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Coulomb Blockade Again...

By changing the gate voltage (V g) of the SET with a single
molecule in the nanogap in small steps from 24.3 V to þ4.3 V
while measuring the source–drain current–voltage characteristics
(I s-d–V s-d) 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 s-d/dV s-d) of the SET is
plotted in colour code as a function of the gate voltage (Vg) and
source–drain voltage (V s-d). 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 V s-d 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 Vg axis, implying that effects
other than simple Coulomb charging dominate the properties of

our device. AroundV g < 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 s, Cd, Cg,
Fig. 1a). This is known as the capacitance model15,16. We note that
linear diamond edges have also been observed in other experiments
with gated molecules7,8. 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 systemwith
just two tunnelling gaps—that is, with only onemolecule connecting
the source and drain electrodes—because a system with more
than one quantum dot always has more than two characteristic
slopes17.
To further investigate the second feature of our data, we use the

capacitancemodel introduced above to extract the energies required
to add an extra charge to a particular molecular ion. According to
the theory of SET operation15,18, the molecule can pass charge
through the SET at every open state of the transistor by switching
between two states with charge (n þ 1)e and ne, where e denotes the
electron charge (21.6 £ 10219 C). The corresponding open state

Figure 2 Experimental results. a, Measurements of the differential conductance
(dI s-d /dV s-d) as function of V s-d and V g. 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

representative I s-d–V g trace. b, Examples of current–voltage curves I s-d–(V s-d) for a

single OPV5 molecule obtained at different gate potentials V g (temperature T ¼ 4.2 K).

Curves are shifted vertically for clarity.

Figure 1 Device and experiment. a, Molecular structure of OPV5 and schematic experimental set-up. b, Schematic representation of the device preparation procedure.
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Calculations on Coulomb Blockade

Int. J. Quantum Chem. (2005) 102, p. 911
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Simulating Coulomb Blockade
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Voltage Drop
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6&,1#1%78&-, 250)+$5,:"&%-'"#-+*&-,*510$&, 0&-"!20"6+2")#,

"#!"-&, 25&, ()%&*+%10, ;+#*2")#, 1#-, 25&, 0&!+%2"#$, !/12"1%,
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,
,

,
!
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):, 25&, ()%&*+%&=, !"#*&, 25&, "#;&*2&-, &%&*20)#!, :0)(, 25&,

0"$52, &%&*20)-&!,5"2, "((&-"12&%7, 25&, %10$&,6100"&0, 12, 25&,
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&Q+"%"60"+(, R&0("'%&.&%3, @), 25&, .)%21$&, -&/&#-&#*&,

/%)22&-, 5&0&, $".&!, 1, :1"25:+%, "#-"*12")#, ):, 25&, 6"1!,

-&/&#-&#*&, ):, %&.&%, !5":2=, 95"*5, *1#, 1%2&0#12".&%7, 6&,

)621"#&-, :0)(, 25&,/&1O,/)!"2")#!, "#, 25&,/0);&*2&-,BU@,

/%)2, MJEN3, V&, :)+#-, 2512, :)0, 25&, AB4, 1#-, GAB,

()%&*+%&!,9"25,!7((&20"*,*)#21*2!=,25&,()%&*+%10,%&.&%!,

10&,#&10%7,*)#!21#2,12,%)9,6"1!,6+2,6&$"#,2),!5":2,12,%10$&0,
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Kondo Effect

! A localized spin is screened   
by conduction electrons.

! This leads to a resonance at 
the Fermi Energy.

! A signature in transport is a 
peak in dI/dV at zero bias.

! Energy scale:                        
Kondo Temperature, TK.

F.D.M. Haldane, PRL (1978)



Device Schematic

V
DrainSource

Gate

Vg

Dielectric

Need good coupling to both electrodes...



Kondo Effect in C60 Devices

! In 15% of devices, we observed a prominent zero-bias peak in dI/dV, which is 
suppressed as a function of temperature.  

! In ~300 control samples, zero-bias features were observed in < 2% of devices.

! Fits yield TK = 28.2 ± 0.3 K, in agreement with FWHM ~ 30 K.
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Negative Differential Resistance

Image: Wikipedia

Normal resistance: 
positive slope of I/V 
curve

“Dynamic” resistance:
resistance changes in a 
certain region

Logic (switching)

Amplifiers, etc.

Why?



NDR Example

sorbed thiol-Au contact and electron injection from the

evaporated contact. At 60 K, the peak current density for this

device was !53A/cm2, the NDR is "#380!" cm2, and

the peak-to-valley ratio #PVR$ is 1030:1. Unlike previous
devices that also used molecules to form the active region,12

this device exhibits a robust and large NDR. The I(V) curve

is fully reversible upon a change in this bias sweep direction;

for a given device, small fluctuations #a few percent$ were
observed with consecutive positive and negative sweeps but

could be attributed to temperature fluctuations of %2 K
#within the experimental thermal stability$. The performance
exceeds that observed in typical solid state quantum well

resonant tunneling heterostructures.13–15 The intrinsic PVR

of the molecule may be considerably greater than that re-

ported here, because the valley currents observed #on the
order of picoamperes$ are comparable to typical leakage cur-
rents in the silicon nitride. The devices are stable for more

than one year in ambient conditions.

Cyclic voltammetry measurements of compound 1 #for
simplified analysis, specifically 1c$ were performed at room
temperature on a BAS CV-50 W voltametric analyzer using

an Ag/AgNO3 reference electrode, and solvent system

of dimethylformamide and 1 M n-tetrabutylammonium

tetrafluoroborate with a scan rate of 100 mV/s. Figure 2#b$
shows the cyclic voltammetry reduction curve where the first

and second reduction potential for compound 1c are

#1.70 V and #2.33 V, respectively.
A candidate mechanism for NDR is a two-step reduction

process that modifies charge transport through the molecule.7

As the voltage is increased, the molecule initially undergoes

a one-electron reduction, turning on the conduction channel;

a further increase in voltage causes a second-electron reduc-

tion with subsequent blocking of the current.16 The width of

the I(V) peak correlates well with the difference in the two-

electron reduction potentials. The NDR behavior is absent in

FIG. 3. I(V) characteristics of a Au–#4-$–Au device at: #a$ 300 K; #b$ 190
K; #c$: Cyclic voltammagram of compound 4c showing two distinct reduc-

tion peaks.

FIG. 2. #a$ I(V) characteristics of a Au–(1!) –Au device at 60 K. The peak
current density is %50 A/cm2, the NDR is %#400 !" cm2, and the PVR is

1030:1; #b$ cyclic voltammagram of compound 1c showing two distinct

reduction peaks.
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fabricated and measured in nearly identical 

conditions (10) and did not exhibit any neg- 

ative differential resistance (NDR) behavior. 
Typical I(V) characteristics of a Au- 

(lc)-Au device at 60 K are shown in Fig. 2. 

Positive bias corresponds to hole injection 

from the chemisorbed thiol-Au contact and 

electron injection from the evaporated con- 

tact. The peak current density for this de- 

vice was >53 A/cm2, the NDR was <-3 80 

Rohm * cm2, and the peak-to-valley ratio 

(PVR) was 1030: 1. Unlike previous devic- 

es that also used molecules to form the 

active region (11), this device exhibits a 

robust and large NDR. Some device-to- 

device variations of peak voltage position 
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(- X2) and peak current (- X4) were ob- 

served (7). The I(V) curve was fully revers- 

ible upon change in bias sweep direction; 

for a given device, small fluctuations (- 1% 

in voltage peak position and -6% in peak 

current) were observed with consecutive 

positive and negative sweeps but could be 

attributed to temperature fluctuations of -2 

K (within the experimental thermal stabil- 

ity). The performance exceeds that ob- 

served in typical solid-state quantum well 

resonant tunneling heterostructures 

(12-15). In addition to the obvious size 

advantages for scaling, the intrinsic device 

characteristics (that is, the valley current 

shutoff) may be superior to those of solid- 

state devices. The intrinsic PVR of the 

molecule may be considerably greater than 

that reported here because the valley cur- 

rents observed (on the order of picoam- 

peres) are comparable to typical leakage 

currents in the silicon nitride. All of the 

devices examined exhibited peak voltage 

position and current magnitude shifts with 

temperature such as those shown in Fig. 3. 

A candidate mechanism for the NDR is a 

two-step reduction process that modifies 

charge transport through the molecule, as 

illustrated in Fig. 4. As the voltage is in- 

creased, the molecule initially undergoes a 

one-electron reduction, thereby supplying a 

charge carrier for electron flow through the 

system (although the nitro moiety is the most 

electron-withdrawing group in the molecule, 

the charge is probably dispersed throughout 

the entire molecule). A further increase in 

voltage causes a second electron reduction 

with subsequent blocking of the current. The 

width of the I(V) peak (-0.7 V) correlates 

well with the difference between the one- 

electron and two-electron peak reduction po- 

tentials [EP2 - Ep1 = l\Ep = 0.63 V and 

0.68 V for 1 with z (the end group as in Fig. 

IF) = SCH3 and Z = H, respectively] (16). 

The NDR behavior was absent in the control 

molecule (no amine or nitro moieties) (10), 

and no electrochemical reduction peaks were 

observed over the corresponding voltage 

range. Theory to explain the temperature de- 

pendencies and future experimental work to 

examine frequency and optical response 

should elucidate the transport mechanisms 

that would further permit engineering of de- 

vice perfonnance for room-temperature oper- 

ation (17). The NDR observation calnot be 

explained by the Coulomb blockade of inter- 

stitial metal particles, because two-terminal 

localized state transport gives rise to current 

steps (18) and not switching behavior. 

Two-terminal NDR devices have numer- 

ous device applications, including high-fre- 

quency oscillators (19), mixers, multipliers, 

logic (20), and analog-to-digital converters 

(21); and three-terminal devices incorporat- 

ing NDR give rise to novel compact circuits 

(22, 23). The use of NDR SAMs could im- 

plement these applications. 

References and Notes 
1. A. Aviram and M. Ratner, Eds., Molecular Electronics: 

Science and Technology (Annals of the New York 

Academy of Sciences, New York, 1998). 

2. M. C. Petty, M. R. Bryce, D. Bloor, Eds., An Introduction 

to Molecular Electronics (Oxford Univ. Press, New 

York, 1995). 

3. L. A. Bumm et al., Science 271, 1705 (1996). 

4. C. Zhou et al., AppI. Phys. Lett. 71, 611 (1997). 

5. M. A. Reed et al., Science 278, 252 (1997). 

6. C. Kergueris et al., Phys. Rev. B 59, 12505 (1999). 

7. Device-to-device current fluctuations can be attrib- 

uted to fluctuations in pore diameter size. 

8. The starting compound (la) was prepared by sequen- 

tial Pd/Cu-catalyzed coupling of 2,5-dibromo-4-ni- 

troacetanilide with phenylacetylene and 4-ethynyl- 

(thioacetyl)benzene. 

9. J. M. Tour et al., J. Am. Chem. Soc. 117, 9529 (1995). 

10. C. Zhou, thesis, Yale University (1999). 

11. Weak room-temperature NDR has previously been 

reported [M. A. Reed, Proc. IEEE 87 652 (1999)]. 
12. J. H. Smet, T. P. E. Broekaert, C. G. Fonstad, J. Appi. 

Phys. 71, 2475 (1992). 

13. J. R. S6derstrom, D. H. Chow, T. C. McGill, J. AppI. 

Phys. 66, 5106 (1989). 
14. J. Day et al., J. AppI. Phys. 73, 1542 (1993). 

15. H. H. Tsai et al., IEEE Electron. Device Lett. 15, 357 

(1993). 
16. The case where Z = SH was avoided because of 

anomalies that could be caused through electro- 

chemical disulfide formation and cleavage events. 

17. Since submission of the manuscript, room-tempera- 
ture NDR (PVR = 1.5:1) has been observed in a 

similar molecule. 

18. M. R. Deshpande et al., Phys. Rev. Lett. 76, 1328 

(1996). 

www.sciencemag.org SCIENCE VOL 286 19 NOVEMBER 1999 1551 

2V / 2nm ! 1x109 V/m

Science (1999) v286 p. 1550-1552



More Negative Differential Resistance

less than 5 × 10-11 Torr. The scanner is a Lyding design20

and is controlled by digital feedback electronics. The UHV

system consists of a sample preparation chamber and a

chamber housing the STM scanner, both of which have

separate ion pumps and are isolated by a gate valve to

minimize cross contamination. An external gas manifold

houses the molecular species, which are introduced into the

STM chamber via one of two independent leak valves. The

molecular species themselves are loaded into custom de-

signed glass vials that have been thoroughly cleaned,

degreased, and heated to promote removal of moisture and

unwanted residual organics. All handling of molecular

species and vial loading is conducted in a controlled

atmosphere glovebox (Vacuum Atmospheres Nexus model)

that maintains water and oxygen levels of less than 1 ppm.

After mounting to the UHV chamber gas manifold, the

loaded vials undergo a series of freeze-pump-thaw cycles
with liquid nitrogen.

The experiments were performed on Si(100) substrates

(Virginia Semiconductor), which were degenerately n-type

or p-type doped with arsenic or boron, respectively, with a

resistivity of<0.005Ω-cm. All samples were degreased with
acetone and isopropyl alcohol ex situ. Immediately following

introduction to UHV, the samples were degassed at 600 °C

for >12 h. To prepare an atomically pristine Si(100) 2 × 1

reconstructed surface, the degassed sample was flashed in

the UHV preparation chamber at a temperature of 1250 °C

for 30 s. The prepared sample was characterized with the

STM prior to molecular dosing to ensure atomic-level

cleanliness and the 2 × 1 reconstruction. All imaging was

performed in constant current mode with a tunneling current

of 0.1 nA and a sample bias of -2 V relative to a grounded
tip. The STM tip was fabricated via electrochemical etching

with W or PtIr wire. The experimental results show no

measurable dependence on the tip material.

Following surface verification, the sample is moved out

of tunneling range on the STM, and dosing is initiated. In

this paper, two different commercially available molecules

were studied: styrene and 2,2,6,6-tetramethyl-1-piperidinyl-

oxy (TEMPO). For both molecules, a uniform submonolayer

coverage was achieved at an optimal dose of 0.006 L (1 ×
10-10 Torr for 1 min). After dosing, the sample was returned

to tunneling range and imaged with the STM. For the given

dosing conditions, the molecular species were easily identi-

fied as protrusions in the topographic images. STM spec-

troscopy was implemented at several locations, both on the

molecular adsorbates and on the clean Si(100) surface.

Concurrent topographic scanning ensured an accurate as-

sessment of the spatial position of each STM spectrum.

During STM spectroscopy, the tip position is held constant

at the height established by the constant current feedback

conditions of -2 V and 0.1 nA. The sample voltage is then
swept from -5 V to +5 V, while recording the tunneling
current. The gain of the current preamplifier was set at a

value of 109, which limits the magnitude of the measured

current range to 2.75 nA. Current values exceeding this

threshold result in saturation of the detector, as observed in

some of the current-voltage measurements near the upper
and lower bounds of the sweep voltage.

Initial experiments were performed for styrene molecules

on degenerately n-type Si(100). Figure 1A contains a

molecular mechanics calculation for the expected geometry

of styrene bound to two dangling bonds on the clean Si-

(100) surface.21 The calculation is consistent with previous

reports.22 Figure 1B is an overview STM image of the Si-

(100) surface following styrene deposition, while Figure 1C

is focused on an individual styrene molecule. In this

intramolecular resolution image, the portion of the molecule

bound to the silicon dimer appears as a depression, whereas

the aromatic ring appears as a protrusion. The apparent

depression is likely caused by the reduced density of

electronic states for the reacted silicon dimer compared to

Figure 1. Styrene on the Si(100)-2 × 1 surface. (A) Schematic
representation of an individual styrene molecule bound to a
truncated Si(100) surface following molecular mechanics optimiza-
tion. (B) STM topography image of isolated styrene molecules
bound to the degenerately n-type Si(100)-2 × 1 surface. The black
circle identifies a single styrene molecule chosen for STM
spectroscopy. (C) STM image of the circled styrene molecule prior
to current-voltage characterization. (D) Current-voltage curve
measured on the clean Si(100)-2 × 1 surface within the vicinity of
the isolated styrene molecules. (E) Current-voltage curve measured
over the isolated styrene molecule. Negative sample bias reveals
two distinct NDR events, whereas ESD is detected at positive
sample bias.
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the dangling bonds on the remainder of the silicon surface.

After identifying the styrene molecules on the surface, STM

spectroscopy was performed at several locations both over

the surface adsorbates and on the clean Si(100) surface.

Figure 1D shows a typical current-voltage curve taken on
the clean Si(100) surface. The curve is relatively featureless

and is consistent with previous reports.23 No apparent

topographical changes are observed on the bare Si(100)

surface following STM spectroscopy. Figure 1E contains a

current-voltage curve taken directly over a styrene molecule.
Unlike Figure 1D, two clear NDR events are detected at

negative sample bias. At positive sample bias, the current

rapidly increases and saturates the detector. Following this

measurement, the styrene molecule is no longer observed

on the surface in STM topography images. Consequently,

we attribute the abrupt increase in current at positive sample

bias to electron stimulated desorption (ESD) of the styrene

molecule. It should be noted that previous studies have found

organic molecules containing π bonds to be especially

susceptible to ESD.22,24,25

To minimize the likelihood of ESD, a saturated hydro-

carbon was chosen for subsequent studies of NDR in

molecule-semiconductor-metal junctions. In particular, the
oxygen free radical, TEMPO, reacts with a single dangling

bond on the Si(100) to form a covalent Si-O bond as shown
in Figure 2A.21 The single binding point of TEMPO to the

Si(100) surface minimizes possible binding conformations

and lends itself to atomic resolution patterning via feedback

controlled lithography.26 Figures 2B and 2C contain STM

images of an n-type Si(100) surface following deposition of

TEMPO. The TEMPO molecule appears as a clear protrusion

that is slightly offset from the center of the silicon dimer.

Figure 2D shows STM spectroscopy results for an individual

TEMPO molecule on an n-type Si(100) surface. As was

observed for styrene, the TEMPO current-voltage curve
contains multiple NDR events at negative sample bias.

However, unlike styrene, the TEMPO molecule does not

undergo ESD, and current data is detected at positive sample

bias. Of particular interest is a shoulder in the current-
voltage curve at high positive sample bias. Figure 2E contains

STM spectroscopy data for an individual TEMPO molecule

on a p-type Si(100) surface. The current-voltage curve
contains the same qualitative features as Figure 2D except

at the opposite bias polarity. Specifically, two NDR events

are detected at positive sample bias, and a discontinuity is

observed in the current-voltage curve at negative sample
bias. The behavior observed in each of the current-voltage
curves was verified on multiple samples with multiple tips.

Although the exact bias for NDR or shoulders varied from

experiment to experiment, these events always occurred at

the same bias polarity for a given doping type.

The observed current-voltage behavior is consistent with
a resonant tunneling mechanism recently proposed by Datta

et al.27 Figure 3 schematically illustrates energy band

diagrams that summarize the charge transport mechanism.

Figures 3A and 3D show equilibrium band diagrams for

n-type and p-type silicon, respectively. Although band

bending is shown at the silicon surface to maintain consis-

tency with the model of Datta et al., the degree of band

bending plays a relatively minor role since NDR is deter-

mined by the bulk silicon band-edges.27 The location of the

Fermi level, EF, with respect to the lowest unoccupied

molecular orbital (LUMO) and the highest occupied molec-

ular orbital (HOMO) is adjusted for consistency with the

measured data.28 Under an applied bias, V, the electrostatic

potential on the molecule is assumed to be ∼V/2, in
agreement with previous calculations.29 Figure 3B considers

the situation where a negative bias is applied to the n-type

sample with respect to the grounded metal tip. At a critical

applied bias, the electrochemical potential of the sample,µ1,
aligns with the LUMO, leading to resonant tunneling and a

peak in the conduction. At a bias slightly higher than this

critical value, the narrow band of conduction electrons moves

off resonance. Due to the presence of the conduction band

Figure 2. TEMPO on the Si(100)-2 × 1 surface. (A) Molecular
mechanics optimized structure of an individual TEMPO molecule
on a truncated Si(100)-2 × 1 surface. (B) STM topography image
of isolated TEMPO molecules on a degenerately n-type Si(100)-2
× 1 surface. (C) STM image of the isolated TEMPO molecule that
is circled in part (B). (D) Current-voltage plot of an isolated
TEMPO molecule bound to n-type Si(100). At negative sample
bias, three distinct NDR events are observed, while a shoulder is
observed at positive sample bias. (E) Current-voltage plot of an
isolated TEMPO molecule bound to p-type Si(100). At negative
sample bias, a discontinuity is observed, whereas two NDR events
are detected at positive sample bias.
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Hersam / Dutta NDR Mechanism

edge, EC, and the onset of the silicon band gap, the

conduction at this bias level will decrease, leading to NDR.

At even higher negative sample biases, µ1 will move on and
subsequently off resonance with higher unoccupied molecular

orbitals. In agreement with the experimental data, this band

diagram predicts multiple NDR events at negative sample

bias for molecules adsorbed to degenerately n-type doped

silicon.

Figure 3C depicts the situation for the opposite polarity

on n-type silicon. In this case, the electrochemical potential

of the metal tip, µ2, will align with the LUMO. This
alignment implies the opening of another conduction pathway

that will lead to a discontinuous increase in the current.

However, unlike the semiconducting substrate, the metal tip

does not possess a band gap. Consequently, further bias

increases do not lead to NDR, thus explaining the presence

of the shoulder at positive sample bias in Figure 2D. Figures

3E and 3F consider p-type silicon samples under negative

and positive sample bias, respectively. This situation is

analogous to n-type silicon except that the electrochemical

potentials of the sample and the tip move into alignment

with the HOMO and lower occupied molecular orbitals of

the adsorbed molecule. In addition, the valence band edge,

EV, of the p-type substrate plays the analogous role of EC in

the n-type case. These differences imply that the prominent

features in the current-voltage curves for p-type substrates
have the opposite polarity of n-type substrates. In other

words, multiple NDR events are expected at positive sample

bias and a shoulder is expected at negative sample bias for

p-type substrates. The measured data in Figure 2E is

consistent with this explanation. Overall, the relatively simple

physical description schematically depicted by the energy

band diagrams of Figure 3 qualitatively reproduces all of

the observed behavior.

Although the polarity of the observed NDR is highly

reproducible, the exact value of the NDR bias varies by as

much as 1 V from experiment to experiment. Since the details

of the electrostatic potential distribution across the molecule

are highly sensitive to the tip-sample spacing,27 the vari-
ability in the NDR bias value may be attributed to subtle

Figure 3. Energy band diagrams. (A-C) Energy band diagrams depicting the semiconductor-molecule-metal junction for degenerately
doped n-type Si(100) at (A) equilibrium, (B) negative sample bias, and (C) positive sample bias. (D-F) Energy band diagrams depicting
the semiconductor-molecule-metal junction for degenerately doped p-type Si(100) at (D) equilibrium, (E) negative sample bias, and (F)
positive sample bias.
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Inelastic Electron Tunneling Spectra

metal–molecule–metal junctions[14,16] it is tempting to assign
these results to geometries in which an attached gold cluster is
poorly contacted to the main electrode.[17]

Subsidiary conductance peaks were also found in an aniline
trimer[40] (cf. the aniline heptamer, entry 12 in Table 1). The
main series had a peak conductance that was four times that
of the subsidiary series, similar to the ratio found for the two
main alkanedithiol series. It is interesting to note that no evi-
dence was found for a subsidiary series in the longer oligomer
(N = 7). This suggests that the effects of contact geometry be-
come more obvious as the molecule gets shorter. Indeed, the
problem with 1,4-phenyldithiol may lie with the possibility of
a plethora of conductance peaks, depending in detail upon
how the experiment is carried out. Thus the conductance val-
ue listed in Table 1 for 1,4-phenyldithiol has proved difficult
to replicate (Latha Venkataraman, personal communication).
This is a problem that can be addressed using different conju-
gation methods in certain circumstances.[41]

It is interesting to note that Venkataraman et al.[41] were
unable to reproduce the distinct peaks in conductance histo-
grams even with simple alkanes containing thiol attachments,
and consequently question the validity of the approach. This
discrepancy can not be a consequence of differences in the
experimental method (a fixed break junction[41] versus a scan-
ning probe[18]) because Gonzalez et al. have found robust con-
ductance peaks in alkanedithiol conductance measurements
made with a break junction.[42] Importantly, they demonstrate
that the peaks can be observed without any data selection
while most prior work has involved some kind of data selec-
tion.[2]

6. Vibronic Effects

In the Landauer–Imry coherent tunneling regime, there is
still a possibility that the electrons can scatter inelastically
from the molecule and deposit energy into a normal mode.
When the second derivative of the current is plotted with re-
spect to voltage at very low temperatures, bumps correspond-
ing to this inelasticity are expected—the bumps should occur
at voltage C = ! x/e, where x is the frequency of a normal
mode and ! is Planck’s constant. The intensity of such peaks
depends on the mechanism of transport, and the shape of such
peaks is in fact quite complicated, reflecting the different vi-
bronic and electronic couplings that the molecule undergoes
in the junction. Recording this spectrum, called the inelastic
electron tunneling spectrum (IETS) has become very popular
because it gives important information, not only demonstrat-
ing that the molecule is present in the junction, but also pro-
viding useful information in connection with propensity rules
for which peaks can appear, as well as density functional cal-
culations for actual assignment. Figure 3 shows an example
and this very important topic is discussed extensively else-
where.[12,43–51]

Vibronic coupling dominates standard molecular electron-
transfer reactions and is the basis for the analysis of electron

transfer rates based originally on Marcus theory. When vi-
bronic coupling (effectively, the amount of reorganization en-
ergy) is relatively weak, one sees co-tunneling and inelastic
electron tunneling spectra at low temperatures. When it be-
comes very strong, one can see trapping, hopping, loss of
phase, and activated transport. This is the regime of organic
electronics (effectively because the interelectrode distances
there are much too long to permit coherent tunneling).

Time scale arguments based on the so-called Landauer–
Buttiker tunneling time, generalized to the molecular level,
yield in a particular approximation the formula[52]

tLB≅ N!h
DEG

!6"

where tLB is the Landauer–Buttiker tunneling time, which is
best interpreted as the time for which the electron is actually
localized on the tunneling center (in this case the molecule),
N is the number of sites on the molecular bridge, and DEG is
the injection energy, that is, the energy gap between the Fermi
level and the nearest frontier molecular orbital. For many si-
tuations, when the DEG is on the order of volts, tLB is on the
order of sub-femtoseconds and there is insufficient time for
the molecule to undergo vibronic distortions. Clearly, as the
molecule gets longer (N increases) and as the injection gap
gets smaller either because a gate voltage has been used to
push a frontier orbital near the Fermi level or because a
source–drain voltage begins to include the level, this tunneling
time becomes longer. Regardless, strong vibronic coupling is
required to see trapping because there are simply not enough
modes in really small molecules (such as in 1,4-phenyldithiol)
to couple effectively.

7. Electrochemical Gating

Some functional devices will surely exploit the redox chem-
istry of molecules, that is to say, modulation of conductance
through alteration of the charge state of the molecule. The
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Figure 3. Experimental[45] and calculated[46] IETS spectra for the trimer of
phenylene ethynylene between gold electrodes.
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regime, possible for 
inelastic scattering

Energy goes into 
normal mode
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Electron-Vibrational Effects
  in Coulomb Blockade
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Inelastic Kondo Effect Observed:
Electronic-Vibronic Coupling

! We have observed additional finite-bias peaks near ± 33mV, corresponding 
to the Hg(1) vibrational mode of C60.

! Electron-vibron coupling in the Kondo regime is predicted to lead to an 
inelastic Kondo effect.

! Position of features 
in 5 devices:

" ± 29.6 mV

" ± 32.8 mV

" ± 33.5 mV

" ± 36.9 mV

" ± 37.2 mV

Theory: J. Paaske and K. Flensberg, PRL (2005)   
Finite-bias features: J. Park et al., Nature (2002), L. Yu et al., PRL (2004)



Gated Behavior: Twists & Turns

Anion Geometry ! Cation Geometry ! Neutral Geometry
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