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ABSTRACT

Low-temperature three-terminal transport measurements through a thiol end-capped sr-conjugated molecule have been carried out. Electronic
excitations, including zero and finite-bias Kondo-effects, have been observed and studied as a function of magnetic field. Using a simplified
two-orbital model, we have accounted for the spin and the electronic configuration of the first four charge states of the molecule. The charge-
dependent couplings to gate, source, and drain electrodes suggest a scenario in which charges and spins are localized at the ends of the
molecule, close to the electrodes.

Molecules offer a high chemical versatility at the nanometer by direct tunneling from source to drain via an off-resonance
length scale and a key challenge is to exploit this in single- transport mechanism involving only virtual charge states of
molecule electronic devicés?® Transistor effects®® and the molecule.

memory operatiotf have been demonstrated, but the proper- | three-terminal devices, the gate electrode can bring
ties of single organic molecules coupled to metallic electrodes mglecular levels into and out of resonance with the Fermi
are still far from understood. In short the energetics of energy of the electrodes so that different charge states (redox
electron transfer to and from a molecule is determined by statesy 3 can be accessed. Contrary to the direct off-
electronic coupling of the molecule to the environment. The charging effects play a significant role because the molecules
Iatt_er is defined both by classical C(_)ulo_mb charging effects, accept one or more unit charges in the two step process that
which strongly depend on the polarizability of the surround- akes charges from the source to the molecule and subse-
ings, as well as by the direct electronic tunnel coupling 10 gyently from the molecule to the drain. For a weak electronic
the electrodes. For small isolated molecules in the gas phasengjecule-electrode coupling, this sequential tunneling process
or in solution, the coupling to the environment is well s {he most dominant transport mechanism. If the molecule
understood. However, the presence of two metal electrodesig jnermediately coupled to the source, and drain-electrodes,
near the molecule renormalizes its properties, and singleonar order tunneling processes also become important, and
molecules trapped between met_al contgcts remain Iooorlyone enters a new regime of correlated transport, exhibiting
understood and are hence under intense investigation. So faFnany—body effects such as the Kondo-effect and vibron-
a consistent picture has emerged for two-terminal ransport 5 gisted inelastic cotunnelling. Metallic nanotube quantum

through alkane chaif%and a family of biphenyl molecules dots displaying Kondo physics have become archetypal
with amine linker group$S both examples of electron transfer examples of such effecté:1?

To elucidate the electronic properties of single-molecule
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h.s.j.vanderzant@tudelft.nl. junctions, we have studied transport in electromigrated
T Delft University of Technology. _ junctiong® containing a thiol end-capped oligophenylene-
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Electromigation is a statistical process and in total 415
junctions with OPV-5 have been made. In ref 23, we have
described the characteristic transport features of seven OPV-5
junctions, which all display an order of magnitude reduction
of the addition energy relative to the optical (charge neutral)
HOMO—-LUMO gap® and vibrational mode spectroscopy in
accordance with the Raman-vibrational fingerprint of the
OPV-5 molecule. We also found that different junctions have
different electronic coupling between molecule and elec-
trodes, indicating that we cannot control the exact molecule
coupling. Here, we discuss in detail the measurements on
one particular sample out of these seven. It exhibits
intermediate coupling to source and drain electrodes so that
Kondo resonances and inelastic cotunneling become visible.
These features allow us to assign the spin and orbital filling
to four subsequent charge states.

(b) The transport measurements are represented in Figure 2a
as a plot of the differential conductance as a function of
Al,O; gate applied bias and gate-voltage. Similar to the well-established
bias/gate-spectroscopy of semiconducting and nanotube
guantum dots, we observe crossing bright lines separating
regions of high conductance (single-electron tunneling (SET)
regime) from enclosed diamond-shaped black regions with
very low conductance. Horizontal, slightly dimmer, lines
within these regions are due to higher-order tunneling
processes.

The overall structure of the bright slanted lines reveals
three crossing points, separating four different charge states
of the molecule. Numbers in Figure 2b indicate the charge
states (see discussion below). Zero-bias Kondo resonances
are visible in theN = +1 and+3 charge states; tHé= +2
state reveals two finite-bias resonances located symmetrically
around zero bias. The sequence single peak, split peak, single
peak is highlighted in Figure 2b and shows a striking
resemblance to data on carbon nanotube quantunitiéts.
Another characteristic feature of the Coulomb diamonds is
an addition energy of 65 5 meV forN = +1 and of 115
+ 5 meV forN = +2, similar to earlier reports on the same
Figure 1. (a) Schematic device lay-out and artistic impression of molecule??3
an OPV-5 molecule b(_)nded to two gold eIegtrers. (b) Eabricated The crossing betweeN = +1 and+2 is of particular
device prior to breaking the small gold wire in the middle by . - . .
electromigration. The junction is fabricated on top of an aluminum Inter_est an_d Figure 2c _ShOWS a hlgh-resolutlon (_jI/dV map
gate electrode, which is oxidized in air to fora 2 to 4 nmthick of this region. On the right-hand-side the zero-bias Kondo
Al,O; layer and at low temperatures, substantial leakage currentspeak is clearly visible; on the left-hand-side there are two
are typically observed for voltage above4 V. Bridges are  npegks at a bias voltage #f 1.7 mV. Examples of differential

electromigrated at room temperature by ramping a voltage until a . :
decrease in the conductance is observed, upon which the applieucondUCtance traces for both cases are plotted in Figure 2f.

voltage is returned to zefd;the cycle is repeated until a target 1he very small peaks superimposed on the main peaks are
resistance has been reached. (c) Molecular structure of OPV-5. believed to be vibrational side bands at energies comparable

to those measured in other samples. They are also faintly

delocalisedr-electron system, this derivative hasCi,Hos present in the SET regime.

side arms to make it soluble and acetyl protected thiol end- ~ Inspection of the data in Figure 2c also shows an excitation
groups to ensure bonding with the gold electr@é¢see running parallel to thé& = +2 diamond edge which exhibits
Figure 1c). Electromigration was performed on a 10 nm thick hegative differential resistance (NDR as illustrated in Figure
gold wire with a width of 100 nm and a length of 500 nm 2e, upper trace). In Figure 2c the energy of this excitation
(see also Figure 1b) using a recently developed self-breakingcan be read off as the distance from the zero-bias axis to the
method??> Molecule deposition was done from solution as crossing point with the diamond edge; it equats @ meV.
described in ref 23. At the negative side, this excitation is also present at the
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Figure 2. (a) Two-dimensional color plot of the differential conductandég\d, versusV andVg at T = 1.7 K measured with a lock-in
technique (modulation amplitude 0.4 mV). Minimum and maximum conductances@ind+25 xS respectively. Dotted green lines

indicate the diamond edges of a second molecule connected in parallel. When transferring the probe into another dewar, this structure
moved to a less negative gate voltage whereas the other three degeneracy points remained at the same location (see the Supporting Information
section S4). (b) Schematic drawing of the important information contained in (a) with the charge filling sequence as discussed in the text.
(c) Zoom-in between charge stateé® and+1 exhibiting respectively finite-bias and zero-bias Kondo effects. (d) Schematic drawing of (c)
highlighting its important features. Dashed lines are not visible in the contrast of (c) but do appear when adjusted. It is important to note
that other strong excitations are not present, indicating that the other electronic levels are far away or are not involved in transport. At
low-energy we do see lines in the second derivative, which we identify as vibrational modes. (e)/@Wtraces taken at different gate
voltages; their position is indicated in (c) by thin vertical lines. The blue curve shows a negative differential resistance (NDR) effect at
positive bias voltage. (f) lddV traces taken in the middle of the Coulomb diamonds of the charge Mates-2 and+1.

same energy as a zero-bias conductance plateau. Fdr the K for N = +1 and 24 K forN = +3. ForN = +2, the

= +2 state, excitations are present at80 and+ 37+ 1 zero-bias conductance first increases as the temperature is

meV. raised. At 35 K, it reaches a maximum, and for higher
We have studied the low-bias features of Figure 2c as atemperatures, the conductance decreases again. The value

function of temperature and magnetic field. The temperature of 35 K corresponds to an energy of 3 meV, which is close

dependence of the maximum conductance of the peaks at to the distance between the split low-bias peaks in this charge

= +1 and+3 is consistent with the regul&®= %, Kondo state (see Figure 2f).

effect as shown in Figure 3b by the red lines which are fits Figure 4, panels a and d, shows the conductance traces at

to the expected behavior gate voltages 0.56 VN = +1) and—0.72 V (N = +2),
y o respectively, for various magnetic fields. Rdr= +1, the
G=G,+G,[1+@2°- 1T/ (1) magnetic field splits the peak in two and the magnetic field

dependent data are again consistent v8te= Y/, Kondo
wheres = 0.22 and wheré&. andG;, are fitting parameters.  physics. Measurements on the finite-bias peaks insidélthe
The fits yield Kondo temperatures of 37 and 30 K for= = +2 diamond show that a magnetic field splits each peak
+1 and+ 3, respectively, roughly consistent with the full into two clear peaks. At negative bias, the third derivative
width at half-maximum of the zero-bias peaks which are 32 (Figure 4f) shows the presence of three peaks. This evolution
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(a) (b) an electrostatic charging energy = €/2C defined in terms
of a total capacitanc€, a gate-induced chardés = CyVy/

e, an additional intraorbital Coulomb repulsiot)dénd an
P, N=+1 interorbital antiferromagnetic exchange-couplihg 0.

3t %&M From the Hamiltonian in eq 2, the addition and excitation

energies can be calculated assuming that charging the

molecule is merely a matter of filling up two distinct “frozen”

4 : orbitals. Figure 5a summarizes the results for fhe +1

Dc.'ﬂthn and+2 charge states. We now compare the predictions of
2t = g this model with the data and check for consistency. Ror
- N=+2 = +2, the data reveal a singlet ground state together with

P inelastic cotunnelling lines at1.7 meV E€S,_.,), which

are connected to a triplet state. Thus, the exchange coupling,

J, is antiferromagnetic and equals 1.7 meV. The dathl at

= +1 show a strong excitation at6 1 meV, which we

identify as the level mismatch (ES,_.,). For theN = +2

state another excitatiofE&_ ) is visible at+37 meV. At

the positive side, there is also an additional excitation at 30

. . meV connected to a transition between the seddne +2

1 10 100 excited-state and the firth = +1 excited stateHS,_,, —

T(K) ES\_..). The difference between_ these e>§cita'1tic.)ns at 30

and 37 meV should be the level mismatgiwhich is indeed

Figure 3. (a) d/dV versusV at fixed gate voltage for various the case. The value of 37 meV for the second excitation for

temperatures witNg = +0.56,—0.72, and-2 V for charge states  the doubly charged state indicates thbt & 42 + 2 meV.

+1, +2, and+3, respectively. For the charge stait8 the second ~ The experimental values for the addition energies are

peak around 7 mV corresponds to the diamond edge. (b) Zero-blasEadszJrl = 65+ 5 meV andEan—s2 = 115+ 5 meV.

conductance as a function of temperature. Lines are fits to eq 1F he fi b ded harai
with s= 0.22: the fitting parameters afig = 37 K, G, = 1.0uS, rom the first number, we deduce a charging endtgy-

andG, = 2.34S andTk = 30 K, G, = 0.7 4S, andG, = 0.7 uS 30 + 3 meV, whereas the reading fBggan—+2 implies that
for N= +1 andN = +3, respectively. FON = +2, the zero-bias Ec = 38 &+ 4 meV. The fact that these two numbers are

conductance first increases with increasing temperature followed close serves as a positive consistency check of our two-orbital
by a decrease fof > 35 K (~3 meV). model

) L ) ) o _ ) We emphasize that the analysis presented above accounts
in a magnetic fieldB, is consistent with inelastic cotunnelling ¢, a1l of the electronic and magnetic excitations of the
from a singlet ground state to an excited triplet (Cf. opy.5 junction throughout four consecutive charge states.
Supporting Information, section S3). The splitting in €éach tq remaining question is how the two weakly interacting
peak should begusmB with m; = £1. With ag-factor of 2 g gpatially separated states A and B relate to the molecule
the splitting in Figure 4e,f yields ams value of 0.87 at  j the junction. Here we note that the presence of two nearly
negative bias and 1.0 at positive bias, consistent with the yoqenerate antiferromagnetically coupled states corroborates

|dent|f|cart1|on of the,t“fP'?t state as the excited stat?. h a picture invoked in previous papers involving image charges
From the magnetic field measurements, we conclude thati, yhe metal electrodes in which charges and spins localize

the Coulomb diamond With the split peaks in zero-magnet_ic at either end of the molecule as schematically illustrated in
field has a ground state with an even occupancy. We a55|gn|:igure 50826 In the remainder of this letter, we highlight

N = +2 to this state, and starting from this, the electronic ,,qiher feature of these states which hints at their molecular
and spin spectrum can be identified using a model that origin

mvc_)Ives two weakly interacting states with an antiferromag- The line width defining the diamond-like structures in
netic exchange energly From standard Coulomb blockade _. : . . :
Figure 2a is proportional to the electronic couplihy,and

:nzor:]yo’lév:ug?ﬂofetfzezflgormggsf ffective Hamiltonian for as this figure shows, appears to be dependent on the charge
' state: The diamond edges are sharper folNke +2 state
compared toN = +1 and+3. For the region where electron
Himo = Ec ( Ny — No — NG)Z +ong + tunneling involves 6— +1 — O transitions, a Lorentzian fit
(‘; ﬁ through the ddV vsV line shape yieldd" ~ 35 meV; for
- the+1— +2 — +1 and+2 — +3 — +2 transitionsI' =
u i;B Moo IS5 @) g ong 22 meV, respectively. A related observation is that
o'=to=l the gate coupling for the three different charge states is not
the same. For charge statd, +2, and+3 the gate coupling
where{na,na,,Net,Ng} denote the occupation operators for equals 0.06, 0.1, and 0.07, respectively. Thus,Nhe +2
two distinct orbitalsA and B with corresponding spif/, charge distribution on the molecule is more susceptible to
operators SThe parameters represent an orbital splitthg  the gate field. Apparently, the wave functions are located

di/dV (uS)
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Figure 4. (a) d/dV trace atVs = 0.56 V (charge statdl = +1) recorded for different magnetic fields as measured with a lock-in technique

(modulation amplitude 0.04 mV). Traces are offset hyRfor clarity.

(b) Gray scale plot oflttlV versusV andB at Vg = +0.56 V. (c)

Peak positions as a function of magnetic field taken from the data in (b) indicatingalue of 2.56. (d) Same as (a) but\at = —0.72
V (charge statdN = +2). Subsequent traces are offset by A (e) d/dV traces alVg = —0.72 V measured in a magnetic field Bf=
0 T (gray) andB = 9.2 T (red). Arrows indicate the predicted positions of peakB at 9.2 T assuming the triplet splits according to
gusBms with g = 2 andms = —1,0,1. (f) Gray scale plot ofl#dV? versusV obtained by numerical differentiation of the measuréd\d

at Vg
derivative correspond to dips in the third derivative).

more to the middle of the junction in agreement with the
lower electronic coupling for this charge state.

By considering the plausible valance bond structures of
OPV-5, we have been able to link the observed change with
charge state in couplings to electrodes and gate to its
molecular structure. For the first three positively charged

states, these bond structures are depicted in Figure 6. The

singly charged state (top) is a spin doublet with a strongly
localized charge at one terminal. The spin remains localized
to the same terminal benzene ring to preserve aromaticity
(undisturbed benzene rings which are particularly stable) in
the remaining four rings. Charge transport could occur by
charges tunneling directly to and from this terminal state that
hence defines the values bfand the gate coupling.

The likely representation of the doubly charged state is
shown in the middle of the figure where the ground state is
represented by two states similar to the singly charged
molecule, but with the possibility to mix the quinone state
(blue structure in Figure 6) into the ground state (in organic

0.72 V. The third derivative underlines the presence of three (two) peaks for negative (positive) bias voltage (peaks in the first

(a)

N=+3 N=+2 N=+1
ES?y..,
dv-s-1/4
ES'y-r2 sty [
7l s
!
GSpes . GSper GSpaus
+1 h +1h %
E g nors=2E -0+dU+3J/2  E,y .= 2E +5-3J/4
(b)
“_‘H\N‘-‘\_E—q}—\\ n-Cqz Hzs

o

n-Cqz Hzs

@s/

Source

Figure 5. (a) Two orbitals, A and B, (depicted by the two boxes)
re separated in energy By GSy— andES\—; denote ground and

chemistry terms one would say that the state is representechcited states respectively for charge state +1, +2, and+3

by two valence bond structures in “resonance” with most
weight to the black one). The admixing of the quinone state
into the ground state results in a slight movement of the
charges away from the electrodes resulting in a smaller

and a stronger gate coupling. The triply charged state can

(excited states foN = +3 are not shown)J is the interorbital,
antiferromagnetic exchange energy,= €%/2C is the electrostatic
charging energy andUWlis the intraorbital Coulomb repulsion. At
the bottom E,qan—+i denotes the addition energies for charge state
i = +1 and+2. (b) Schematic impression of the two-site orbital
model for an OPV-5 molecule connected to gold electrodes on either

be described as a sum of the singly and doubly chargedside.
systems and transport could again occur via a state that is

very similar to the singly charged molecule (now at the left
electrode), giving rise to values dfand the gate coupling

3340

that are very similar to the singly charged state, as observed
in the experiment.
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D

Figure 6. Plausible valence bond representations of the first three positively charged states. The likely spin multiplicity is indicated in the

right column. The classical valence bond description of the doubly charged OPV-5 molecule involves a spinless bipolaron structure (blue
structure) in which a quinone structural motif separates the two positive charges defining a distance between the positive charges which
reflects the equilibrium between the attractive structural relaxation of the molecular backbone (the quinoid structure) and the repulsion

between the positive charges. The double arrow connects “resonance” structures in organic chemistry terminology.

We conclude with a few remarks on the generality and

Supporting Information Available: Calculation of the

consistency of the results described in this letter. We have excitations of the effective two-orbital model (section S1),
performed preliminary quantum chemistry calculations to and the nonequilibrium transport including the NDR effect
account for the image charge effects. We find that the energy(S2). Effective model for the finite bias singtetriplet Kondo

of the system crucially depends on the exact contact geometryeffect (section S3). Stability diagram after transferring the
which involves the At-S bond angle and the distance to probe to a different dewar (section S4). This material is
the image charge. In the experiment, we therefore expect agyajlable free of charge via the Internet at http://pubs.acs.org.

spread in the measured addition energies and charging
energies in agreement with the observati®#<n the other
hand, the exchange energy in this scenario is expected to be
not very dependent on the exact contact geometry, since the
distance between the two spins remains approximately the
same. Measurements on the only other OPV-5 junction that
displays higher-order processes are consistent with these
observations. It also shows inelastic cotunnelling peaks at
an energy ott1.5 meV, close to the value reported here.
This sample, however, exhibits higher addition energies, and
as a consequence, only one degeneracy point could be
resolved so that a further comparison with the model
involving multiple charge states could not be performed.
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