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Direct Observation of Molecular Orbitals of Pentacene Physisorbed on Au(111)
by Scanning Tunneling Microscope
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Differential conductance (dI/dV) images taken with a low-temperature scanning tunneling microscope
enabled the first observation of the electron probability distribution of the molecular orbitals of a
pentacene molecule directly adsorbed on a metal surface. The three highest occupied molecular orbitals
(HOMO, HOMO-1, and HOMO-2) and the lowest unoccupied molecular orbital are imaged. Thus dI/dV
imaging without any intervening insulating layer permits the visualization of a large variety of molecular
orbitals in the electronic cloud of a wide-gap molecule physisorbed on a metal surface.

DOI: 10.1103/PhysRevLett.102.176102

A molecule placed between two electrodes of a tunnel
junction increases the junction conductance, since the
electron cloud of the molecule lowers the effective tunnel
barrier of the junction as compared to an empty junction
vacuum barrier. However, the molecule retains its elec-
tronic resonances corresponding to its ionized or reduced
states when coupled weakly to the metal electrodes. These
are usually described by an antisymmetric product of one
electron eigenstate, the so-called molecular orbitals.
Assuming the validity of Koopmans theorem [1] in a tunnel
junction environment, it has been shown [2] that it is
possible to image the electron probability distribution in
real space of the two pentacene frontier molecular orbitals
(MOs). However, the surface preparation required for such
an experiment is complex. It consists of separating the
molecule from the metal surface using an ultrathin insulat-
ing layer [2—4]. The drawback of this technique is that the
electron residence time in the tunneling junction increases
when compared to the geometry where the molecule is
directly adsorbed on the metal surface. This induces dy-
namic electrostatic effects which significantly alter the
molecular orbital energies, with respect to the substrate
Fermi level [5]. Even if the energy gap between MOs can
be reduced, the energy window to image the MO of a
selected resonance is consequently narrowed with this
surface preparation, since the molecule is more likely to
jump onto the tip apex or be destroyed by the resulting high
electric field. To have access to more MOs, we return to a
bare metal surface and physisorb the molecule of interest.
We show in this Letter that aside from the two frontier MOs
[i.e., the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO)], the second
(HOMO-1) and third (HOMO-2) occupied MOs of a pen-
tacene molecule lying directly on a gold surface can be
imaged using a scanning tunneling microscope (STM) via
differential conductance measurements.

For the experiments reported here, pentacene molecules
were sublimed on a Au(111) single crystal substrate, at
room temperature. The surface was cleaned by repeated
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cycles of sputtering and annealing. Subsequently the sam-
ple was cooled to cryogenic temperatures and transferred
to an STM chamber. All the images and spectroscopic data
were acquired in an ultrahigh vacuum (<10~'° mbar) with
a Createc low-temperature STM operated at 6 K. After
sublimation, pentacene molecules adsorb on the Au(111)
reconstructed terraces and at step edges. Even at large
tunneling resistances, the molecules are prone to be
dragged by the STM tip during image acquisition.
Imaging the MOs requires tunneling resistances in the
order of hundreds of megohms. Only pentacene molecules
physisorbed at herringbone kinks (as presented in Fig. 1)
are used for recording spectroscopic data and dI/dV maps,
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FIG. 1. A 10.0 nm X 9.5 nm constant-current STM image of a
pentacene molecule bound to a herringbone kink of the recon-
structed Au(111) surface. The inset shows the apparent height
profile taken along this pentacene molecule. Scanning condi-
tions: 1 =45 pA, V = 100 mV.
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since this is a favorable adsorption site, and the molecule is
unlikely to move while scanning. During this dI/dV data
acquisition process, using standard lock-in detection tech-
niques [6], the feedback loop is kept active in order to
maintain the tunneling current at a constant preset value.
Topographic and dI/dV signals are acquired at each (x, y)
pixel, with the z value being acquired before the dI/dV
signal.

To ensure that STM tips are clean and suitable for dI/dV
measurements on a single molecule, differential conduc-
tance spectra were first recorded on bare Au(111) terraces.
Only those tips capable of yielding signatures in spectra
corresponding to the Au(111) surface state at ~ — 505 mV
were utilized [7]. Figure 2(a) shows a typical dI/dV spec-
trum recorded on a pentacene molecule physisorbed on a
herringbone kink. Distinct from the Au(111) surface state,
it presents several conductance peaks at —900 mV,
—1900 mV, and —2700 mV and an additional broad
peak at +1300 mV.

Constant-current STM images of a single pentacene
molecule taken at these dI/dV peaks show an intramolec-
ular spatial modulation along the pentacene axis, as shown
in the left column of Fig. 2(b). These features gradually
fade out at higher voltages, while images recorded at bias
voltages close to the Fermi level (see Fig. 1) show no
internal features. This modulation is smaller in amplitude
when compared with STM images reported by Repp et al.
[2] for pentacene adsorbed on a NaCl decoupling layer.
The number of maxima along the pentacene axis in the
image recorded at —900 mV corresponds to the electron
probability distribution of the HOMO of a pentacene
molecule in the gas phase. This —900 mV peak measured
with respect to the Fermi level corresponds to an electronic
resonance located at —6.25 eV with respect to the vacuum
level, since the Au(l111) work function is 5.35 eV.
Therefore this resonance can be identified as the 6.6 eV
first ionization potential of a free pentacene molecule. The
minor discrepancy in energy, compared to 6.6 eV, can be
attributed to a renormalization of molecular levels caused
by the adsorption of the pentacene on the Au(111) metal
surface [5,8]. Here, the tunneling process through the
pentacene molecule at —900 mV is able to capture the
HOMO as the main orbital component of its first ionized
state resonance contributing to the STM tunnel junction
conductance. This is not the case for a pentacene chemi-
sorbed on Cu(111) as reported by Lagoute et al. [9].
In Fig. 2(b) intramolecular modulations are also ob-
served in the topographic images recorded at —1900 mV,
at —2500 mV, and very weakly at +1300 mV. The
1300 mV corresponds to the first reduced state of the
pentacene, whose electron affinity lies at 1350 mV [10].

To disentangle those monoelectronic MO contributions
from the intramolecular spatial variation of the STM junc-
tion conductance, constant-current differential conduc-
tance images of a pentacene molecule were acquired at
different voltages in the range between —2.5 and 1.3 V,
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FIG. 2 (color online). (a) The dI/dV spectrum of a pentacene
molecule on Au(111). The dI/dV signal shows four broad and
distinct peaks corresponding to the first affinity level (LUMO) of
a pentacene, in the positive bias side, and its one electron
ionization levels (HOMO, HOMO-1, and lower) in the negative
side. The leftmost peak certainly consists of two resonances,
HOMO-2 and HOMO-3, but these are too close energetically to
be resolved by spectroscopy in this high voltage region [13]. The
surface state of Au(111) is also observable. (b) The left and
center columns are experimental topographic images and dI/dV
maps recorded at voltages indicated by the arrows in (a).
Tunneling currents for the STM images and dI/dV maps are,
from the top, 5 nA, 3 nA, 5 nA, and 6 nA. The right column
displays the corresponding calculated STM-elastic scattering
quantum chemistry (ESQC) images, at a constant tunneling cur-
rent of 1 nA, for a pentacene molecule adsorbed on Au(111) at
the monoelectronic energy resonances corresponding to the
LUMO, HOMO, HOMO-1, and HOMO-2, respectively. All
images are 2.5 nm X 1.5 nm.

including the characteristic dI/dV peaks shown in
Fig. 2(a). At a given position (x, y) and for a tip apex to
surface distance z, / is given by

ez Er+eV
I(V,z) = — L T(E, z)dE, (1)
F

where T(E, z) is the electronic transparency of the tunnel
junction at energy E. To visualize the corresponding MOs’
electron probability distribution, the dI/dV map was re-
corded at constant current. To a first order approximation,
T(E, 7) is simplified to
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V = -1400 mV E = (EHomo *EHomo-1)/2

where C.(E, z) is the effective interelectrode electronic
coupling through the molecule, and A p(E) is the differen-
tial change in the metal surface local density of states
caused by the molecule interacting with the surface. For
a physisorbed molecule, the local density of states do not
vary significantly around a given molecule resonance, and
the dI/dV corrugation depends only on C.i(E, 7). For any
(x, ¥) where the tip apex is well coupled to the electronic
cloud of the molecule, the constant-current condition leads
to a tip retraction. The corresponding T(E, z) resonance
width is reduced by this decrease in Ci(E, z), and large
spatial variations in dI/dV result. In contrast, at (x, y)
positions where the apex is weakly coupled, the tip ap-
proaches the molecule, the T(E, z) resonances broaden,
and the dI/dV is reduced. Since the tunneling current is
mainly formed by a succession of temporally uncorrelated
one electron transfer events through the molecule [11], the
main coupling contribution to C.k(E, z) is the mono-
electronic coupling term through the corresponding MO
energy level. The experimental constant-current dI/dV
maps are presented in the center column of Fig. 2(b). The
maps recorded at —900 mV and —1900 mV are similar to
the free pentacene electron probability distribution of
HOMO and HOMO-1, respectively. Here, the variations
of C(E, z) sample the single electronic contributions to
the Slater determinant of the electronic cloud. While non-
resonant MO contributions in this determinant are filtered
through the molecule, the spatial extent of each experi-
mental MO image differs from two-dimensional maps of a
free pentacene molecule 7 orbitals, calculated either by
semiempirical [3] or density-functional theory [2] meth-
ods, especially at the ends of the molecule. It is the elec-
tronic interaction of the 77 MO with the tip which creates
the apparent lateral expansion and enlargement at the
molecule extremities. A more realistic way to compare
experimental and calculated images is to use the elastic
scattering quantum chemistry (ESQC) calculation tech-
nique and to compute a map of STM tip height (z map)
for a constant current exactly at the imaged MO energy
[12]. Since ESQC employs a single electron Hamiltonian,
the calculated images presented at the right column of
Fig. 2(b) are identical to the experimental ones, after
including the tip effect.

The dI/dV image recorded at +1300 mV shows a clean
contribution of the monoelectronic LUMO state of the
corresponding Slater determinant of this resonance as con-
firmed by the full STM-ESQC constant-current dI/dV
image calculation. However, there are differences for
HOMO-2, which are explained below.

A consequence of our imaging technique is that dI/dV
remains sensitive to the spatial variations of C.(E, z) even
away from a resonance. For example, the dI/dV image in
Fig. 3(b) recorded at —1400 mV in between the HOMO-1
and HOMO-like resonances is essentially the negative of
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FIG. 3. (a) Topographic and (b) dI/dV images taken in the gap
between the HOMO and HOMO-1 resonances (V = —1400 mV
and I = 4 nA). (c¢) Constant-current ESQC-computed z map, at
1 nA. Here the integration performs from the Fermi energy to an
energy lying exactly midway between the HOMO and HOMO-1.
(d) ESQC-computed conductance map at E = (Egomo +
Eyomo—1)/2 using the z map shown in (c). All images are
2.5 nm X 1.5 nm.

the HOMO image presented in Fig. 2(b), despite the ab-
sence of MO traces in the normal topographic image
[Fig. 3(a)]. This indicates that for energies lower than the
HOMO, C.x(E,z) remains sensitive to its monoelec-
tronic contribution until a second electronic state attributed
to the HOMO-1 single electron resonance occurs. At
—1400 mV, and at the (x, y) position of a HOMO spatial
maximum, the STM tip is retracted to maintain constant
current. Therefore, in the absence of any resonance at
nearby energy, this retraction renders dI/dV very small,
explaining the dark contrast HOMO-like lobes in Fig. 3(b).
In contrast, at the (x, y) position of a HOMO node and also
away from the molecule, the feedback loop makes the tip
approach, and the dI/dV signal is larger than at a MO
maximum lobe position. This indicates that the resonances
observed in this manner are not purely single electronic
resonance.

Using the local tip apex interaction with the electronic
cloud of the molecule, the tunneling current picks up
selected monoelectronic eigenstates of the electronic
cloud. This highlights the contributions of the HOMO
and LUMO, as shown in Fig. 2(a). We have used a modi-
fied version of the STM-ESQC technique to reproduce this
negative image of the HOMO single electron state. The
STM image was calculated in a constant-current mode
after including Eq. (1) in ESQC for calculating the feed-
back current, instead of its usual linear approximation.
This image is presented in Fig. 3(c). This z map was then
used to get the corresponding dI/dV image just by calcu-
lating a new T(E, z) ESQC map according to the derivative
of Eq. (1). This image is presented in Fig. 3(d) for E =
(Exomo + Enomo-1)/2 relative to the Fermi level. The
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FIG. 4 (color online). A three-dimensional (3D) representation
showing the contribution of resonant and nonresonant states
explaining the dI/dV map recorded at —2500 mV. The three
topmost 3D plots were extracted from the ESQC theoretical
results shown in the right column of Fig. 2(b). The 3D plot at the
bottom corresponds to the weighted sum of the HOMO-2,
HOMO-1, and HOMO shown above. The criteria for the inte-
gration is (i) resonant states (HOMO-2 in this case) are positive,
(i1) nonresonant states (HOMO and HOMO-1) are negative, and
(iii) the nearer the Fermi energy, the stronger is the contribution
of the nonresonant states [14]. The image at the bottom-left cor-
ner shows the top view of the integrated 3D plot, and the bottom-
right image is the corresponding experimental dI/dV map.

agreement with the experimental dI/dV map shows that
the tip captures C.i(FE, z) spatial variations of the active
monoelectronic orbital in the electron transfer process at
E = —1400 meV through the molecule. The HOMO-1
contribution does not appear here because the energy
window has not reached its corresponding electronic cloud
resonance to activate the next one electron transfer
channel.

Another consequence is that at higher voltages (for
example, —2500 mV), dI/dV images are composed of a
very complex intermixing of positive (for example, the
corresponding HOMO-2 contribution) and negative (the
previous out-of-resonance MOs’ contributions) lobes. At
—2500 mV, the monoelectronic contributions discussed
earlier are still active in the tunneling process but uncorre-
lated. They are superposed on the main HOMO-2 contri-
bution corresponding to the one electron ionization process
detected at the —2500 mV resonance. A reconstruction of
the dI/dV map recorded at —2500 mV is proposed in
Fig. 4. Each of the HOMO-2, HOMO-1, and HOMO con-
tributions was inverted and weighted as necessary. The
HOMO-2 MO is present but overshadowed by the two
other MOs.

In conclusion, our constant-current dI/dV image tech-
nique is able to image the principal monoelectronic MO
contributions of the one electron ionized and reduced states
of the pentacene 7 electron cloud on a bare metal surface.
The usual nomenclature used in STM spectroscopy on
molecules can be preserved, with the caveat that experi-
mental images attributed to a MO are only an approximate
description of the real electron cloud. All molecules may
not show such a clear correspondence between their
STM dI/dV images at single electron states and the spatial
distribution of the electron cloud at ionized or reduced
states of the free molecule.
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