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Abstract

In scanning tunneling microscopy of molecules, an insulating buffer layer is often

introduced to reduce interaction between the molecules and the substrate. Focusing

on tunneling through the molecule’s electronic transport gap, we demonstrate that

the buffer itself strongly influences the wave function of the tunneling electron at the

molecule. This is exemplified for an adsorbed platinum phthalocyanine molecule by

varying the composition and thickness of the buffer. We find that, in particular, the

buffer’s lattice parameter is crucial. By expanding the wave function of the tunneling

electron in molecular orbitals (MOs), we illustrate how one can strongly vary the

relative weights of different MOs, such as the highest occupied MO versus some

low-lying MOs with few nodal surfaces. The set of MOs with significant weight are

important for processes used to manipulate the state of the molecule by a tunneling

electron, such as molecular luminescence. The choice of buffer therefore provides an

important tool for manipulating these processes.
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Scanning tunneling microscopy (STM) has been extensively used to study the intrinsic elec-

tronic structure of adsorbed molecules.1–9 For these studies, an atomically thin insulating

layer, e.g., few monolayer sodium chloride NaCl, is often introduced as a buffer between

the substrate and the molecule.10 This layer helps reduce the influence of the underlying

substrate on the molecule. However, it is usually assumed that the buffer itself has a small

influence on STM images, except that the total current is strongly reduced. Here, we show

that the buffer actually strongly influences the wave function of the tunneling electron at

the molecule.

STM for molecules can be used for manipulating electrons and photons. For instance,

studies of single free-base phthalocyanine and platinum phthalocyanine (PtPc) molecules

have shown upconversion electroluminescence,11–13 where tunneling electron leads to the

emission of photons with larger energy than the applied bias voltage. Copper phthalo-

cyanine shows negative differential resistivity,14–17 where the total tunneling current is

reduced as the bias is increased. In these cases, the electron typically tunnels through

the molecular electronic transport gap, making tunneling through the gap of particular

interest.

Here we focus on how the buffer effects the tunneling through the electronic transport

gap. The purpose is to show that it actually strongly influences an electron tunneling

through the transport gap. This can be used to strongly influence the character of the

electron wave function at the molecule. In addition to varying the molecule, the composi-

tion and thickness of the buffer then greatly expand the means for manipulating electrons

and photons, e.g., in upconversion electroluminescence or negative differential resistivity.

In experiments, typically the buffer is treated as ancillary to a molecule of interest, but
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we show that it is, in fact, an underestimated and significant means for controlling the

tunneling process.

In the spatial range of an adsorbed molecule, the wave function of a tunneling elec-

tron can be approximated as a linear combination of molecular orbitals (MOs).18,19 For

a complicated molecule, such as (planar) PtPc treated here, the highest occupied MO

(HOMO) and energetically nearby orbitals, like the lowest unoccupied MO (LUMO) and

HOMO-1, tend to have many nodal surfaces, as they are orthogonal to many lower-lying

MOs. We show that these frontier orbitals then tend to couple (or overlap) inefficiently to

the substrate. Low-lying MOs, which have few or even no nodal surface perpendicular to

the substrate surface, can have a much more effective coupling to the substrate (arising

from the orbital overlap between the molecule and the substrate), which can be orders

of magnitude stronger than the HOMO coupling, even at energies that are only slightly

off resonance from the HOMO. Although these low-lying MOs are energetically much

further away from an electron tunneling through the gap, which strongly reduces their

relative importance, they can still play an important role overall in describing the tunneling

electron wave function.18,19 The importance of these effects is worth emphasizing because

these contributions may be erroneously neglected in theoretical calculations. It also has a

useful experimental consequence. By varying the buffer composition and thickness, we

can then vary the relative importance of different MOs in the tunneling process.

Heuristically, the pz orbitals of the buffer, pointing out of the plane of the buffer towards

the molecule, may be expected to play the most important role for the coupling, since

the px and py orbitals point along the plane. The s orbitals would then be expected

to be intermediate between these two extreme cases. However, the buffer atoms close

to the adsorption site of PtPc typically sit at very symmetric positions relative to PtPc,

as illustrated in Fig. 1. From symmetry arguments, it then follows that the s and pz

orbitals on these sites, marked by ”0” in the middle panel, cannot couple to the HOMO.

Counterintuitively, only s and pz orbitals relatively far from the adsorption site, marked
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by ”+”, as well as some px and py orbitals, couple. Similar arguments apply also to several

other MOs with many nodal surfaces. Given these circumstances, what possibilities exist

for relatively strong coupling? Consider the lowest PtPc π MO (top panel of Fig. 1), which

has no nodal surface perpendicular to the buffer surface and therefore couples also to

central s and pz buffer orbitals. This leads to a very efficient coupling to this MO and

to other MOs with few nodal surfaces. The buffer, therefore, has a drastic effect on the

relative coupling to different MOs by an electron tunneling through the gap and thereby

on the character of the tunneling electron.

The discussion above refers to the coupling of a PtPc MO to a specific orbital on a

specific buffer atom. For the coupling to a buffer eigenfunction there are in addition

importance interference effects between the couplings to different buffer atomic orbitals.

However, summing over buffer eigenfunctions, these interference effects tend to cancel

out. The arguments above therefore address the dominating effects.

This raises the question how the chemical composition of the buffer influences this

coupling. We consider several different buffers, namely LiF, MgO, NaF, NaCl, KBr, and RbI,

all simple salts. Due to the very different sizes of the ions involved, the lattice parameters

span almost a factor of two, 4.02 Å (LiF), 4.21 Å (MgO), 4.63 Å (NaF), 5.54 Å (NaCl), 6.59 Å

(KBr) to 7.34 Å (RbI). This means that for LiF and MgO, ions in nonsymmetric positions

relative to PtPc are closer to the center of the molecule and therefore couple more efficiently

to MOs with many nodes than, e.g., RbI. The choice of buffer, therefore, has a substantial

influence on the character of the wave function of electrons tunneling through the gap and

its coupling to different MOs.

An interesting possibility is the tunneling of a substrate electron to an unoccupied

MO together with the tunneling of an electron from an occupied MO to the tip in an

energy-conserving quantum mechanical process. The resulting exciton may then decay

by emitting a photon. This process depends crucially on which orbitals form the exciton,

as this strongly influences the corresponding dipole matrix element and the coupling to
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Figure 1: PtPc lowest π orbital (top), HOMO (middle) and LUMO (bottom) in a plane
between the PtPc molecule and the buffer (at z = −1 Å). The symbols mark the underlying
buffer lattice positions for the LiF (upper right), NaCl (lower right), KBr (lower left) and
RbI (upper left) buffers. The lowest π orbital is positive everywhere in this plane, while
yellow and purple colors mark positive and negative parts of the HOMO and the LUMO.
The symbol “0” marks positions for which the buffer s and pz orbitals do not couple to
the PtPc MO for symmetry reasons, while “+” marks positions where coupling is possible.
Because of the many nodal planes of the HOMO, it does not couple to s and pz orbitals at
positions with high symmetry relative to the HOMO. Due to the large lattice parameter of
KBr and BrI, sites that could couple for symmetry reasons are often outside the extension
of the molecule.
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photons. By varying the buffer, we can influence which orbitals form the exciton and

thereby photon emission. Here, we provide the basis that justifies this anticipation.

We use a tight-binding (TB) formalism, taking into account the substrate (Au, Ag, or

Cu), the buffer (LiF, MgO, NaF, NaCl, KBr, or RbI), and the 182 bound orbitals of the PtPc

molecule. The corresponding formalism is described in Supplementary Information (SI).

The manner of electron propagation from the substrate to the molecule is the primary focus

of this paper. The propagation through vacuum is described in cylindrical coordinates and

was discussed extensively in Ref. 19, as well as in its accompanying SI. The calculations

here follow a similar approach.

Results and discussion

Theoretical formalism

We study a (planar) PtPc molecule adsorbed on a few layers of a buffer atop a noble metal

substrate. As earlier,18–20 we use a TB formalism to describe the substrate-buffer-PtPc

molecule complex, essentially following prescriptions of Harrison21 (see SI). We write the

corresponding Hamiltonian as

H = ∑
iσ

εSub
i nSub

iσ + ∑
iσ

εBuff
i nBuff

iσ +
182

∑
i=1

∑
σ

εPtPc
i nPtPc

iσ

+∑
ijσ
[VSub−Buff

ij (cSub
iσ )†cBuff

jσ + h.c.] (1)

+∑
ijσ
[VBuff−PtPc

ij (cBuff
iσ )†cPtPc

jσ + h.c.],

where h.c. is the complex conjugate. The first three terms yield the energies of the substrate

states, the buffer states, and the 182 PtPc states, respectively. The last two terms describe the

hopping between the substrate and the buffer and between buffer and PtPc, respectively.

It has been shown that the conduction band of NaCl is mainly located on the Cl 4s
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level.20,22–24 Here we assume that the conduction band is located on the anion also for the

other buffers. The values of the various parameters are discussed in SI. This Hamiltonian

is used for describing the system inside a matching plane at z0 = 1 Å outside the the nuclei

of the PtPc molecule. Outside this plane, we introduce cylindrical coordinates with the

radial coordinate, ρ, the azimuthal angle, ϕ, and a coordinate perpendicular to the surface,

z. We neglect changes of the potential induced by the tip. Finally, we use the theory of

Tersoff and Hamann25,26 to describe the tunneling interaction with the tip. With these

assumptions, the tip does not enter the calculations explicitly.

Neglecting the attractive potential from the substrate-buffer system for z > z0 as well as

the neglect of the potential from the tip tends to overestimate the rapid decay of the wave

functions in the vacuum region. Coulomb interactions are also not explicitly included.

The HOMO and LUMO positions are adjusted to the values determined from STM for

PtPc on NaCl on Au. As long as the important PtPc states are the neutral ground-state

and states with one extra electron or one hole, Coulomb effects and image potential effects

are implicitly included by the use of level positions determined by STM, while, exciton

effects are not included. For other combinations of buffer and substrate, the HOMO and

LUMO alignments may be substantially different, but in most cases, we are not aware of

corresponding experimental results. We have therefore used the same alignments as for

NaCl on Au, focusing on the effects of the buffer composition and thickness.

The eigenstates of the Hamiltonian (Eq. 1) are calculated. On the PtPc molecule, an

eigenstate |i⟩ of the full system is described as a linear combination of the 182 eigenstates

|ν⟩ of the free PtPc molecule isolated in the gas phase

|i⟩ =
182

∑
ν=1

c(i)ν |ν⟩. (2)
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We can then define a partial density of states on the PtPc molecule

Nν(ε) = ∑
i

∣∣∣c(i)ν

∣∣∣2 δ(ε − εi) (3)

and a partial occupancy

wν = C
∫ ε2

ε1

Nν(ε)dε. (4)

The gap of the PtPc model extends from −1.3 eV to 1.7 eV. We choose ε1 = −0.8 eV and

ε2 = 1.2 eV, which is purposely a little bit inside the gap. The prefactor was chosen so that

the sum over the 182 weights wν add up to unity, that is,

C−1 = ∑
ν

∫ ε2

ε1

Nν(ε)dε. (5)

Results

We now focus on the MOs built up from pz orbitals on atoms in the molecule. The pz

orbitals point towards both the tip and the underlying buffer, and the corresponding MOs

are therefore particularly important for the current. Some of these MOs can be classified

according to the number of angular nodal surfaces, na, and radial nodal surfaces, nr. Here

na refers to the number of nodal surfaces which are (approximately) planes through the

center of the molecule and perpendicular to the plane of the molecule. In a similar way, nr

refers to nodal surfaces which are approximately cylinders perpendicular to the plane of

the molecule. There are also other orbitals that fall outside of this method of classification.

Fig. 2 shows the weights of important orbitals for energies, −0.8 ≤ ε ≤ 1.2 eV, inside

the PtPc energy gap for PtPc on a three (top two panels) or one (bottom two panels) layer

atomic buffer for different combinations of substrate and buffer. For degenerate orbitals,

we show the weight of one orbital.

We first consider three buffer layers (two top panels). The top panel shows some

orbitals with a large weight. These are orbitals with few nodal surfaces. The two orbitals
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Figure 2: Partial occupancy wµ for im-
portant PtPc MOs for three (top two pan-
els) and one (bottom two panels) buffer
layers integrated over the energy interval
−0.8 to 1.2 eV. We consider the buffers
LiF, MgO, NaF, NaCl, KBr, and RbI on
substrates Cu, Ag, or Au, and plot the
results as a function of the buffer lattice
parameter. The MOs are labeled by the
number of angular nodes, na, and radial
nodes, nr. Straight lines have been fitted
to the results for a given MO. Observe
that the vertical scale is a factor 2.5 − 5
larger for the top panel than the lower
three panels. The lines are guides for the
eye.
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without angular nodes (na = 0) and with zero (nr = 0) or one radial node (nr = 1) increase

their relative weights as the lattice parameter of the buffer increases. The remaining orbitals

in this panel have rather constant and small weights. The second panel from the top shows

results for MOs with more nodal surfaces. These orbitals have a much smaller weight than

the na = 0 MOs in the top panel (do note the change in vertical scale from the top figure).

The weights of these MOs drop rapidly as the lattice parameter is increased.

We next consider one monolayer thick buffer (two bottom panels). In the third (fourth)

panel from the top we show MOs for which the weights tend to increase (decrease) with

the lattice parameter of the buffer. As for the case of three layers, the weights of MOs

with few (many) nodal surfaces tend to increase (decrease) as the buffer lattice parameter

increases. Thus, orbitals with few and many nodal surfaces behave in a qualitatively

different way for both one and three buffer layers.

In perturbation theory, we might expect the weight of a MO to be given by

∑
−0.8≤εn≤1.2

∣∣∣∣∣∑i

⟨Subst n|H|Buff i⟩⟨Buff i|H|ν⟩
(εi − εn)(εν − εn)

∣∣∣∣∣
2

, (6)

where εν is the energy of the PtPc νth MO, εi is the energy of a buffer state i and εn the

energy of a substrate state. The second energy denominator in Eq. 6 is then in the range

0.5 − 2.5 eV for the HOMO or LUMO but about 8 eV for the lowest π orbital, i.e., about

an order of magnitude larger. Nevertheless, Fig. 2 shows that the weight of the lowest

π orbital is larger. These results are discussed in the next section.

These results refer to the weights in the plane of the molecule for the different MOs for

an electron tunneling through the transport gap. In Ref. 19 we focused on the propagation

through vacuum outside the molecule, continuing the MOs into vacuum. It was shown

that this propagation, in addition, exponentially favors some components of the wave

function already strongly favored in Fig. 2, e.g., the lowest π orbital.
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Effects of the nodal structure of molecular orbitals

We now discuss why different MOs have very different effective coupling to the substrate.

Fig. 1 shows the lowest π orbital, the HOMO, and one of the two degenerate LUMOs in a

plane between the PtPc molecule and the buffer. In addition, the figure shows the sites

of the LiF (upper right), NaCl (lower right), KBr (lower left) and RbI (upper left corner)

buffer layer. Based on these figures, we now discuss the strength of the coupling of the

three MOs to different buffers. One may expect the coupling of PtPc to the buffer s and

pz orbitals to dominate over the coupling to the px and py orbitals, which point along the

buffer surface. We, therefore, focus on the former set of orbitals.

Let us first consider the lowest π orbital, which has no nodes except in the plane of the

molecule. This orbital then couples to all s and pz orbitals of the buffer within the spatial

extension of the molecule. Because of the larger lattice parameter of, e.g., RbI than, e.g., LiF,

there is coupling to fewer buffer orbitals for RbI, even though there is still a substantial

coupling also for RbI.

We next consider the HOMO. Because of the many nodal planes perpendicular to the

buffer, the HOMO does not couple to the s and pz orbitals on many sites in symmetric

positions relative to PtPc. These sites are marked by “0” (see Fig. 1). In particular, this

zero coupling applies to all positions close to the center. Orbitals on sites further out are

in non-symmetric positions and can couple. However, only a few of these orbitals are

spatially within the extension of the molecule, so they mainly couple to the outer parts of

the HOMO. This specific manner of coupling is particularly important for buffers with a

large lattice parameter. Fig. 1 illustrates that for LiF there are still a few such buffer sites

inside the PtPc molecule, whereas for RbI these sites are really only in contact with the

outer edges of the PtPc. Due to the efficient suppression of the coupling to buffer s and pz

orbitals, the coupling to px and py orbitals becomes relatively more important.

Each of the LUMO orbitals has a node along one of the coordinate axis, and therefore

does not couple to s or pz orbitals on that axes. The sites for which s and pz orbitals can
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couple are then rather far out, particularly for RbI. These sites have weak couplings to the

LUMOs, in a similar manner to the HOMO.

To illustrate these effects, we first focus on the hopping matrix elements between a MO

ν and a buffer orbital i. The sum of the squares of these matrix elements is then calculated

as

Aν = ∑
i
|⟨ Buff i|H|ν⟩|2. (7)
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E=-8.1 na=6, nr=0
E=-5.4 na=0, nr=1
E=-7.8 na=1, nr=0

E=-5.5 na=1, nr=1
10×HOMO
10×LUMO

Figure 3: Coupling, Aν, of MOs to outermost buffer layer (Eq. 7) for different buffers as a
function of the buffer lattice parameter alat and for the case of three buffer layers. Results
are shown for a few low-lying MOs with few nodal surfaces and strong coupling and to
the HOMO and LUMO. Observe that the coupling strengths to the HOMO and LUMO are
multiplied by a factor 10, illustrating the weak coupling to these orbitals. For the two-fold
degenerate orbitals we show the coupling to one of the orbitals. The straight lines are
guides for the eye.

The results are shown in Fig. 3 for different buffers. The figure illustrates how the

couplings to the HOMO and LUMO are strongly reduced relative to the coupling to several

low-lying π orbitals, especially as the lattice parameter of the buffer, alat, is increased.

We next focus on the propagation through the buffer and introduce

Bν = ∑
γ⊂layer 1

∣∣∣∣∣∑i

⟨γ|Buff i⟩ ⟨Buff i|H|ν⟩
εi

∣∣∣∣∣
2

. (8)

This expression is guided by the perturbation theory in Eq. 6 and related to the coupling
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of the νth MO to the buffer layer closest to the substrate (layer 1). The energy denominator

in Eq. 6 containing the MO energy is not yet taken into account. In the denominator,

including the buffer energy, εi, we have neglected the substrate energy, εn, since |εn| ≪ |εi|

in Eq. 6. The results are shown in Fig. 4. Comparison with Fig. 3 shows that the propagation

through the buffer, in particular, favors the coupling to the lowest π orbital. This explains

why the coupling to the lowest π orbital dominates for three buffer layers, while the

couplings to several low-lying orbitals are comparable for one buffer layer. While this

perturbation theory expression for B may lack quantitative accuracy, it effectively illustrates

qualitative factors that render the contributions from low-lying orbitals crucial, despite

their very unfavorable energy denominators.

Effects of vacuum propagation for tunneling through the transport gap

Up to this point, we have discussed tunneling through the transport gap, focusing on the

different components of the wave function at the adsorbed molecule. We now shift our

focus to the image seen when the tip is scanned over the molecule.

Fig. 5 shows results for the two buffers with the smallest and largest lattice parameter

(LiF and RbI) and for two thicknesses, one or three layers. It is striking that the differences

are rather small. A pattern with a somewhat wider spacing is found for LiF, although it

has a smaller lattice parameter. It is interesting that the spatial range of the image does not

follow the lattice parameter of the buffer but, rather, is determined by the specific coupling

to the substrate via the buffer.

We demonstrated earlier that the weight of some components at the molecule depends

very strongly on the buffer. For instance, the weight of the HOMO varies by one order

of magnitude between the different buffers. However, the weight of components with a

more complicated nodal structure, such as the HOMO, have rather small weights already

at the adsorbed molecule. These components are further strongly (exponentially) damped

during propagation through vacuum relative to, e.g., the lowest π orbital.19
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Figure 4: Coupling, Bν, of MOs to innermost buffer layer (Eq. 8) for different buffers as
a function of the buffer lattice parameter alat and for three buffer layers. Observe that
the coupling strengths to the HOMO and LUMO are multiplied by a factor 10. For the
two-fold degenerate orbitals we show the coupling to one of the orbitals. The straight lines
are guides for the eye.

The image at the tip of an electron tunneling through the transport gap is, therefore,

dominated by components with very simple nodal structures,19 primarily components

with no or one angular node. The components with more complicated angular structures

play just a small role. The strong variation of the weights of these more complicated

orbitals with the buffer lattice parameter then plays an overall small role for the image at

the tip.

The small difference between images for different buffers might suggest the traditional

picture, where the buffer just isolates the molecule from the substrate but otherwise does

not influence the image much. However, this is a common misinterpretation. Rather, as

discussed above, all buffers actually strongly suppresses components with a complicated

nodal structure. The image in the transport gap then looks similar for different buffers

exactly because only a few components with simple nodal structures dominate the image.

However, as discussed above, in the plane of the molecule, where manipulation of electrons

and photons take place, more complicated components can play a significant role.
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Figure 5: Images at z − z0 = 6 Å and ε = 0 for PtPc on LiF on Cu (top row) and on RbI on
Au (second row) for a buffer with one layer (left) or three layers (right). All panels show
an area of 20 × 20 Å2.

Conclusions

We have studied the tunneling through the transport gap of a molecule, focusing on effects

of a buffer between the molecule and the substrate. We focused on the wave function of

the tunneling electron in the spatial region of the molecule, and expressed it as a linear

combination of MOs of the molecule.

We demonstrated that the transport through the buffer greatly favors π-MOs with a

simple nodal structure compared with the HOMO, LUMO, and other MOs with more

complex nodal structures. Despite the HOMO and LUMO being hugely favored by their

proximity in energy to the tunneling electron, MOs at substantially lower energies tend to

dominate the wave function of an electron tunneling through the transport gap.

We found that the lattice parameter of the buffer plays a crucial role, and buffers

with large lattice parameters strongly disfavor MOs with a complex nodal structure. For

instance, the relative weight of the HOMO in the transport gap is suppressed by one order

of magnitude in going from a LiF to a RbI buffer.
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Additionally, we found that buffers with just one atomic layer influence the electrons

in different ways than buffers with more layers.

During the propagation through vacuum, the components of the wave function corre-

sponding to a few low-lying π orbitals, already favored by the buffer, are further exponen-

tially favored by the vacuum propagation. Just a couple of components then dominate the

image so much that it becomes relatively independent of the buffer (see Fig. 5).

For applications involving manipulation of electrons, such as photon emission, upcon-

version, and negative differential resistivity, however, the electron wave function in the

spatial region of the molecule plays a crucial role. In this region of space other components

of the wave function can also play an appreciable role by appropriate choice of buffer

(see Fig. 3). Traditionally, these applications relied on finding an appropriate choice of an

adsorbed molecule. The results above, however, provide two additional possibilities for

influencing these processes — the choice of the buffer chemical composition, particularly

the buffer lattice parameter, and the number of buffer atomic layers.
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Supplementary Information

We describe the tight-binding models for PtPc on different buffers on a Cu, Ag, or Au

substrate, generalizing earlier descriptions for NaCl on Au1,2 to the new substrates and

buffers. We generally use the tight-binding formalism of Harrison3 to obtain nearest-

neighbor hopping integrals between basis functions located on the atoms.

The buffer and substrate are incommensurate in all cases except MgO on Ag. While

the nearest neighbors are well-defined for hopping within the substrate, the buffer, and

PtPc, they are ill-defined for hopping between the substrate and the buffer and between

the buffer and PtPc. We, therefore, use a smooth distance-dependent cutoff of the Harrison

prescription for the two latter cases. The Harrison hopping integrals are multiplied by a

factor

e−(d−di)
2/λ2

i , i = B or M, (1)

for these hoppings.

For the substrate-buffer hopping B, d is the distance between a substrate atom and a

buffer atom at the substrate-buffer interface, and dB is the separation between the adjacent

substrate-buffer planes. The parameter λB is chosen so that, on average for each buffer

atom, the factors in Eq. 1 add up to four, representing a typical number of nearest neighbors

in a neighboring plane. For the buffer-PtPc hopping, d is the distance between a PtPc atom

and a buffer atom in the outermost plane, and dM is the separation between the outermost

buffer plane and the plane of PtPc. Again, λM is chosen so that, on average, these factors

add up to four for each PtPc atom.

The orbital energies are essentially obtained from Harrison.3 However, we have modi-

fied some energies to correct known inaccuracies. Thus, we shift the energy of the substrate

d orbital so that the distance of the top of the d-band to the Fermi energy agrees with results

in the literature. Finally, we shift all states uniformly so that the Fermi energy EF = 0.

We have shown that for NaCl the conduction band primarily has anion s character.4 We
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assume that the corresponding results also apply to MgO and the other alkali halides. Thus,

we adjust the level energies of the buffers so that the conduction band has primarily anion

s, and the experimental gaps are reproduced. These level energies then also include the

effect of the Madelung potential, while image effects due to the substrate were neglected.

Finally, we shift all levels uniformly, to obtain the correct location of the top of the valence

band relative to EF, when this location is known.

The parameters of PtPc are discussed below. The tight-binding wave functions are then

matched to the exponentially decaying wave function in the vacuum region outside PtPc

as described in Ref. 2.

Whenever experimental results are not known for some parameter, we use the parame-

ters for NaCl on Au as a guide. This then puts the focus on known differences between the

different systems, in particular, the different lattice parameters of the buffers.

Although we use models for the substrate with a large number of atoms, the detailed

results depend on the precise arrangement of the atoms in the substrate. In most cases

we then perform calculations with different number of layers and different number of

atoms per layer, giving a total number of substrate atoms of around 3000 − 4500. For the

buffer we typically use 324 atoms per layer. This then leads to matrices of sizes up to about

45000 × 45000. The results of these different calculations are then averaged.

Substrates

We use the lattice parameters aCu = 3.60 Å,5 aAg = 4.09 Å6 and aAu = 4.07 Å.5 The top of

the d-band is put at 2.0 eV,7 4.0 eV8 and 1.6 eV9 below the Fermi energy for Cu, Ag, and

Au, respectively. We use the Cu(111), Ag(100), and Au(111) surfaces. The s and d level

energies were obtained from Harrison, and we added a p level about 5 eV above the s

level. Finally, the Harrison parameters were slightly modified to obtain the desired d-band

position relative to EF.
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Buffers

LiF

We use the lattice parameter is 4.02 Å.10 Starting from the known separation of the inner-

most KBr layer on Cu, 2.90 Å,11 we estimate the corresponding distance for LiF on Cu by

using Shannon’s ionic radii.12 Assuming that the larger F− ions determine the separation,

we obtain the estimate 2.90 + 1.33 − 1.96 = 2.27 Å. The band gap of LiF is 13.6 eV,13 and

the Li and F parameters were adjusted accordingly. Based on Ref. 14 we estimate that

the top of the valence band of a thin film of LiF on Au is about 7 eV below the Au Fermi

energy and use the same alignment for LiF on Cu.

MgO

The MgO lattice parameter is adjusted from 4.21 Å to the value for Ag,6 aMgO = aAg = 4.09

Å, to make the two lattices commensurate. We use the Ag-MgO separation dAg−MgO = 2.62

Å.6 O atoms are put on top of Ag atoms.15 The Mg atoms then sit in hollow positions.

After these adjustments, the density of O atoms and Ag atoms per layer is the same. The O

and Mg levels are adjusted so that the bulk band gap of MgO is 7.8 eV.16 All MgO levels

are shifted so that the top of the O 2p band is 4 eV below EF.15

NaF

We use the lattice parameter 4.63 Å.10 The band gap of NaF is 11.5 eV.17 Based on Shannon’s

ionic radii,12 we reduce the distance of KBr on Cu 2.90 Å to 2.90 + 1.33 − 1.96 = 2.29 Å.

The band gap of NaF is 11.5 eV.17 We put the top of the valence band at −6 eV, so that the

substrate Fermi energy is approximately located in the middle of the gap.
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NaCl

Calculations find that for a three layer NaCl film on Au the lattice parameter is reduced

from the NaCl bulk value to 5.54 Å,6 the value used here. We use the calculated separation

dAu−NaCl = 3.12 Å between the Au surface and the NaCl film.6 The band gap of NaCl is

8.5 eV.18 Based on GW19 calculations,20 we put the top of the NaCl valence band 5 eV

below the EF.

KBr

For KBr we use the lattice parameter aKBr = 6.60 Å.21 We use the calculated separation

dCu−KBr = 2.90 Å11 between the KBr film and the Cu substrate. For KBr on Au we use the

separation for KBr on Cu and add the difference in Cu and Au metallic radii22 to obtain

the separation dAu−KBr = 3.06 Å. The KBr parameters are adjusted so that the band gap is

7.6 eV.23 Since we do not know the position of the KBr valence band with respect to EF,

we put the top of the band at 5 eV below EF, as for NaCl on Au.

RbI

For RbI we use the lattice parameter 7.34 Å.24 Based on the separation of NaCl from Au

and the differences in ionic radii between Cl and I12 we use the separation 3.51 Å between

the RbI and Au planes. The band gap of RbI is 6.1 eV.25 For lack of experimental results,

we put the top of the valence band at 4 eV below EF. This puts the top somewhat higher

than for NaCl on Au. Due to the smaller gap for RbI we used this value to avoid that the

gap is too asymmetric relative to the Fermi energy.
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Model of PtPc

We study the absorbed PtPc molecule. The coordinates of PtPc are obtained from a density

functional calculation. The tight-binding parameters are obtained from Harrison3 and are

given in Table 1. For the H atoms we include the 1s level at the energy −13.6 eV (not given

by Harrison). We then slightly shifted the HOMO and LUMO for each substrate-buffer-

PtPc combination so that the PtPc HOMO forms a resonance at −1.3 eV and the LUMO a

resonance at 1.7 eV, in agreement with experiment for PtPc on NaCl on Au. Since we are

not aware of experimental results for HOMO and LUMO positions in most of the other

combinations of substrate and buffer, this alignment was used in all cases.

For PtPc on NaCl on Au,1,2 we follow Miwa et al.26 and use the separation 3.4 Å

between the the molecule and the NaCl film, absorbed on top of a Na atom. The four arms

of PtPc are along the NaCl (100) directions. For the hopping between the molecule and the

buffer we use an exponential cut-off as described above so that, on average, each atom in

PtPc hops to four atoms in the buffer. The Au slab breaks the four-fold symmetry of PtPc

which has been reintroduced in the results.

We are not aware of experiments for PtPc giving the separation to the buffer or the

orientation of PtPc in most other cases. We then construct models which follow PtPc on

NaCl on Au as much as possible. In particular, we assume that PtPc is absorbed on the

positive ion and has the same orientation as for PtPc on NaCl on Au. However, based on

Shannon’s “ionic radii”,12 we modify the separation to the buffer according to the size of

the anion in the buffer.

The difference in the results between the different cases will then be primarily due to

the choice of buffer and substrate. Should later experiments show that PtPc is absorbed on

a different site or has a different orientation, our calculations in Ref. 1 provide guidance

about the corresponding changes.
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Table 1: Level energies used in the models. The top three lines give substrates parameters,
the following 12 lines buffer parameters and the last four lines PtPc parameters.

Element s p d

Cu (4s, 4p, 3d) 6.0 11.0 −5.7

Ag (5s, 5p, 4d) 4.1 9.0 −5.9

Au (6s, 6p, 5d) 4.1 9.1 −3.7

Li (2s,2p) 23.0 29.0 −
Na (NaF)(3s, 3p) 18.1 22.1 −
Na (NaCl)(3s, 3p) 12.8 16.8 −
Mg (3s, 3p) 19.5 23.8 −
K (4s, 4p) 10.0 14.0 −
Rb (5s, 5p) 8.5 12.5 −
O (3s, 2p) 17.1 −4.0 −
F (LiF)(3s, 2p) 20.2 −7.0 −
F (NaF)(3s, 2p) 15.5 −6.0 −
Cl (4s, 3p) 10.2 −5.0 −
Br (5s, 4p) 6.8 −5.0 −
I (6s, 5p) 5.3 −4.0 −
C (2s, 2p) −19.38 −11.07 −
N (2s, 2p) −26.22 13.84 −
Pt (6s, 5d) −6.85 − −16.47

H (1s) −13.61 − −

Vacuum propagation

The tight-binding description above is used outwards to a distance z0 = 1 Å above the

molecule. For the description outside this plane we follow Ref. 2. For z > z0, we assume a

constant potential, V0, inside a cylinder with radius ρ0 = 12 Å, and infinite outside. We

use the work function V0 = 4.3 eV27 and the substrate Fermi energy is used as energy zero.
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Then

V(ρ, ϕ, z) =


V0, if ρ ≤ ρ0 and z ≥ z0;

∞ if ρ > ρ0 and z ≥ z0.
(2)

The cylinder radius (12 Å) is much larger than the distance from the cylinder axis to the

outermost H atoms (7.6 Å). We introduce the Schrödinger equation for an energy E(< V0)

[
−

(
∂2

∂z2 +
1
ρ

∂

∂ρ
+

∂2

∂ρ2

)
+

1
ρ2

∂2

∂ϕ2 + V(ρ, ϕ, z)
]

ψ(ρ, ϕ, z) = Eψ(ρ, ϕ, z) (3)

The solution is given by

ψ(ρ, ϕ, z) = ∑
mi

[
c(s)mi sin(mϕ) + c(c)mi cos(mϕ)

]
Jm [kmiρ] e−κmiz, (4)

where m(≥ 0) is an integer and Jm is an integer Bessel function. The coefficients kmi are

defined so that Jm[kmiρ0] = 0, to guarantee that the wave function is zero for ρ = ρ0. To

obtain the correct energy, E, we require

[κmi]
2 = [kmi]

2 − (E − V0). (5)

All energies are expressed in Ryd=13.6 eV and lengths in Bohr radii a0 = 0.529 Å. The

functions sin(mϕ), m ≥ 1 and cos(mϕ), m ≥ 0 describe the dependence on the azimuthal

angle ϕ. For a given value of m, the Bessel functions Jm[kmiρ], i = 1, 2, . . . describe the

radial behavior. Finally, exp(−κmiz) gives the exponential decay in the z-direction. These

vacuum solutions are matched continuously to the tight-binding solutions for substrate-

barrier-molecule complex.
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