 meV (indicated by ticks), which were
ascribed to vibration modes of CuPc on the surface. After the exposure of
380 min, additional peaks were observed at 43, 98, and 379 meV, along with
slight frequency shift of the original peaks. These peaks were ascribed to
the molecules, which are free from direct contact with the surface and are
more likely to be located in the second layer. For the molecules directly
adsorbed on the surface, the active modes are limited by the dipole selection

the Fano line shape for conductance, i.e., dI/dV; where ¢ is the
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Figure 2: (a) STS of CuPc molecules on Cu(100) at 6 K obtained at each point across
the molecule shown in the inset. (b) Spatial map of the STS peak intensity at Vi= 0.02
V obtained in constant-height mode (3.3 x 3.0 nm). (c) Simultaneously recorded current

map at V= 0.5 V. (d) Outline of the wavefunction ¢(z,y, zo) for LUMO (e,) of free CuPc
molecule.



rule of EELS, i.e., only the totally symmetric modes are allowed. Out of
the infrared or Raman active modes for free CuPc [48, 49, 50], the A,,
and A;; modes are totally symmetric when the molecule adsorbs on the
surface in the Cy symmetry. In particular, for planer molecules adsorbed in
a flat geometry, the As, mode exhibits a relatively high intensity because
it is polarized along the surface normal. Accordingly, we assign the peaks
observed at low exposure (ticks in Fig. 3) mainly to the As, modes, as shown
in Table I. The most intense peak at 90 meV is assigned to the out-of-plane
bending (OPB) mode of the C-H bond. The corresponding infrared peak
for solid CuPc was observed at 90 meV; the vibration energy of the OPB
C—H mode is unaffected by the adsorption on Cu(100). The 53 meV peak
is also safely assigned to the OPB mode of benzene ring (54 meV for solid
CuPc) [50]. By contrast, the 77 meV peak was not observed either for solid
CuPc or CuPc weakly adsorbed on Au(100) [51]. We assigned this new peak
to the OPB mode of C-N-C and/or C-C-N, which appears as a result of the
molecule-surface interaction. The tiny 70 meV peak is possibly due to the
ring breathing and Cu-N stretch mode (A;,) observed at 74 meV for solid
CuPc [49]. The 21 meV peak can be assigned to the OPB mode of the Cu-N
bond, based on the theoretical prediction [50]. The 134 and 181 meV peaks
are assigned to the in-plane bending (IPB) C-H modes. The C-H stretch
mode was only observed for the second-layer molecules (inset in Fig. 3). The
weak intensities of the IPB and C-H stretch modes are consistent with the
case where the molecule is in a flat configuration on the surface.

Table 1: Vibrational energies, symmetry species and approximate description of vibration
modes observed for low-coverage CuPc on Cu(100).

Energy (meV) Symbol Description
21 Ag, Cu-N OPB
53 As, C-C-C OPB
70 Ay Ring breath, Cu-N stretch
77 A C-N-C, C-C-N OPB
90 Ag, C-H OPB
134 Ay C-H IPB
181 Ay C-H IPB
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Figure 3: EEL spectra of CuPc on Cu(100) as a function of exposure time. The inset
shows the C-H stretch region. At the initial stage of exposure (up to 3 min), the molecule
is adsorbed on the surface and the vibration modes derived from the molecule are indicated
by ticks. At 380 min, the vibration peaks due to the molecules in the second layer appear.
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3.2. CuPc on Cu(110)

Figure 4(a) shows typical STM images of CuPc¢ molecules on Cu(110) at
the initial stage of adsorption. In contrast to the case of the adsorption on
Cu(100), a dimer structure was predominantly observed on the terrace, with
relatively few monomers (~80% of CuPc adsorbs as dimer). Two equivalent
orientations were observed for the dimer [Fig. 4(b)]. In the dimer, two
of the four lobes of each molecule were brighter than the other two. This is
ascribed to the surface reconstruction below the molecules. By displacing the
molecules (Fig. S4), we found that “added row” was locally formed at the
interface, as illustrated in Fig. 4(c). It is noted that the molecules adsorb
preferentially at step sites and form chain-like structure along [110] (Fig.
S5). Therefore, we postulate that the dimer with Cu row at the interface
(dimer complex) is initially produced at the step, and then migrates across
the surface at 300 K until it is stabilized in the form shown in Fig. 4(a).
The adsorption in this dimeric configuration may increase the enthalpy gain
of the system. As the coverage increases, larger clusters such as tetramer
shown in Figs. 4(i) and 4(j) were observed on the terrace. This could be a
precursor to the extended chain structure observed at higher coverage [35].

The monomers also exist on the surface at the initial coverage [Fig. 4(a)].
Their surface adsorption is intact and without surface reconstruction, as
shown in Fig. S4. The molecule appears to be asymmetric with one of
the lobes laterally protruding, as indicated by arrows in Figs. 4(d)-4(h),
and were observed to exist in four equivalent orientations [Figs. 4(e)-4(h)].
Therefore the molecule adsorbs in a low-symmetry (C}) configuration. The
center Cu ion may prefer to bond to the three-coordinate site of the (111)
microfacets. Although the monomer is a minority species on the surface,
we focused on it to investigate the electronic states of CuPc on the intact
Cu(110) surface. The STS recorded over each lobe of the monomer show two
peaks at -0.13 and -0.05 V, with the intensities depending on the positions
(Fig. 5). The former peak is relatively high in intensity for the spectra 1
and 3; in contrast, the latter peak is high for spectra 2 and 4. These peaks
are ascribed to the split LUMO; because the symmetry is degraded upon
adsorption, the degeneracy of LUMO is lifted and the peaks mainly appear
at different positions between the two orthogonal molecular axes. Thus, the
LUMO is located below Er and is almost occupied. It is noted that the Fano
effect (asymmetry in the peak), as observed for CuPc on Cu(100) [Fig. 2(a)],
was not clearly detected in this case. Because the LUMO lies apart from
Er and the tunneling involves inelastic process, the interference between the
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conductance channels might be hindered.

4. Discussion

Based on the STS measurements indicating partial and full occupation
of LUMO, it can be concluded that the CuPc¢ molecule is chemisorbed on
Cu(100) and Cu(110), respectively. The chemical interaction of CuPc with
Cu(100) is also inferred from the vibration spectra. The 77 meV peak is
assigned to the OPB mode of the pyrrole ring and arises from the interac-
tion with the surface, which was absent for CuPc physisorbed on Au(100)
[51]. This new mode implies chemical bonding between the molecule and the
surface.

When 7-conjugated organic molecules are adsorbed on metal surfaces,
charge transfer into the ligand 7 orbital (LUMO) and partial occupation
may cause spin polarization of the molecule [37, 52, 53, 54, 55]. The spin
polarization appears when the intramolecular Coulomb repulsion U is larger
than the resonance width I' of LUMO. This is the case of CuPc on Ag(100),
where spin-split LUMO was observed below and above Er with U=0.65 eV,
and a sharp Kondo resonance peak with a width of ~5 meV was observed
at Ep at 4.8 K [37]. The Kondo resonance appears as a result of the screen-
ing of the spin moment of the molecule by itinerant metal electrons at low
temperature [56]. For strongly interacting Cu—organic interfaces, the Kondo
resonance due to ligand spin was observed with the width ranging from ~10
meV for tetracyanoethylene on Cu(111) at 5.3 K [52] to ~30 meV for titanyl
phthalocyanine on Cu(110) at 5 K [55]. Likewise, the STS peak observed in
Fig. 2(a) might be ascribed to the Kondo resonance as a result of electron
transfer into LUMO of CuPc. However, the width of 0.2 eV observed for
CuPc on Cu(100) is much larger than those for the Kondo resonance. Thus
we propose that the strong hybridization causes the intramolecular Coulomb
repulsion to almost disappear (U &0) and that the STS peak is ascribed to
LUMO itself.

It is found that the LUMO of CuPc is positioned at Er on Cu(100),
and 0.13 and 0.05 eV below Er on Cu(110). It was previously reported for
Cu(111) that the LUMO is positioned at 0.6 eV below Er by STS [26] and
0.4 eV below Er by photoelectron spectroscopy [29]. Thus, the LUMO of
CuPc decreases in energy in the order of Cu(100), Cu(110), and Cu(111).
This is not in line with ¢y (the work function of bare metal surface), which
decreases in sequence as Cu(111), Cu(100), and Cu(110) [10, 57]. On strongly
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Figure 4: (a) Typical STM images of CuPc on Cu(110) at 6 K. The image size is 30
x 30 nm. The molecules are predominantly dimers on the surface, with relatively few
monomers. (b) STM images of CuPc dimers (12 x 12 nm). (c) Schematic structure of the
dimer. The kinked row of added Cu atoms is shown in deep orange. (d) STM images of
CuPc¢ monomers on Cu(110) (9.0 x 7.9 nm). The molecule is in the C; configuration with
one of the lobes laterally protruding as indicated by the arrows. (e)—(h) The equivalent
four orientations of CuPc on Cu(110). (i), (j) STM images of two equivalent forms of
CuPc tetramer in different orientations (7.2x5.3 nm). All STM images were recorded at
Ve=-0.4 V and I = 1 nA.
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Figure 5: STS obtained for a CuPc monomer on Cu(110) at 6 K at each of the points
indicated by the numbers in the inset. The bottom shows the spectrum recorded over the
clean surface. The protruded lobe is indexed as number 1.
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interacting Cu surfaces, the hybridization may play a major role in the energy
level alignment. Intuitively, when the LUMO level is hybridized with Cu d
band, it is repelled upward, depending on the coupling strength which is
closely related to the electronic structure at the interface. Because the d-
band center is located at higher energy for open surface, the interaction of
LUMO with d band is larger and thus it is pushed to higher level. This
might be the origin of the higher LUMO level of CuPc on Cu(100) and
Cu(110) than that on Cu(111). Thus, the position of LUMO is determined
by the hybridization with surface d band as well as by the electrostatic effect
such as work function. The position of the d-band center has been argued
to play an essential role in determining the reactivity of small molecules in
heterogeneous catalysis [58, 59], which might also be an important factor for
the energy level alignment of organic molecules.

5. Conclusions

CuPc adsorbs on Cu(100) with the center Cu ion located over the hollow
site while maintaining a fourfold symmetry. The degenerate LUMO is po-
sitioned at Fr and is hence partially occupied. By contrast, CuPc adsorbs
on Cu(110) with its molecular symmetry degraded to Cy. Consequently, the
degeneracy is lifted, and the LUMO is split and positioned at 0.13 and 0.05
eV below Fg. It is proposed that the position of surface d-band center is an
important factor for the energy level alignment and its structure dependence
for these strongly coupled systems.

Declaration of Competing Interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the work
reported in this paper.

Acknowledgement

We sincerely thank E. Minamitani, Y. Hamamoto, [. Hamada, Y. Morikawa
for fruitful discussions. This work was supported by JSPS KAKENHI Grant
Number 21H01886, 21K18202, and JST CREST Grant Number JPMJCR20R4,

Japan.

15



Supplementary information

STM images of CuPc coadsorbed with oxygen atoms on Cu(100) (Fig.
S1), STS for ZnPc/Cu(100) (Fig. S2), fitting of the STS curves of CuPc¢/Cu(100)
to Fano formula (Fig. S3), STM image of added row below a CuPc dimer on
Cu(110) and monomers (Fig. S4), and large-scale STM images of CuPc¢/Cu(110)
(Fig. Sb).

Appendix

With p-orbital tip, the STM image reflects the absolute square of the
lateral gradient of the LUMO orbital as [43, 44]:

Op(x, y, op(x,y, z
e

(1)

where ¢(z,y, z9) represents the wavefunction of LUMO at a distance 2z, from
the molecular plane. With normal s-orbital tip, the image reflects simply the
absolute square of LUMO as:

As(x,y, ZU) = |¢(x,y, Z0)|2 (2)

Because the LUMO is degenerate, the image represents the superposition
of the absolute squares for the two orthogonal orbitals. The STM image of
CuPc on Cu(100) recorded with NO-modified tip [Fig. 1(b)] is qualitatively
consistent with A,(z,y, z9) rather than A,(x,vy, z). Figure Al shows the
comparison of the experimental image [Fig. Al(a)] with A,(x,vy, 2) [Fig.
Al1(b)] and Ay(x,y, 29) [Fig. Al(c)] for an isoindole moiety of CuPc. Specif-
ically, the A,(x,y, 29) shows finite tunneling amplitude along the isoindole
(dashed lines) whereas the A(z,y, z9) shows no amplitude due to the nodal
plane of the molecular orbital. In the same way, the surface Cu atoms (s
character) appear to be depressed with a NO-modified tip [Fig. 1(b)].
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