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A combination of classical Coulomb charging, electronic level
spacings, spin, and vibrational modes determines the single-
electron transfer reactions through nanoscale systems connected
to external electrodes by tunnelling barriers'. Coulomb charging
effects have been shown to dominate such transport in semi-
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conductor quantum dots?, metallic’ and semiconducting* nano-
particles, carbon nanotubes™*, and single molecules”. Recently,
transport has been shown to be also influenced by spin—through
the Kondo effect—for both nanotubes' and single molecules®®,
as well as by vibrational fine structure”''. Here we describe a
single-electron transistor where the electronic levels of a single
w-conjugated molecule in several distinct charged states control
the transport properties. The molecular electronic levels
extracted from the single-electron-transistor measurements are
strongly perturbed compared to those of the molecule in
solution, leading to a very significant reduction of the gap
between the highest occupied molecular orbital and the lowest
unoccupied molecular orbital. We suggest, and verify by simple
model calculations, that this surprising effect could be caused by
image charges generated in the source and drain electrodes
resulting in a strong localization of the charges on the molecule.

We measured electrical transport at 4K through a single p-
phenylenevinylene oligomer, which has five benzene rings con-
nected through four double bonds (OPV5, Fig. 1a). OPV5 was
placed by chemical vapour deposition in a gap about 2 nm wide
separating the source and drain electrodes of a single-electron
transistor (SET) device (Fig. 1). The synthesis of OPV5 ((E,E)-
1,4-bis{4-{(E)-4-(tert-butylthio)styryl}}benzene) was done by a
Horner—Wadsworth—-Emmons condensation'? of tetraethyl 1,4-
xylylenediphosphonate with trans-4-(tert-butylthio)styrylbenzal-
dehyde. The terminal thiols were protected with a tert-butyl
group, which prevents chemical binding of the sulphur to the
gold electrode and leads to a weak van der Waals contact between
the molecule and the source and drain electrodes.

A planar gate electrode made of aluminium metal covered with
aluminium oxide (~5 nm thick) was prepared on a chip of oxidized
silicon. A shadow mask used to deposit the gold lead electrodes was
defined on top of the gate by standard electron-beam lithography.
The chip was then introduced into a vacuum chamber immersed in
liquid helium. All subsequent procedures reported here were
performed during a single vacuum cycle. First, two gold electrodes
were deposited through a shadow mask by condensing gold vapour
on the substrate held at 4.2 K. By using an oblique evaporation angle
(Fig. 1b) together with in situ conductance measurements, we were
able to fine-tune the tunnelling gap between the gold electrodes to a
few nanometres". As shown in Fig. 1b, for an inclined beam, a
constriction is formed by two mask edges. If the tilt angle is high,
there is no overlap between source and drain shadows. Reducing the
tilt angle decreases the source-drain gap. We changed the tilt
stepwise, narrowing the gap between the leads by 5nm at each
step. At each step, a 2-nm-thick film of gold was deposited through
the mask and the sample was checked for non-zero tunnelling
conductance (this procedure of nanonometre-scale gap fabrication
has been successfully tested for other metals"). Eventually, we
fabricated two self-aligned and self-sharpened gold electrodes
with a tunnelling gap of a few MQ between them. By annealing
the sample up to 100 K, we increased the gap resistance to a few G,
which corresponds to a tunnelling gap width of roughly 2nm
(ref. 14). Annealed samples did not show any gate dependence of
the tunnelling conductance nor any peculiarities in the current—
voltage, I(V), curves. In a separate control experiment, we observed
that an irreversible decomposition of gold into separate clusters
starts at 150-200 K.

Second, a submonolayer (~1%) of organic molecules was
deposited on the electrodes by quench condensation. The sample
was annealed at low temperature (below 70 K) allowing thermally
activated motion of the organic molecules, while monitoring the
nanogap conductance at a source—drain bias of 400 mV. When the
conductance changed stepwise, indicating the trapping of a single
molecule in the nanogap, the device was cooled to a temperature of
4.2 K where all transport measurements were taken. This entire
process was repeated successfully for three independent devices.
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Figure 1 Device and experiment. a, Molecular structure of OPV5 and schematic experimental set-up. b, Schematic representation of the device preparation procedure.

By changing the gate voltage (V) of the SET with a single
molecule in the nanogap in small steps from —4.3V to +4.3V
while measuring the source—drain current—voltage characteristics
(Is.q—V.q) at each step (Fig. 2), we were able to probe eight different
transmitting (open) states of the SET. This is summarized in Fig. 2a,
where the differential conductance (dI,_4/dV.4) of the SET is
plotted in colour code as a function of the gate voltage (V,) and
source—drain voltage (V_q). The dark diamonds in Fig. 2a corre-
spond to zero-current regions, where the low bias transport is
blocked. Not all of the dark diamonds are complete, because the
measurements were taken in a limited V4 range of £75mV (at
higher source—drain voltages the sample was unstable, possibly
owing to the switching between different molecular confor-
mations).

Two features emerge from the data set: (1) all diamond edges (the
lines separating transmitting and closed regions) are straight and
possess only two characteristic slopes, one positive and one nega-
tive; and (2) contrary to cases where SETs are dominated by
Coulomb charging alone, the zero-bias open states are distributed
in a non-equidistant way along the V, axis, implying that effects
other than simple Coulomb charging dominate the properties of

5 pA

Vg g (mV)

Vg V)

Figure 2 Experimental results. a, Measurements of the differential conductance
(d/5-/dVq) as function of Vs and V. All red lines, and all blue lines, have identical
slopes, as discussed in the text. The full solid line at the top of the figure shows a
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our device. Around V, = 0 these states clearly appear in bunches of
two.

The linearity of the diamond edges allows us to express the
electrostatic interaction between the molecule and gate and lead
electrodes in terms of three effective capacitances (C,, Cg4, C,,
Fig. 1a). This is known as the capacitance model™'°. We note that
linear diamond edges have also been observed in other experiments
with gated molecules”®. The data in Fig. 2a show that the same set of
capacitances characterizes the SET for all charged states of the
molecule. This in turn proves that we are dealing with a system with
just two tunnelling gaps—that is, with only one molecule connecting
the source and drain electrodes—because a system with more
than one quantum dot always has more than two characteristic
slopes'”.

To further investigate the second feature of our data, we use the
capacitance model introduced above to extract the energies required
to add an extra charge to a particular molecular ion. According to
the theory of SET operation'>'®, the molecule can pass charge
through the SET at every open state of the transistor by switching
between two states with charge (n + 1)e and ne, where e denotes the
electron charge (—1.6 X 10~ ' C). The corresponding open state

Is.g (PA)

-200-100 0 100 200
Vi g (mV)

representative /s.q—Vq trace. b, Examples of current—voltage curves /.¢—(Vs.q) for a
single OPV5 molecule obtained at different gate potentials V4 (temperature 7= 4.2K).
Curves are shifted vertically for clarity.
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gate voltages Vy(n) are defined by matching the electrochemical
potentials of the electrodes and the OPV molecule: pgiecrrRODE =
popv(n, Vg(n)). The electrochemical potential popy(n, V) is the
difference between the ground state energies E for the two differ-
ently charged ions at a gate voltage V : popv(n, V) = E(n, V) —
E(n—1,Vy). According to the capacitance model, the gate
voltage shifts the electrochemical potential of the molecule
linearly, allowing us to relate the diamond sizes along the gate
axis to the molecular charging (electron addition) energies,
I(n— n+ 1), by:

I(n—n+1)=popv(n+1,0) = popv(n,0)

= (Cg/(Cs+ Cq+ Ce(Vy(n) — Vo(n+1)) (1)

where the scaling factor Co/(Cs + Cq4 + C,) equals the ratio of the
Coulomb diamond size along bias and gate axes multiplied by 2 as
also shown in ref. 16 for a metallic island. We can use any of the two
complete dark diamonds in Fig. 2a to estimate Cy/(Cs + Cq + Cy),
which turns out to be ~0.2.

In terms of atomic energies the addition energy is the difference
between the ionization energy and the electron affinity'®. For a
quantum dot treated within a single-particle picture, the addition
energy I equals the energy difference between two adjacent states
plus the Coulomb energy e*/(Cy+ Cq + Cg) (ref. 18). For the
neutral molecule, this can be expressed as:

10— 1) ="M — gHOMO 4 &2 /(C + Cy + Cy) )

LUMO __ _HOMO

where ¢ e is the single-particle gap between the
highest occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO).

From Fig. 2 and the addition energies listed in Table 1, it is clear
that the addition or removal of an electron from the molecule in a
particular electronic configuration is not reduced to a simple change
of electrostatic energy in the system, but also involves the energy
related to the occupation of quantum-mechanical states. In metallic
islands or nanotubes, such effects are small owing to their high
density of states'. For a molecule, we deal with the opposite

Table 1 Addition energies and redox states

Redox n Vg (n) I(n—n + 1)557 (N — n + 1)°"er

state (V) (meV) (meV)

—4 4 3.53* T I *

-3 3 2.64 162 60§

-2 2 1.20 262 280§

-1 1 0.84 60 66 70§ 66#
0 0 —0.42 312 230 2,500 | 230#
1 -1 -0.77 70 56 63 399 66#
2 -2 —2.13 390 266 247 3509
3 -3 -4.10 358 1659

Symbols are defined in the text.

*Data in these two columns are from Fig. 2a, representing the essence of many measurements on
the same device/molecule.

T1Datain these two columns are from two additional devices prepared independently. The ratio C o/
(Cs+Cy+Cq) =02

§From electrochemical midway potentials (ref. 20) multiplied by a scaling factor of 0.5.

|| Estimated from absorption edge of OPV5 in solution situated at 450 nm (own data).

Y Estimated from computed ionization potentials (AM1, dielectric constant = 2.5, as suggested
from data in ref. 25) multiplied by a scaling factor of 0.16.

#Addition energies calculated by a Hubbard model (see Methods) representing the molecule as 38
pcarbon orbitals with an on-site repulsion U and a transfer integral t between connected atoms.
Image charges have been included by changing the on-site energy on one or both terminal
benzene ring(s) by an amount equal to the mirror image charge energy, &, given by
Pimage = 27.2 (eVA)/(e, a), where &, is the relative dielectric constant and a the distance
between the charge and its image in angstréms. The values listed in Table 1 are obtained by
fitting t to the optical HOMO-LUMO gap of the pristine OPV5 molecule (2,500 meV). The two
independent parameters (e, @) and U are obtained by fitting the model to the experimental
addition energies obtained forn=—1,0,+1. Theresulting values are: t = 3.92eV, U = 4.27 eV,
(era) = 4.7 A. The value of (e, a) is in good agreement with the expected distance between the
plane of the benzene ring and its image when the benzene ring is in van der Waals contact with
the electrode. The charges are thus expected to be separated by roughly twice the van der
Waals radius of sp2-hybridized carbon (~3A). U is also well within the expected range for on-
site repulsion in organic molecules.
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situation where the discretization of electronic levels should
dominate.

The data in Fig. 2a and Table 1 clearly reveal a symmetric
bunching effect around V, =0, allowing us to use a symmetry
argument for assigning this region to the neutral molecule. On the
basis of this assignment, we have tabulated the charge on the
molecule (redox state) in Table 1, together with independent
molecular addition energies provided by the SET for both positively
and negatively charged molecules. For comparison, we also list
addition energies obtained from electrochemistry* and quantum-
chemical calculations (Methods) for the negatively and positively
charged redox states, respectively. The electrochemical and compu-
tational values have been scaled by the factors given in Table 1 to best
match the trends in the SET data. Furthermore, the addition energy

ee, - 1
&

b
=
]

0 meV

0 meV

Figure 3 Calculations of charge confined on the OPV5 molecule, and valence bond
models of the redox states involved. a, Charge distribution calculated by a Hubbard model
for a single charge trapped on the OPV5 molecule and stabilized by its image charge; the
size of the red circles is proportional to the atomic charge density. b, Schematic
representation of the effective potential of a charge confined on the OPV5 molecule and
influenced by its image charges in the source and drain electrodes (full line). The blue and
red-coloured rings illustrate the equilibrium position of the image charge in the electrode
and the charge on the molecule, respectively. ¢, Selected valence bond models of the
involved redox states (left side) and corresponding addition energies (right side) between
open states involving the redox couples indicated by the double arrows.
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for the neutral molecule (~&"™M© — ¢HOMO) which is not directly

available from electrochemical measurements, has been estimated
from the onset of the absorption spectrum of OPV5.

The comparison between SET addition energies and the electro-
chemical and computational values shows similar evolutions for
both the positive and negative redox states. But for the neutral
molecule, there occur marked deviations among the data; the
spectroscopic HOMO-LUMO gap (~2.5¢eV) is one order of mag-
nitude larger than the HOMO-LUMO gap extracted from the SET
data, according to equation (2) (~0.2 eV). The rather large scaling
factors required to match the electrochemical and computational
values to the SET data and the dramatic change in the HOMO-
LUMO gap strongly indicate that the intrinsic electronic level
spacings of the molecule have been significantly altered in the
metallic junction. On the basis of simple model calculations listed
in Table 1, we suggest that image charges generated in the source and
drain electrodes by the charges on the molecule are the most likely
origins of this effect. The calculations are carried out using a
Hubbard model of the molecule that includes image charges
(Fig. 3a, b, Table 1). The results confirm the intuitive physical
picture that a charge trapped on the molecule is strongly attracted to
its image in the electrode, leading to a localization of the charge
close to the electrode. Simple application of Coulomb’s law then
suggests that the image charge can change the local potential on the
benzene ring in contact with the electrode by several eV. The
resulting addition energies calculated for n = {—1, 0, 1} are in
good agreement with the SET experiment for very realistic values of
the fitting parameters in the model (see the last footnote in Table 1
for details). These theoretical results are further corroborated by
recent spectroscopic studies’ showing that the LUMO of hexa-
fluorobenzene (CgFs) moves by 0.7 eV towards the middle of the
HOMO-LUMO gap when this molecule is deposited on a metal
surface and ionized through a charge transfer reaction. All together,
these findings suggest that the initially injected charges have a
localized character on the molecular backbone and can be described
as confined polarons. This unorthodox localized charge represen-
tation provides a straightforward explanation for the bunching of
the molecular charging energies around the neutral state; the energy
difference between the bunched states simply represents the rather
small energy required to charge both ends of the molecule in two
successive steps (Fig. 3¢). Further charging of the molecule leads to
increased repulsion among the charges, which translates into larger
charging energies, as observed experimentally.

We have reported SET data on a single conjugated molecule taken
through a series of distinct redox states. Comparison between the
intrinsic (redox) addition energies and those measured in the SET
reveals a strong perturbation of the molecular properties that we
attribute to image charges in the metal electrodes. The results show
that the molecule cannot be conceptually separated from the
electrodes owing to these electrostatic image charge effects, even
when the electronic overlap between the electrodes and the mol-
ecule is weak, as evidenced by the observation of single-electron
tunnelling phenomena. |

Methods

Total energies from computed ionization potentials

Total energies were calculated at the semiempirical Hartree-Fock Austin Model 1 (AM1)
level®* coupled to a full configuration interaction (CI) scheme within an active space
(encompassing five frontier electronic levels) to account for electron correlation effects
(see penultimate footnote in Table 1). The wavefunctions have been treated with the
restricted open-shell Hartree-Fock (ROHF) formalism for systems with an odd number of
electrons. The choice of the AM1 method is driven by its good track record in reproducing
the heat of formation of organic molecules. The electrostatic screening of the charges
injected into the conjugated backbone by the surrounding medium also has to be taken
into account to evaluate properly the total energies of the various redox states. This was
achieved in our calculations by using the conductor-like screening model (COSMO)*
implemented in the Ampac package (Ampac 6-55 ed.; Semichem). The self-consistent
reaction field (SCRF) model treats the solvent as an uniform polarizable medium, with a
dielectric constant &, in which the solute is positioned in a suitably shaped cavity. This
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model is known to provide realistic estimates of molecular total energies in solution when
combined to the AM1 parameterization®.

Addition energies from a Hubbard model

The addition energies of redox states at zero source—drain bias are calculated using the
formula I(n— n+ 1) = Eio(n 4+ 1) + Eio (1 — 1) — 2Eo¢ (1), where E (1) is the total
energy of molecule with 7 electrons (see last footnote in Table 1). Included in this energy is
the sum of energies of occupied one-electron states as calculated in the Hartree—Fock
approximation of the Hubbard model, corrected for double counting of Coulomb
repulsion among electrons and the Coulomb energy of the ions experiencing the potential
from the mirror charges in the gates. We note that the charge distribution of the molecule
in the different redox states are not simple scalings of a fixed charge distribution, as is being
assumed in the orthodox capacitance model. Work is in progress (P.H. and K. Flensberg)
on giving a full account of the generalization of the capacitance model suggested by the
experimental findings of the present work.
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