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R
esearch in the field of molecular
electronics has been driven by an as-
sortment of promising technologi-

cal advancements, both fundamental and

applied in nature. The discrete building

blocks used to construct modern electronic

components will ultimately limit the extent

to which these devices can be scaled down

in size. Device miniaturization may be taken

to new extremes by fabricating compo-

nents that utilize a single molecule or mo-

lecular complex as the active element. The

realization of such devices has presented a

challenge to our ability to manipulate and

exert control over these nanoscale struc-

tures and has provided new insights and

an expanded understanding of the way in

which a molecule may interact with solid-

state components.

Early theories of electrical conduction

through molecules were presented in the

1940s by Robert Mulliken and Albert Szent-

Gyorgi. However, a practical foundation for

the premise of a device operating with a

single, custom-designed molecule is widely
credited as having begun with the theories
of Aviram and Ratner, put forth in 1974.1

They proposed using a donor�acceptor
molecule as a molecular diode. Shortly
thereafter came an upsurge of papers pre-
senting more detailed analyses of molecu-
lar conduction and designs for molecular
wires, switches, and logic circuits. The el-
ementary structure of all of these devices,
regardless of the application, consists of a
molecule or molecular complex attached to
two metallic electrodes functioning as
source and drain contacts. The incorpora-
tion of a third, capacitively coupled elec-
trode, typically referred to as a gate, allows
for the formation of a three-terminal
transistor-like device. This structure is then
analogous to the field effect transistor (FET),
the basis for nearly all modern electronic
devices.

The experimental realization of even
the most basic of such designs first re-
quired the development of new fabrication
techniques enabling means of contacting
individual molecules via metallic electrodes.
These techniques led to early transport
studies, primarily directed at investigating
conduction through molecules via two ter-
minal I�V measurements. The field has
taken sizable steps forward recently thanks
to collaborations between chemists synthe-
sizing tailor-made complexes and physi-
cists incorporating these complexes into
nanoscale devices.

This review focuses primarily on Kondo
physics in single-molecule electronic de-
vices. As we explain in more detail below,
the Kondo effect, first noticed in the 1930s
in bulk metals containing magnetic impuri-
ties, is a consequence of strong
electron�electron interactions and correla-
tions. It therefore lies outside the scope of
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ABSTRACT Molecular electronic devices currently serve as a platform for studying a variety of physical

phenomena only accessible at the nanometer scale. One such phenomenon is the highly correlated electronic

state responsible for the Kondo effect, manifested here as a “Kondo resonance” in the conductance. Because the

Kondo effect results from strong electron�electron interactions, it is not captured by the usual quantum

chemistry approaches traditionally applied to understand chemical electron transfer. In this review, we will

discuss the origins and phenomenology of Kondo resonances observed in single-molecule devices, focusing

primarily on the spin-1/2 Kondo state arising from a single unpaired electron. We explore the rich physical system

of a single-molecule device, which offers a unique spectroscopic tool for investigating the interplay of emergent

Kondo behavior and such properties as molecular orbital transitions and vibrational modes. We will additionally

address more exotic systems, such as higher spin states in the Kondo regime, and we will review recent

experimental advances in the ability to manipulate and exert control over these nanoscale devices.

KEYWORDS: Kondo effect · molecular electronics · single-molecule device · break
junction · STM · transport · magnetic interaction · highly correlated electron
state · emergent phenomena
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single-particle quantum chemistry descriptions, while
profoundly affecting electron transport. The Kondo ef-
fect leads to a pronounced zero-bias Kondo resonance
in the conduction that would be absent in a single-
particle picture. We first introduce the fabrication tech-
niques required to produce single-molecule electronic
devices. After an overview of the physics of electron
transport in such nanodevices, we discuss the origin of
the Kondo effect. Implementations of the Kondo effect
in molecules are presented together with the means by
which these systems can be probed in order to better
understand the correlation effects. We also discuss the
way in which experimental observations deviate from
commonly used models of the Kondo state. Finally, we
address scenarios beyond the single-channel spin-1/2

system and possible future lines of investigation.
Fabrication. Single-molecule devices, serving here as

a platform for the study of the Kondo effect, are often
described as a double barrier tunneling structure in
which a molecule is connected to a metallic source and
drain electrodes by contacts that each act as tunneling
barriers. This arrangement can be accomplished by
more than one method.

In a scanning tunneling
microscope (STM), the tunneling current is measured
between a sharp metallic tip (capable of controlled
movement in the x, y, and z directions) and a conduct-
ing surface. This tool enables one to map the density of
states (DOS) of a surface covered with dispersed mol-
ecules. When a molecule of interest is found, situating
the molecule between the sharp tip and the conduct-
ing substrate establishes a double barrier junction (Fig-
ure 1a). Electrons can tunnel between the substrate (in-
cluding the molecule) and the atom on the STM tip
that is situated closest to the substrate surface. The ab-
sence of a gate electrode limits the STM to two termi-
nal measurements. Kondo physics in STM experiments
has been observed for more than a decade,2,3 with
much recent progress being made in molecular sys-
tems, as described below.

Alternately, planar single-molecule devices may be
fabricated using “break junction” techniques. Arrays of
nanowires are lithographically defined on an insulated
substrate. A dilute solution of the molecules of interest
is spread on the substrate surface, with molecules ad-
hering either through physisorption or the formation of
a self-assembled monolayer. The nanowires are then
broken in a controlled manner, either through a me-
chanical process or via electromigration. Ideally, after
the breaking process, a molecule will be situated in the
newly formed gap. The broken ends of the wire can
then act as source and drain electrodes, while a capaci-
tively coupled conducting substrate can function as a
gate electrode (Figure 1c).

The tunneling probability decreases exponentially
with distance between the source and drain, ensuring
that interelectrode conduction is dominated by an ex-

tremely small volume, comparable to that of a single
molecule, situated at the point of closest interelectrode
separation. One can assume that only a fraction of the
devices that are broken will have an appropriately sized
gap containing an individual active element. It follows
that the formation of a working sample using any break
junction technique is highly statistical in nature, and
many nanowires are often required to achieve an op-
erational device.

In the mechani-
cal break junction
technique, a post is
positioned against
the back of the sub-
strate beneath the
nanowires, while
the substrate edges
are rigidly held in
place. The post is
slowly extended by
means of a piezo-
electric stack. The
substrate bends as
the piezo stack is
extended, which re-
sults in the nano-
wire being
stretched until a
small break forms
(Figure 1b).4,5 The
large geometric re-
duction ratio be-
tween the move-
ment of the piezo
and the nanowire
assures a high de-
gree of control over
the resulting gap
size. An alternate
method is referred
to as the electromi-
gration technique7

and has become
the most widely utilized means of fabricating three-
terminal single-molecule transistor (SMT) devices.8�11

A current is ramped between the source and drain elec-
trodes of a nanowire. When the power dissipated
reaches a certain point, a nanometer size gap opens
up at the narrowest portion of the nanowire through
the process of electromigration and Joule heating (Fig-
ure 1d).

Basic Transport in Single-Molecule Devices. Establishing
that transport is through a single molecule of interest
has presented a challenge to experimentalists investi-
gating these devices. A STM produces a map of the to-
pography and the DOS of a surface, whereby one can vi-
sually search the substrate surface for an isolated

VOCABULARY: break junction – narrow

metal wire with a small tunneling gap formed

via mechanical or electrical means, capable of

hosting individual molecules within the gap •

tunneling spectroscopy – using differential

conductance (dI/dV) measured as a function of

bias applied across a tunneling gap to probe

the local density of states of the electrodes or a

particle between the electrodes • single-

molecule transistor (SMT) – a three-terminal

device with a channel composed of a single

molecule capacitively coupled to a gate

electrode. By modulating the discrete

molecular energy levels with respect to the

Fermi levels of the electrodes, the applied gate

bias can effectively turn conduction on and off

• onsite repulsion – Coulomb energy cost of

placing an itinerant electron on a particular

singly occupied, localized site such as an

atomic or molecular orbital • Coulomb

blockade – suppression of electronic

conduction through a nanoscale structure until

sufficient voltage is applied to overcome the

Coulomb repulsion of electrons already there •

Anderson model – model Hamiltonian used

to describe the interaction between a single

localized impurity state and conduction

electrons • Kondo effect – the formation of an

entangled, many-body state arising from the

interaction of a single magnetic impurity and a

sea of conduction electrons
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molecule. A high-quality STM may reveal a detailed pic-
ture of molecular structure sufficient for unequivocally
verifying the relevant molecular species.12

The situation in break junctions is more difficult.
Whether or not conduction in a break junction device
is occurring through a single molecule of the desired
species is usually ascertained through the analysis of
transport properties, as discussed at length in several
references.13�15 A number of characteristics indicative
of, or antithetic to, conduction through a single mol-
ecule are evaluated before a more in-depth analysis is
attempted. In addition to determining that charge is
passing through only one molecule, one may search for
attributes in the transport data that uniquely identify
the particular molecule of interest.15

The primary tool for characterizing an individual de-
vice is the measurement of the differential conduc-
tance, dI/dV, as a function of source�drain bias, Vsd, cal-
culated from I�V traces or measured directly using
standard low-frequency lock-in techniques. The depen-
dence of this conduction data on temperature, T, and
in three-terminal devices, on gate voltage, Vg, provides
a wealth of information about conduction mechanisms.

It is important to consider the relationship between
conductance in these solid-state situations and the
usual discussion of electron transfer theory in
chemistry.16�18 Here the source and drain electrodes
are analogous to donors and acceptors. Furthermore,
in the usual solution-based chemistry case, fluctuations
in the local environment (e.g., rearrangements of polar
molecules or nearby ions) are critical to the reaction en-
ergy landscape, whereas in the solid-state limit, there

are no such fluctuations. Instead, electrostatic interac-
tions between the molecule and a solution environ-
ment angstroms away are replaced here by interac-
tions with the electrodes.

The tunneling barriers between the electrodes and
the active element are defined by the geometry and
chemistry of the molecule�electrode interfaces. The
end groups used to form chemical bonds to metallic
electrodes have been a subject of particular interest as
they have a direct impact on the molecule/source and
molecule/drain coupling strengths, respectively, la-
beled �S and �D. In an experiment using a modified
STM configuration, current was recorded at a fixed bias
voltage while repeatedly forming and breaking Au
point contacts in the presence of molecules. Compar-
ing conductance histograms composed of many con-
ductance traces measured in the presence of thiol,
isonitrile, and amine-terminated aromatics, Venkatara-
man et al. found that the choice of end group greatly af-
fected the distribution and the average values of mea-
sured off-resonant conductance through the junctions
(Figure 2a).19 More reproducible conductance values
point to a narrower distribution of end group/elec-
trode bonding geometries. For example, amines are
found to bind preferentially to undercoordinated Au
structures.

The most elementary models treat the two contacts
between the chemical end groups and the metal as iso-
lated tunnel barriers, with low-energy accessible states
in the molecule through which sequential tunneling
can occur. While this can be a useful representation at
times, as discussed below, such an interpretation would

Figure 1. (a) Schematic of STM measurement setup. (b) Schematic of mechanically controlled break junction apparatus.
Top: SEM image of Au nanowire suspended 40 nm above the substrate (adapted from ref 6 with permission from the Ameri-
can Physical Society). (c) Idealized single-molecule break junction device configuration with capacitively coupled gate elec-
trode. (d) SEM image of lithographically defined Au nanowire defined by e-beam lithography on a Si/SiO2 substrate. Inset:
higher resolution image of a similar device after electromigration has created a nanometer-size gap.
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not take into account the detailed molecular structure
of a particular active element, which can play an impor-
tant role in the resulting transport characteristics. For in-
stance, in studies of off-resonant conduction, a mol-
ecule’s length10,19 (Figure 2b) as well as its
conformation20 (e.g., the relative twist angle between
two rings of a �-conjugated biphenyl molecule; Figure
2c,d) exhibits distinct relationships with measurements
of the average junction conductance. It is also generally
accepted that in such off-resonant transport the delo-
calization of the molecular orbitals makes conjugated
molecules more conducting than typically insulating
saturated molecules.

In the case of resonant conduction, it is often appro-
priate to model the system as a double barrier tunnel-
ing junction, in which the molecule is treated as a quan-
tum dot, and the details of its structure are largely
ignored. In this limit, it follows that the electrostatic
charging energy of a single-molecule device is non-
negligible due to the small size and correspondingly
small capacitance of the active element. An additional
electron is blocked from tunneling onto the molecule
until this charging energy, or on-site repulsion (U), is
overcome. This suppressed conduction is known as the
Coulomb blockade. The “particle-in-a-box” spacing be-
tween discrete single-particle energy levels in a mol-
ecule, �, is also non-negligible. At equilibrium, the spac-
ing between single-particle energy states is the energy
spacing between the highest occupied molecular or-
bital level (HOMO level) and the lowest unoccupied
molecule orbital level (LUMO level), commonly referred
to as the HOMO�LUMO gap (Figure 3a).

When no molecular state is available between the
respective Fermi levels of the source and drain (�1 and
�2), there is no resonant tunneling, and current is said
to be blockaded. At sufficiently large Vsd � (�1 � �2)/e,
an accessible energy level is shifted into the energy
range between �1 and �2, overcoming the charging en-
ergy and the HOMO�LUMO gap and allowing sequen-
tial resonant tunneling through the molecule. This leads
to a peak in dI/dV.

In the limit of comparatively weak molecule�metal
electronic coupling (�S, �D �� �), a capacitively
coupled gate electrode can shift the discrete molecu-
lar levels energetically relative to �1 and �2. Thus gate
bias, Vg, shifts the range of Vsd over which current is
blockaded. Traces of dI/dV measured as a function of
Vsd over a range of incrementally changing values of Vg

may be compiled to form a “stability diagram”, illustrat-
ing where in the Vsd�Vg parameter space, and with
what relative magnitude, conduction is allowed (Fig-
ure 3b,d). The resulting diamond pattern (Coulomb dia-
monds) shows regions of suppressed tunneling and,
therefore, regions of stable charge states with fixed av-
erage molecular charge. When Vg brings a discrete level
into alignment with �1 � �2, resonant tunneling may
occur at zero bias. This point in the stability diagram

where the blockade vanishes is referred to as a “charge

degeneracy point”. In chemistry language, charge de-

generacy points are the Vg values where redox transi-

tions between molecular charge states take place.

Further analysis of the differential conductance mea-

surements can be used to uniquely identify the (spe-

cies of) active element. These features include the num-

ber of charge states (i.e., Coulomb diamonds) accessible

by application of a gate voltage; the spacing between

charge state transitions (i.e., distance between adjacent

Coulomb diamonds), calculated from the maximum

magnitude of gate bias required to add or remove one

electron from the molecule; the size of the electron ad-

dition energy, determined from the maximum magni-

tude of source�drain bias required to overcome the

blockaded region; the number of characteristic tunnel-

ing threshold slopes bordering blockaded regions; and

the number and spacing of energy levels corresponding

to excited states.

Figure 2. (a) Conductance histograms measured as junctions are pulled
apart with 25 mV bias in the presence of 1,4-benzenediamine (blue), 1,4-
benzenedithiol (red), 1,4-benzenediisonitrile (green), and without mol-
ecules (yellow) shown on a log�log plot. Inset: same data on a linear plot
with a Gaussian fit to the peak (black). Amine-terminated molecules re-
sult in the most well-defined conductance. (b) Off-resonant conductance
is measured through alkanediamines with different numbers of methyl-
ene groups in the chain. The x’s denote the center peak position in the
conductance histograms plotted against the number of methylene groups
in the alkane chain. Junction conductance decreases with an increasing
number of methylene groups (reproduced from ref 19 with permission
from the American Chemical Society). (c) Subset of the biphenyl series
studied, shown in order of increasing twist angle or decreasing conjuga-
tion. Conductance histograms are obtained from measurements through
the series of molecules with internal twist angles increasing from molecule
2 through 8. (d) Data points indicate histogram peak position for each
molecule plotted against cos2 �, where � is the twist angle calculated for
each molecule. The planar conformation has the highest conductance (re-
produced from ref 20 with permission from the Nature Publishing Group).
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Sequential tunneling processes are also possible in

which the electron tunnels elastically via an excited

state of the molecule, and in which the electron loses

energy due to tunneling events involving excited states

of the molecule.The signature of this is the presence of

additional dI/dV peaks that run parallel to the edges of

the blockaded region in stability diagrams. Excited

states of a molecule may originate from both local vi-

brational modes and excited electronic states of the sys-

tem. The energy of these excitations can be deter-

mined from the source�drain voltage at which they

intercept the conductance gap (Figure 3b�d). If these

quantized excitations can be correlated with known

molecular properties, they may serve as a fingerprint

for molecular identification.

Higher order tunneling events are another com-

mon means of transport in single-molecule devices. Co-

tunneling, for instance, may occur in single-molecule

devices at bias voltages that do not overcome the Cou-

lomb repulsion. This becomes more apparent when

the coupling between the dot and leads is increased.

During elastic cotunneling, an electron tunnels into and

out of the same energy level, leaving the molecule in

its ground state (Figure 3b,c). This is the process that

Marcus/Hush theory refers to as superexchange. In this

off-resonant limit, the molecule acts as an effective tun-

neling barrier.21

Inelastic cotunneling refers to the process by which

an electron tunnels onto and off of the molecule

through two different energy levels, leaving the mol-

ecule in an excited state. Inelastic cotunneling may oc-

cur when the source�drain bias is such that eVsd � �,

where � is the energy level spacing between the

ground state and the first excited state (Figure

3b,c).22,23 Inelastic cotunneling is the process respon-

sible for inelastic electron tunneling spectroscopy

(IETS).24,25

In the next section, we discuss another higher or-

der tunneling process involving spin that produces a

zero-bias resonance observed in some single-molecule

devices. This resonance is associated with the formation

of a highly correlated electron state known as the

Kondo effect.

The Spin-1/2 Kondo Effect. At room temperature, the elec-

trical resistance of a typical metal is dominated by

electron�phonon scattering. As T is reduced, this resis-

tance decreases since electrons can travel more easily

as the lattice vibrations of the metallic crystal decrease.

Neglecting superconductivity, as T ¡ 0, the resistance

for most metals is expected to saturate to a constant

value, with electron scattering set by residual impuri-

ties and structural defects. It was discovered in the

1930s that some metals instead exhibit an increase in

resistance at low temperatures (Figure 4a).26 It was sub-

sequently shown that this low-temperature resistance

increase is correlated with the presence of magnetic im-

purities.27 In 1964, Jun Kondo presented a theory that

was able to successfully account for this resistance

anomaly, which today we know as the Kondo effect.28

The increased low-temperature resistance was shown

Figure 3. (a) Energy level diagram of double barrier tunneling junction. (b) Portion of an idealized stability diagram of a
single-molecule device displaying dI/dVsd (shown as relative brightness) as a function of Vsd and Vg. (c) Features visible in
the stability diagram corresponding to (1) resonant tunneling, (2) resonant tunneling through an excited state, (3) elastic co-
tunneling, (4) inelastic cotunneling. (d) Data from a real C60-based single-molecule transistor device exhibiting some of these
features. Dashed lines indicate blockaded regions (i.e., Coulomb diamonds). White arrow indicates excitation correspond-
ing to the 33 meV intracage vibrational mode of C60.
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to originate from an increase in the effective scattering
cross section of the magnetic impurities. A cloud of con-
duction electrons around the impurities serves to
screen the impurity magnetic moments and increase
the scattering of electrons near the Fermi level (Figure
4b,c).

The ground state of the (impurity � conduction
electrons) system is a many-body spin singlet. At its
root, the Kondo effect is a consequence of the Pauli ex-
clusion principle and strong electron�electron repul-
sion. For a spin-1/2 impurity, absent interactions, a con-
duction electron could sit on the impurity, pairing up
with the spin of the local moment, thereby forming a
singlet. Including interactions, the strong Coulomb re-
pulsion makes this energetically prohibitive. However,
at low-temperature, higher order tunneling processes
may allow the delocalized conduction electrons to de-
velop a polarization that compensates for the localized
magnetic moment. The quenching of the magnetic mo-
ment by these higher order processes is what serves
to “screen” the unpaired impurity spin and enhance the
scattering of the conduction electrons while forming a
new many-body state with total spin 0.

The Kondo effect is inherently a many-body phe-
nomenon that can appear when there is some local-
ized, non-zero spin degree of freedom coupled to a sea
of conduction electrons. Single-particle approaches
alone cannot account for the existence of this effect. Us-
ing perturbation methods, Kondo showed that the
antiferromagnetic interaction between the Fermi sea
and the magnetic impurities leads to the observed loga-
rithmic rise in electron impurity scattering as tempera-

ture is reduced. While self-consistent density func-
tional theory methods have shown accurate predictions
for some properties of molecular junctions, these ab ini-
tio approaches fail to capture the strong electron corre-
lation effects leading to the conductance resonance as-
sociated with the Kondo state.29,30 A complete physical
description requires nonperturbative methods, namely,
renormalization group (RG).31�34 Numerical RG tech-
niques were later developed that could accurately cal-
culate transport properties, such as resistivity, over a
broad range of temperatures.35,36

An idealization of this system is the Anderson single-
level impurity model, where the magnetic impurity is
viewed as having one energy level with an unpaired
electron at energy level 	0 (Figure 4d).37 All energy lev-
els below 	0 are fully occupied with electrons, and all
energy levels above 	0 are unoccupied. Neither the lev-
els above nor below 	0 contribute to the Kondo reso-
nance. When 	0 is below the equilibrium Fermi level, the
unpaired electron is trapped with spin-1/2. It is classi-
cally forbidden to bring the electron out of the impu-
rity without adding energy into the system. However,
the uncertainty principle does allow for this to happen
via an exchange process whereby the electron is al-
lowed to jump off the magnetic impurity and onto an
electrode on a time scale 
h/|	0| (Figure 4e). During this
time, another electron from the Fermi sea must jump
onto the impurity to replace the one that has left (Fig-
ure 4f). The spin of this new electron may be either
spin-up or spin-down. The coherent superposition of
many such cotunneling events results in the screening
of the local spin, thereby producing the Kondo reso-

Figure 4. (a) Conductance vs temperature through a double barrier tunneling junction with and without the Kondo effect.
(b) Magnetic impurity in a sea of conduction electrons above the Kondo temperature TK. (c) Formation of the Kondo screen-
ing cloud when T � TK. Kondo transport mechanism: (d) initial state, (e) virtual state (during which time an electron can
hop off of the impurity), (f) final state. The replacement electron of the final state can be of either spin orientation. (g) Den-
sity of states as a function of the equilibrium Fermi level (adapted from ref 38 with permission from The Institute of Physics).
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nance (Figure 4g). In a bulk metal, such a resonance

scatters electrons with energies near the Fermi level. Be-

cause the same electrons are responsible for the low-

temperature conductivity, this scattering leads to an in-

crease in resistance. In the single-molecule device

configurations relevant to us, all electrons must travel

through the active element, and transport is dominated

by tunneling through a single magnetic site. The en-

hanced scattering in this case is forward scattering that

couples states from the source and drain electrodes,

leading to a corresponding increase in conductance as

T ¡ 0 (Figure 4a).36,39,40

The state giving rise to the Kondo effect, consisting

of a localized degenerate state coupled to an electron res-

ervoir, is well-characterized by the Anderson

Hamiltonian37

The first two terms account for the electrons in the leads

and dot, respectively, where ck�
† (ck�) creates (destroys) an

electron in the leads with momentum k, spin �, and en-

ergy 	k. The third term represents the Coulomb interac-

tion of the electrons on the island, and the last term de-

scribes the tunneling between the dot and the leads with

amplitude �k.

With a change of variables, the Schrieffer-Wolff uni-

tary transformation can be performed on eq 1. Retaining

terms up to second order in �k, while eliminating �k to first

order, one can arrive at the Kondo Hamiltonian, in which

only the singly occupied state is allowed on the dot.

The second term of eq 2 describes the interaction be-

tween the conduction electrons and the local moment

as an antiferromagnetic coupling28,41,42

where S is the net spin of the quantum dot, s is sum of
spin operators of the conduction electrons, and J repre-
sents the strength of the effective spin�spin interaction.

The binding energy of the singlet state (with total
spin � 0) formed between the delocalized conduction
electrons and the localized magnetic moment is not
simply proportional to J. The characteristic energy scale
associated with the (continuous) transition into and
out of the Kondo state is given by the Haldane
relation43

which gives the Kondo temperature for the Anderson
model, where U is the on-site repulsion and 	0 is the en-
ergy level of the molecule through which transport oc-
curs, as depicted in Figure 4d. Thus, TK is exponentially
dependent on �, the sum of the widths of the tunneling
barriers, which is in turn extremely sensitive to the pre-
cise molecule�electrode coupling. We then find that
the Kondo energy scale (and the associated zero-bias
resonance) will be most evident in devices that possess
relatively strong molecule�electrode couplings, which
also leads to increased overall conductance.

Renewed interest in Kondo physics took place in
the late 1990s after the first experimental demonstra-
tion of the single-impurity Kondo effect was accom-
plished using an electrostatically defined semiconduc-
tor quantum dot (QD), in which the conduction
electrons interact with a localized “puddle” of elec-
trons comprising the magnetic impurity (Figure 5a).44,45

A zero-bias Kondo resonance was observed due to the
screening of the local moment by the conduction elec-
trons. At around the same time, in 1998, evidence of the
Kondo effect was seen in conductance measurements
through single magnetic adatoms on a conducting sur-
face using a scanning tunneling microscope (STM).2,3

The general behavior of the zero-bias conductance
amplitude in a quantum dot can be shown to obey a
logarithmic temperature dependence. Goldhaber-
Gordon et al. developed an empirical form derived

Figure 5. Two devices used to observe the Kondo effect. (a) Scanning electron micrograph of an electrostatically defined
GaAs/AlGaAs quantum dot. (b) Atomic force microscope image of a device consisting of a 2 nm thick nanotube bundle with
30 nm thick gold contacts separated by 300 nm. Sketched beneath the image are the 300 nm thick SiO2 layer and a highly
p-doped Si substrate (panels a and b reproduced from refs 44 and 54, respectively, with permission from the Nature Publish-
ing Company).
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from a fit to the renormalization group analysis,32,46

which more accurately captures the temperature de-
pendence of the equilibrium conductance, and can be
written as

where s � 0.22 for a spin-1/2 impurity, G0 is the peak
conductance minus Gb in the limit that T ¡ 0 K, G0 �

G(0, 0) � Gb, and TK is defined as the value of T for which
G(T, 0) � Gb � G0/2 (Figure 6). Note that in STM and
single-molecule junction experiments, there can be an
additional “background” contribution to the conduc-
tance, Gb, due to nonresonant processes such as direct
tunneling between the source and drain electrodes. The
relative source�drain coupling can be deduced from
the magnitude of the resonance peak as the tempera-
ture approaches 0 K using the equation47

where f(T/TK) � (1 �(21/s � 1)(T/TK)2)�s.
Strong correlations between conduction electrons

and a single Ti atom on a Ag(100) surface leading to
the Kondo effect were observed using a STM appara-
tus and used to study the temperature-dependent
broadening of the associated zero-bias resonance.48

Approximating the Kondo resonance peak as a Lorent-
zian, the full width at half-maximum (fwhm) has a tem-
perature dependence that can be approximated as

where kB is the Boltzmann constant. The system param-
eters, TK and G0, can then be extracted using eqs 5 and
7. As the temperature is increased, higher order trans-
port processes become relevant, and deviations from
these forms are expected. The enhanced Vsd � 0 V con-
ductance of the Kondo resonance rapidly decreases as
a function of applied bias. Quantum interference be-
tween Kondo processes and non-Kondo processes (e.g.,
direct tunneling) can modify the observed resonance
in dI/dV versus Vsd, resulting in a Fano line shape. De-
pending on the relative complex amplitudes for the
processes involved, these line shapes can take the form
of peaks, dips, or intermediate asymmetric
structures.48,49

The equilibrium conductance of the resonance peak
can be suppressed by an applied magnetic field which
lifts the degeneracy of the up and down spin states
through which transport occurs. In the presence of an
applied B-field, the enhanced conductance can be re-
covered through the application of a finite bias, thereby
revealing a splitting of the original Kondo resonance
peak (Figure 7). The split peaks are expected to sepa-
rate by an amount equal to twice the Zeeman

energy10,51 for applied fields larger than a critical value,

Bc 
 0.5TK.52 These descriptions of the temperature

and B-field dependence of the Kondo resonance are

commonly used to verify a resonance peak originating

from a single spin-1/2 impurity.

The energy scales relevant to the Kondo effect in a

semiconductor QD (i.e., TK and �) can be prohibitively

low, making observation of this phenomenon difficult

to achieve. Common values of TK in these structures, for

instance, are in the few hundred millikelvin range. This

is caused by the relatively weak confinement of the

electrons in the dot, which produces a larger effective

dot (i.e., impurity) size compared to what is found in a

single-molecule device. The larger size of the dot leads

to a correspondingly smaller charging energy, U, which

by the Haldane relation, eq 4, results in a smaller TK.

The single-impurity Kondo effect can also be observed

in carbon nanotubes devices (Figure 5b)54,55 and

SMTs9�11 when an unpaired electron exists on the

nanotube or molecule, respectively, at temperatures

below the mean energy level spacing of the device. In

carbon nanotubes, the relatively greater confinement,

compared to that of a semiconductor QD, has led to ob-

served Kondo temperatures typically around a few

kelvin. Single molecule-based devices most often ex-

hibit Kondo temperatures in the tens to hundreds of

kelvin range. TK in single-molecule devices exceeding

100 K was first reported by Yu et al. in 2004 using C60

molecules.11 This large magnitude of TK is more readily

accessible, making molecules a desirable system for

studying Kondo physics.

Kondo resonances in molecular devices were first

observed in some of the earliest studies of transport in

single-molecule break junction structures. Park et al.

demonstrated conduction through two different mol-

ecules ([Co(tpy-(CH2)5-SH)2]2� and [Co(tpy-SH) 2]2�),

both of which consisted of a Co-containing coordina-

tion complex between two terpyridinyl linker molecules

with thiol end groups.9 Using these molecules, they

were able to observe examples of Coulomb blockade

and the single-impurity Kondo effect. Liang et al. fabri-

cated a single-molecule break junction device with indi-

Figure 6. (a) Traces of dI/dV vs Vsd for several temperatures ranging
from 1.8 K (tallest/black) to 53 K (shortest/maroon) for a single-
molecule device constructed via the electromigration technique. Am-
plitude of Kondo resonance decreases with increasing temperature.
(b) Fit of equilibrium conductance vs temperature, normalized with re-
spect to G0 and TK, respectively, using eq 5, yielding TK  52 K (adapted
from ref 50).

G(T, 0) )
G0

(1 + (21/s - 1)(T/TK)2)s
+ Gb (5)

G0 - Gb ) 2e2

h

(4ΓSΓD)

(ΓS + ΓD)2
f(T/TK) (6)

fwhm ) 2
e√(πkBT)2 + 2(kBTK)2 (7)
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vidual divanadium (V2) molecules ([(N,N=,N==-trimethyl-

1,4,7-triazacyclononane)2-V2(CN)4(�-C4N4)])10 and were

able to demonstrate charge-state transitions by gate

modulation, exhibiting the evolution of transport be-

tween the Coulomb blockade regime and the Kondo re-

gime. Since 2002, Kondo resonances have been ob-

served in molecular devices involving a wide variety of

molecular active elements, as reported in the literature.

Selective Manipulation of the Kondo Resonance. Selectively

modifying single-molecule devices in order to affect

changes in the observed zero-bias resonance can

serve as a means of probing Kondo physics in these

systems. Experimentalists have been able to manipu-

late both the molecular active element as well as its

local environment through their choice of materials

and by more direct physical probes. The resulting

impact to the resonance peak has allowed for the in-

vestigation of the manner in which Kondo correla-

tions are influenced by these factors in addition to

associated phenomena.

The zero-bias resonance peak is expected to split

by approximately 2g�BB in the presence of an applied

magnetic field, as stated previously; however, compet-

ing magnetic exchange interactions can significantly al-

ter this response, as demonstrated in an experiment

by Pasupathy et al. C60-based single-molecule break

junction devices were fabricated using ferromagnetic

nickel electrodes (Figure 8a).56 The source and drain

electrodes were designed to have different magnetic

anisotropies, in order to ensure that they undergo mag-

netic reversal at different values of B. Although the

Kondo effect can be suppressed due to a competing

ferromagnetic ground state, zero-bias resonances were

still achieved in some of these devices in which the mol-

ecule is strongly coupled to the electrodes, but the

resonances were often found with peak splittings too

large to be accounted for by a local field produced by

the Ni electrodes.

It was found that the interaction between the spin-

polarized electrodes and the molecule results in a large

local exchange field (�50 T). The spin asymmetry in

the coupling between the molecule and electrodes, due

to quantum charge fluctuations, leads to a spin-

dependent renormalization of the molecular energy

levels, breaking the spin degeneracy, and results in a

splitting of the resonance peak. Furthermore, the split-

ting of the zero-bias resonance is strongly dependent

upon the relative orientation of the electrode magneti-

zations, which can be controlled with a small external

B-field (�100 mT) (Figure 8b,c). The manipulation of

electrode magnetizations is confirmed by measuring

the junction magnetoresistance (JMR) of molecule-free

electromigrated Ni junctions. For transport in the

Kondo resonance, the JMR can be amplified by turning

Figure 7. (a) Magnetic-field dependence of the Kondo resonance (reproduced from ref 9 with permission from the Nature
Publishing Company). (b) Peak positions as a function of applied field (blue x’s). The peak splitting varies linearly with mag-
netic field greater than a critical value.52,53 Dashed lines represents the predicted Zeeman splitting.

Figure 8. (a) False color SEM image of break junction fabricated with Ni electrodes. Inset: high-resolution image after elec-
tromigration. (b,c) Differential conductance vs source�drain bias for two C60-based devices with Ni electrodes at T � 1.5 K.
Blue (lower amplitude) lines: electrode magnetizations parallel, (b) B � �310 mT, (c) B � �250 mT. Green (higher amplitude)
lines: electrode magnetizations approximately antiparallel, (b) B � �10 mT, (c) B � �15 mT (reproduced from ref 56 with per-
mission from the AAAS).
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the electrode magnetization from parallel to antiparal-
lel since the Kondo resonance occurs closer to the Fermi
energy when the magnetization of the leads is antipar-
allel. In this respect, the Kondo resonance serves as an
indicator when probing the relative orientation of the
source and drain electrode magnetizations and their in-
teraction with the local magnetic moment of the
molecule.

The Kondo effect can also be used to probe the in-
teraction between the unpaired spin of the local mo-
ment and magnetic impurities in the adjacent leads.
The Ruderman�Kittel�Kasuya�Yoshida (RKKY) inter-
action describes the spin�spin interaction by which
magnetic impurities embedded in an electron sea can
interact with each other.57 Elastic spin-flip processes
leading to the Kondo resonance may be suppressed by
competition from the RKKY exchange interaction,
which may essentially freeze the spin on the impurity,
thereby reducing the conductance near Vsd � 0 V and
leading to an observed peak splitting.

An investigation by Heersche et al. observed Kondo
resonances in gold break junction devices resulting
from an unpaired spin on a small gold grain formed dur-
ing the electromigration procedure.58 A small number
of cobalt impurities were intentionally deposited in the
electrodes during the evaporation step of the fabrica-
tion process. They concluded that the (RKKY) interac-
tion between the fixed magnetic impurities in the elec-
trodes and an unpaired spin on the gold grain, which
serves as the active element, cause the zero-bias Kondo
resonance to split.

The magnetic-field dependence of the spacing be-
tween the split peaks depends on the sign of the asso-
ciated RKKY interaction, Ĩ. The interaction can be either
ferromagnetic (Ĩ � 0) or antiferromagnetic (Ĩ � 0); how-
ever, both cases will generally suppress the s � 1/2

Kondo effect. Depending on the type of interaction,
the net spin of the active element and the impurity
spins together can form a triplet (S � 1) state or an
underscreened spin-1 state. Because the energy be-
tween the singlet ground state and the triplet state de-
creases with |B|, an external field can restore the Kondo
effect if the RKKY interaction is antiferromagnetic.59,60

The zero-bias resonance peak is restored at B � Ĩ/g�BB,
where the singlet and triplet states are degenerate
and the external field compensates the antiferromag-
netic interaction. In the case of a ferromagnetic interac-
tion, the peak splitting will increase monotonically
with |B| because the energy between the triplet and sin-
glet states also increases (Figure 9).

The magnetic-field dependence can therefore be
used as a probe to distinguish between ferromagnetic
and antiferromagnetic interactions between the local
moment and conduction electrons. While the authors
have used an entirely metallic system, the local moment
could be equally well represented in future experi-
ments by an unpaired spin on a molecule. The break

junction system used in this experiment represents a

flexible platform to study the interaction between the

spin of the local moment and adjacent static magnetic

impurities.

Controlled physical alterations in the structure of

single-molecule devices provides another means of

probing Kondo correlations. This has been accom-

plished by both mechanical and electrical means ca-

pable of changing the precise arrangement of the

source and drain electrodes, as well as the detailed

structure and conformation of the active element, and

its interaction with the local environment. Studies of

this nature have been performed predominantly with

the STM configuration; however, the use of a mechani-

cally controlled break junction has also been employed.

Single-molecule devices constructed with a STM

may not present a scalable device concept; however,

they do provide a unique platform for probing the in-

teraction of conduction electrons with molecular orbit-

als and individual magnetic ions. A STM possesses the

unique ability to both image the DOS of individual mol-

ecules on a conducting surface and manipulate the de-

tailed chemical environment via mechanical and electri-

cal means. When the metallic tip is positioned over a

magnetic ion or molecule, Kondo exchange interactions

may result in a resonance at the equilibrium Fermi

level observed in measurements of dI/dV. The charac-

teristic energy scale, TK, extracted from the measured

Kondo resonance indicates the relative strength of the

Figure 9. Magnetic-field dependence of the Kondo reso-
nance in a nanowire break junction with magnetic impuri-
ties embedded in the leads. (a) Singlet�triplet transition en-
ergy (vertical arrow) decreases then increases with B-field
for an antiferromagnetic interaction. The triplet�singlet en-
ergy always increases with field for a ferromagnetic interac-
tion. (b,c) Traces of conductance vs applied bias obtained at
different values of the external magnetic field, increasing
from B � 0 T (bottom line) to B � 9 T (top line) in steps of
0.9 T. Data taken at T � 250 mK. (b) Resonance peak restored
at finite field for antiferromagnetic interaction between
two spins. Traces offset for clarity. (c) Peak separation in-
creases linearly with |B| for a ferromagnetic interaction.
Inset: peak separation at B � 0 T is determined by extrapo-
lating from peak positions to zero field and yields 1.4 � 0.3
meV (reproduced from ref 57 with permission from the
American Physical Society).
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coupling between the local magnetic moment and the
delocalized conduction electrons. Repeating these
measurements at many points will provide a spatial
map of the Kondo resonance, therefore revealing an im-
age of this coupling strength over the surface of
molecules.

Several studies of Kondo correlations have exploited
the ability of an STM to exert control of the precise sur-
face chemistry and conformation of a single molecule
or small group of molecules. These studies have fo-
cused on Co-containing molecules adsorbed on non-
magnetic conducting substrates. Zhao et al. used a STM
to measure differential conductance through a cobalt
phthalocyanine molecule adsorbed on a Au(111) sur-
face.61 Initial measurements exhibited no zero-bias
resonance since the conduction electrons did not inter-
act strongly with the Co ion. Dehydrogenation of the
ligands (i.e., cutting off the hydrogen atoms with volt-
age pulses from the STM tip) allows the four outward
extending orbitals of this molecule to chemically bond
to the substrate. This bonding changes the conforma-
tion of the molecule and its coupling to the substrate
and hence its interaction with the conduction electrons.
After this conformational change, a clear Kondo reso-
nance can be observed near the Fermi surface. Similar
work was performed by Wahl et al. in which measure-
ments of Kondo coupling in cobalt tetracarbonyl were
analyzed before and after tip-induced dissociation of
the molecule.62

A related experiment investigated the TBrPP-Co
(5,10,15,20-tetrakis(4-bromophenyl)porphyrin-Co) mol-
ecule, which is found in two conformations, “planar”
and “saddle”, both of which anchor themselves onto a
Cu(111) surface via their four bromine atoms (Figure
10a�c). A single voltage pulse of 2.2 V from a STM tip

positioned above one of these molecules has the abil-
ity to switch the complex between the two conforma-
tions.63 A Kondo resonance can be observed in molec-
ular devices made with both conformations, but they
possess distinctively different values of TK and hence ex-
perience different interactions with the substrate. The
Kondo temperature is decreased in the case of the
saddle conformation as compared to the planar
TBrPPCo (Figure 10d,e).

The authors suggest that the measured Kondo reso-
nances in these molecules differ because of the poten-
tial for conduction to originate from more than one
path. They indicate that a resonance may be gener-
ated by spin-electron coupling to the substrate through
bonding orbitals (via the bromine atoms) and by direct
coupling to the Co ion. When in the saddle conforma-
tion, the Co atom is lifted away from the surface as the
porphyrin plane is bent upward, reducing the coupling
between the Co atom and the free electrons of the
Cu(111) substrate (Figure 10c). Coupling via molecular
orbital bonding is therefore likely to be the only con-
duction pathway available in this state. For the planar
(higher TK) conformation, the Kondo effect may result
from the orbital bonding as well as Co surface interac-
tion. This single-molecule switching mechanism reveals
a means of altering the relevant interactions without
destroying or changing the chemical composition.

A similar study indicated that the chemical envi-
ronment near a molecule also plays an important
role with respect to Kondo correlations. Beginning
with a 2D molecular assembly of TBrPP-Co, where
the center molecule is initially surrounded by six ad-
jacent molecules,64 Iancu et al. used a STM tip to
measure the Kondo resonance, and thus TK, above
the center molecule. One nearest neighbor (nn) mol-

Figure 10. (a) STM images of saddle conformation (width 11 Å, length 18 Å) and (b) planar conformation (length 15.5 Å) of
TBrPP-Co on Cu(111). (c) Corresponding models of saddle (left) and planar (right) conformation. Blue and pink balls repre-
sent bromine and carbon atoms, respectively. The black ovals indicate the areas providing higher current in the STM images.
The length of the molecule along the diagonal (dashed green arrow) is unchanged upon switching between the two confor-
mations. Traces of dI/dV vs applied bias exhibiting Kondo signatures for (d) a saddle TBrPP-Co molecule and (e) a planar
TBrPP-Co molecule. The solid lines represents the Fano line shape fits to the data. The spectra for the saddle and planar con-
formations have been vertically offset by 0.07, 0.04, respectively. Measurements were taken at the center of each molecule
(reproduced from ref 63 with permission from the American Chemical Society).
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ecule at a time is removed from the assembly, after

which TK is again measured above the molecule orig-

inally at the center (Figure 11). Measurements of TK

before decomposition of the assembly indicate val-

ues that are the same as those measured inside a full

ribbon structure.

As the number of nn molecules is reduced, TK is in-

creased in a controlled manner from 105 to 170 K. It is

found that manipulating the nearest neighbor configu-

ration has a direct effect on the coupling strength be-

tween the local moment and conduction electrons re-

sponsible for the Kondo resonance. The molecule

located inside the cluster will have a reduced interac-

tion with the delocalized surface state electrons as com-

pared to the molecules around the edges. This again

represents a means of affecting the interactions respon-

sible for the Kondo effect without affecting the chemi-

cal composition.

A mechanically controlled break junction can

also selectively manipulate the molecule�electrode

coupling. The controlled movement of a piezo actu-

ator is used to stretch a nanowire until a small gap

appears. In the case of Parks et al.,6 this technique

was employed to produce a C60-based single-

molecule device exhibiting a spin-1/2 Kondo reso-

nance, after which the interelectrode gap size was

further modified (with picometer precision) to

change the geometry of the molecule�electrode as-

sembly (Figure 12a,b). Initial values of TK are ex-

tracted from measurement of the equilibrium con-

ductance as a function of temperature. Increasing

the spacing between source and drain electrodes is

shown to tune both the height and width of the

Kondo resonance, effectively decreasing TK by as

much as 37% in one example. The mechanical ma-

nipulation thus has a direct impact on the Kondo ex-

change correlations by altering the relative cou-

pling strength between the molecule and the two

electrodes. A standard theoretical model is able to

characterize the changes in molecular

orbital�electrode interaction (and thus TK) due to

electrode displacement.

Excited states, manifested as finite-bias peaks in

dI/dV (Figure 12c,d), appeared in some devices at ener-

gies consistent with the 33�35 mV intracage vibration

for C60, as in refs 8 and 11. Similar vibrational side bands

have recently been observed in STM measurements of

Kondo resonances in organic charge-transfer assem-

blies.65 The mechanical motion also affects the energy

of these active vibrational modes, but not in accord

with predictions based on a simple semiempirical

Hamiltonian. This suggests that basic approaches used

to capture transport properties in these devices may be

insufficient, and that new models or approaches will

ultimately be required to provide a complete explana-

tion. Further observations of transport in the Kondo re-

gime of single-molecule devices, as discussed in the fol-

lowing section, have led to similar conclusions.

Figure 11. (a) Sequence of STM images (left), created by removing one nn molecule at a time with the STM tip, and corre-
sponding models (middle). The calculated electron standing wave patterns (right) reveal an increasing exposure of the cen-
ter molecule (red circles) to the surface state electrons. White and black colors in the calculated images represent higher
and lower electron densities, respectively. (b) dI/dV spectra are measured at each step by positioning the tip above the cen-
ter molecule (red dots in panel a). The spectra are offset for clarity. Horizontal displacements of 3 to 10 meV are taken for
the spectra representing nn6, nn5, nn4, nn2, and nn1. (c) TK plotted as a function of the number of nearest neighbors (repro-
duced from ref 64 with permission from the American Physical Society).
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Observations and Comparisons to Standard Models. The ba-

sic theoretical descriptions of the Kondo state, out-

lined above, have enjoyed a good deal of success in

their agreement with measured transport properties in

experiments using semiconductor QDs. This, together

with the advantage of tunable tunneling barriers and a

high level of reproducibility, has made electrostatically

defined semiconductor QDs a canonical system for

studying the Kondo state. Transport measurements in

QDs made in materials like GaAs have provided a strong

foundation for researchers investigating analogous ef-

fects in molecular devices. Experimental investigations

of Kondo correlations in devices where a single mol-

ecule is utilized as a type of “natural” QD reveal trans-

port properties for which the models described earlier

cannot fully account. These results indicate that sophis-

ticated analysis techniques together with a more thor-

ough understanding of the underlying physics are re-

quired to resolve these molecular complications.

One discrepancy between physical descriptions suf-
ficient for semiconductor QDs and SMTs can be seen
in the functional form of the low-energy non-
equilibrium conduction. Scaling can be seen in the re-
sponse of the Kondo system to different perturbations.
Applied bias, temperature, and magnetic field may per-
turb the low-energy conductance of a Kondo reso-
nance in qualitatively different ways, but the expo-
nents of their lowest order responses are identical.
Theoretical treatments suggest that the low-energy re-
gion of every Kondo system can be described by the
same universal scaling function (i.e., conductance col-
lapses onto a single curve) when it is normalized by the
characteristic energy scale, kBTK.66,67 Limited experi-
mental work with GaAs QDs verifies that the non-
equilibrium conductance of the single channel spin-1/2

Kondo resonance at low bias and temperature adheres
to a scaling function characterized by two parameters.68

We recently tested the ability of a single scaling
function to describe transport in the spin-1/2 Kondo re-
gime of single-molecule devices. Differential conduc-
tance was analyzed as a function of both temperature
and applied bias for a large number of samples (29) fab-
ricated on a Si/SiO2 substrate. The electromigration
technique was employed to create nanometer-size
gaps in Au nanowires while alternately using two differ-
ent molecular active elements: C60 and a Cu-containing
version of the transition metal complex in Figure 13a
(bis(2,5-di-[2]pyridyl-3,4-dithiocyantopyrrolate)Cu(II)).
The C60 molecules can be strongly bound to the Au
electrodes by charge transfer from the metal surface
to the molecule.69 The conjugated complexes self-
assemble on the Au nanowires in tetrahydrofuran (THF)
through loss of the �CN moieties and formation of
Au�S covalent bonds (Figure 13a).70,71 These devices
were found to have a variety of Kondo temperatures,
ranging from 35 to 155 K, based on the temperature de-
pendence of their zero-bias conductance. They were
also found to possess a range of asymmetries, as in-
ferred from the magnitude of the resonance peak as T
¡ 0 K, according to eq 6.47

Transport measurements of the temperature and
bias dependence of the non-equilibrium conductance

Figure 12. (a) dI/dV traces at various electrode spacings and
T � 1.6 K for a single mechanically controlled break junction
device. Smallest spacing corresponds to tallest peak. Larg-
est spacing corresponds to shortest peak. (b) Kondo temper-
ature, TK, and the relative coupling, �M/�L, as a function of
electrode spacing for the same device at T � 1.6 K. The un-
certainty in the determination of TK values is �0.4 K. (c) dI/dV
for another device at T � 1.6 K, exhibiting satellite peaks
near �33 mV. Left inset: schematic of intracage vibrational
mode. (d) d2I/dV2 as a function of bias voltage and electrode
spacing for device in panel c (reproduced from ref 6 with
permission from the American Physical Society).

Figure 13. (a) Assembly sequence on gold and final assembled structure of the Co-containing complex (rrom ref 14). (b) Cy-
clic voltammograms showing reversible change in Co ion charge state. (c) Stability diagram of a device containing a single
complex exhibiting a gate-induced transition between the Coulomb blockade regime and the Kondo regime (T � 5 K). White
corresponds to dI/dV � 3 � 10�6 S. The zero-bias peak in the right-hand charge state disappears at the charge degeneracy
point (from ref 71).
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are in agreement with the functional form of the ex-
pected scaling function. Namely, a quadratic power law
in temperature and bias characterized by two scaling
coefficients (Figure 14). However, values of the ex-
tracted scaling coefficients are found which are consis-
tent throughout the data set but differ systematically
from both theoretically predicted values and coefficient
values extracted from measurements of non-
equilibrium transport through a GaAs dot.50,68 The low-
energy approximation of the scaling function can be
written as48,50,67,68,72

where � and � are the scaling coefficients and cT 

4.92 is a constant. We calculated average values of �

� 0.051 � 0.01 and � � 0.107 � 0.027. This is in con-
trast to values of � � 0.10 � 0.015 and � � 0.5 � 0.1 for
a GaAs QD. The consistently smaller values of � and �

found for all of these molecular devices, compared to
the GaAs case as well as predictions based on the
Anderson36,73,74 and Kondo42,67,72,75 models, implies
that, for a given TK inferred from the temperature de-
pendence of the equilibrium conductance, the reso-
nance peaks observed here were broader in voltage
and evolved more slowly with temperature.

The uniformity of extracted coefficient values for
SMTs made with the two different molecules suggests
that the origins of this discrepancy likely do not depend
on the detailed molecular structure of the active ele-
ment. The size of the on-site repulsion, U, of the mol-
ecule relative to the single-particle level spacing, �, may
play a role. Generic vibrational modes in SMTs, such as
a center-of-mass oscillation, may also have an effect by
modifying the temperature dependence leading to a
different effective TK than is found in the bare Kondo
system, as discussed below.

Further experiments using the same transition metal
complex as above, alternating between versions of the
complex containing a Cu and a Co ion, serve to high-
light some of the distinguishing transport characteris-
tics of the single-molecule system. Again, single-
molecule break junction devices are fabricated on a Si/
SiO2 substrate using the electromigration technique.
Zero-bias resonance peaks were observed to have a
temperature and magnetic-field dependence consis-
tent with the spin-1/2 single-impurity Kondo effect. The
start (or end) of the resonance, with respect to a gate
bias, was always coincident with the charge degeneracy
point (Figure 13c), and similar features were not seen
in any control devices.

Evolution of the Kondo resonance with gate bias
was found to be inconsistent with the simple model,
which works well for analogous data obtained in semi-
conductor QDs and carbon nanotube devices. More
specifically, it was found that TK (Vg) was distinctly

weaker than that expected according to eq 4.76 It has

been suggested that the specific orientation of the ac-

tive element relative to the detailed electrode geometry

can result in poor gate coupling prohibiting effective

gate modulation.77 Anomalously weak gate depen-

dence may also be traced back to a number of poten-

tially incorrect assumptions made when invoking eq 4.

An invalid value of 	0/�, which is inferred by normaliz-

ing Vg by the width of the Coulomb blockade charge

degeneracy point, may be due to some mechanism in-

trinsic to the SMT system. Screening correlations in the

mixed valence regime can renormalize the measured �

to a value different than the � relevant to the Kondo

temperature.

The energy of intramolecular exchanges may be an-

other factor requiring further consideration. This en-

ergy is typically ignored, yet may be comparable to U

and � in single-molecule devices. Electronic structure

calculations confirm that the coupling to intramolecu-

lar excitations is strong in both the Co- and Cu-

containing complexes, complicating the resulting mo-

lecular orbital degeneracies and/or splittings. Ligand

field effects, for example, may split the degeneracy of

the d states, and delocalization of the majority spin

states, extending into the ligands, is consistent with

large � values for these systems. Degeneracies for the

unpaired spin in the molecular orbitals hybridized with

the metallic electrodes may enhance TK, making the

normalization of the abscissa correspondingly too

large.78 Intramolecular exchange and the coupling of vi-

brational modes to charge may both increase TK and de-

crease its gate dependence compared to an identical

system with no vibrational coupling.79,80 Among the

possible influences discussed here, a considerable

amount of attention has been paid to the impact of vi-

brational effects.

Local vibrational modes are a distinctive feature in

the single-molecule system, distinguishing it from the

otherwise analogous case of the semiconductor quan-

tum dot. In semiconductor dots, optical phonon modes

are considerably higher in energy than the Coulomb

charging scale and are therefore typically ignored in

Figure 14. (a) Conductance as a function of applied bias for T/TK � 1.0. A
background contribution to the conductance, Gb, has been subtracted
off. (b) Scaled conductance, �G/�̃V vs (eV/kBTK)2 for four samples, includ-
ing the data from device in panel a, using the average extracted values of
the scaling coefficients, where �G � (1 � G(T, V)/G(T, 0)). The solid black
line represents the associated universal curve. The color bar in panel b
pertains to both figures (adapted from ref 50).

G(T, 0) - G(T, V)
cTG0

≈ R( eV
kBTK

)2
- cTγ( T

TK
)2( eV

kBTK
)2

(8)
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theoretical models of the low-energy dot properties. In

the molecular case, however, local vibrational modes

can have energies 
tens of millielectronvolts, often

considerably lower than the Coulomb scale. Molecules

can move and distort upon the addition or removal of

an electron, leading to phonon-assisted tunneling,

which is commonly observed in stability diagrams plot-

ting conductance in the Coulomb blockade regime.

Conductance features related to intramolecular

vibrations6,71 have also shown up in the Kondo re-

gime, and similar excitations expose other unresolved

transport phenomena.

Inelastic electron tunneling spectroscopy (IETS) re-

veals features in a portion of the SMTs studied, which

correspond energetically to vibrational excitations of

the molecule, as determined by Raman and infrared

spectroscopy. The tunability of these systems allows

for the examination of such features across successive

charge states. Inelastic cotunneling processes can pro-

duce peaks, dips, or intermediate structures in d2I/dV2,

which are observed in the blockaded regime of an even

charge state and persist into the Kondo regime in the

form of satellite features paralleling the zero-bias reso-

nance (Figure 3b,c).71 These features are a signature of

IETS and can be seen to undergo a clear change in line

shape and intensity after passing the charge degen-

eracy point (Figure 15), indicating a complicated con-

duction process and nontrivial transition between the

two conduction regimes.

Recent analytical and numerical investigations of

transport in single-molecule devices have considered

the role of electron�phonon coupling and its relation-

ship with Kondo correlations. These effects can be mod-

eled with appropriate modifications to the Anderson

Hamiltonian. A term may be added to eq 1 to account

for the local vibrational modes of the molecule

which are represented here as a discrete number of har-
monic oscillator modes. The creation and annihilation
operators al

† and al can be used to define a displace-
ment operator for a given mode:

Here ml is an effective mass characterizing the local vi-
brational mode of frequency �l. Another term, utilizing
the displacement operator, is employed to describe the
coupling between these local modes and the molecu-
lar energy levels

Here � is a dimensionless matrix of coupling constants
that links molecular level v with local vibrational mode
l.

The local displacement of the molecule due to vibra-
tions, including nanomechanical oscillations, can
modulate the molecule�electrode tunneling barriers,
so the portion of the Hamiltonian that describes the
tunneling of electrons between these components may
be altered to incorporate an explicit dependence on
eq 10.81 Terms are also included to account for bulk vi-
brational modes (phonons) of the electrodes

and their coupling to local vibrational modes of the
molecule

In order to make the resulting Hamiltonian trac-
table, a number of these treatments consider the cou-
pling of vibrations to only a single electronic level and
have utilized a modified version of the Anderson Hamil-
tonian (the Anderson�Holstein model) that incorpo-
rates one vibrational mode of the molecule linearly
coupled to charge fluctuations.82�85 In this approxima-
tion, summations over the v and l indicies are absent.
These studies confirm that the nature of the Kondo ef-
fect can be modified by electron�phonon interactions,
and the resulting effects will depend on the symmetry
and frequency of the phonon mode and on the
strength of the coupling.

In the regime of weak electron�phonon coupling
(U �� 2�2/��0), the same basic Kondo effect is ex-
pected to occur for a spin-1/2 impurity, but the interac-
tion potentially results in an increase of the spin fluctua-
tion energy and of the amplitude of charge fluctuations.
In the case of equal source�drain coupling, the effec-
tive charging energy is reduced to a new value

Figure 15. Color maps of d2I/dVsd
2 as a function of Vsd and Vg at 5 K for

two devices. Smoothing window in Vsd is 5 mV. Brightness scales are �8
� 10�5 A/V2 (black) to 3 � 10�5 A/V2 (white), and �2 � 10�5 A/V2 (black)
to 2 � 10�5 A/V2 (white), respectively. The zero bias features corre-
spond to Kondo peaks in dI/dVsd. Black arrows indicate prominent in-
elastic features. When these inelastic features approach the boundaries
of the Coulomb blockade region, the levels shift and alter line shape
(white arrows). Black dashed line in the left map traces an inelastic fea-
ture across the Coulomb blockade region boundary and into the Kondo
regime (from ref 71).

Hv ) ∑
l

pωlal
†al (9)

xl ) � p
2mlωl

(al
† + al) (10)

Hev ) ∑
lvσ

λlvxlpωldvσ
† dvσ (11)

Hph ) ∑
q

pΩqbl
†bl (12)

Hvph ) ∑
lq


lqxlXq (13)

Ueff ≈ U - 2λ2pω0 (14)
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The calculated effect also leads to an increase in the

value of TK and a renormalization of the electronic en-

ergy level, 	0, and the single-particle level width, �.

These changes have been shown to correlate to an al-

tered TK(Vg) and a weakening of the influence from an

applied gate voltage, as observed in ref 76. Another

change in gate dependence may manifest as an asym-

metry in the curve of G(Vg) about its maximum.82

In the strong electron�phonon coupling regime (U

�� 2�2/��0), the properties of the device are described

in terms of a charge analogue of the Kondo effect.80,86

In this regime, the transport characteristics of the mo-

lecular junction are controlled by the large charge po-

larizability of the molecule. The onsite repulsion, U, can

be renormalized to a negative value. This means that

the effective U produces an attractive interaction be-

tween the electrons, which is described as a polaronic

effect and thus leads to qualitatively different physics.

One consequence, for example, is a general insensitiv-

ity of the conductance to an externally applied mag-

netic field.80 More sophisticated modeling techniques,

such as electronic structure calculations involving mol-

ecules bound to realistic electrodes while including

complex correlations, would also greatly facilitate this

research.

Further experimental data will be needed to pro-

vide support to existing theories and insights into the

distinctive nature of transport in molecular electronic

devices. For example, an analysis of shot noise in molec-

ular devices would enable a new method of studying

exchange correlations and may serve to contrast funda-

mental differences in transport behavior between

single-molecule devices and semiconductor QDs. Shot

noise is the result of current fluctuations that occur due

to the discrete nature of charge carriers and can pro-

vide a direct measurement of the effective charge (e*)

in a system. For a completely uncorrelated stochastic

process, current is characterized by Poissonian shot

noise. However, electron�electron interactions can cor-

relate the charge transport process and suppress shot

noise.

In Djukic et al., shot noise was measured in single-
molecule devices consisting of a D2 molecule between
Pt source and drain electrodes.87 Their measurements
indicate that the shot noise is strongly suppressed with
respect to the classical noise levels, and that transport
through the Pt�D2�Pt system is carried predominantly
by one nearly transparent conduction channel. Despite
its Fermi liquid nature, many body effects, such as Cou-
lomb repulsion and the Pauli exclusion principle, per-
sist at low energies in the Kondo regime, and the effec-
tive charge is expected to be 5/3e due to these
interactions.88 This is predicted to be a universal result
in the Kondo system, independent of TK. Measurements
of the shot noise in the Kondo regime of a single-
molecule device would provide a test of this theory
and contribute to the study of correlations induced in
mesoscopic transport by different types of interactions.

Beyond the Single-Channel Spin-1/2 System. We have here-
tofore considered primarily experimental results con-
cerning the single-channel spin-1/2 Kondo effect, as de-
scribed by a localized Anderson impurity screened by
delocalized conduction electrons, but the Kondo effect
can occur when there is more than a single channel
coupled to the impurity, and it can be observed due to
the screening of a localized impurity with spin state S �
1/2. Moreover, it can result from nonspin degrees of free-
dom, such as the SU(4) Kondo effect due to orbital de-
generacies in carbon nanotube devices.89 Until recently,
experimental observations of these more exotic Kondo
systems have been confined to interactions with semi-
conductor QDs and carbon nanotubes.89,90 This can be
attributed, in part, to the limited ability with which one
can tune the coupling strength between the active ele-
ment and the source, drain, and gate electrodes in
single-molecule devices. The relatively high energy
scales at which most SMT experiments have been con-
ducted has also made the properties associated with
these variant systems difficult to observe.

This review has focused on the relatively common
case of a single screening channel coupled to a single
spin-1/2 impurity. As T ¡ 0 K, this describes what may be
called a fully screened Kondo effect. More generally, if

Figure 16. (a) Equilibrium conductance vs temperature measured in the odd (red squares) and even (blue squares) charge
states of sample A in ref 91. Solid and dashed lines are fits to the numerical renormalization group analysis for a fully
screened S � 1/2 impurity and an underscreened S � 1 impurity, respectively. See reference for details. (b) Two screening
channels with different couplings to the local moment, and thus different TK, can allow the conduction electrons to fully
screen an S � 1 impurity for T � TK1, leading to a zero-bias conductance that changes nonmonotonically with temperature
(reproduced from refs 91 and 95 with permission from the American Physical Society).
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the number of screening channels coupled to an impu-

rity state is n and the impurity (molecule) is in spin

state S, the case of 2S � n corresponds to a completely

screened Kondo effect. When n � 2S, the impurity is

said to be underscreened. Likewise, when n � 2S, there

are an excess number of screening channels and the im-

purity is overscreened. The transport properties in the

Kondo regime, namely, the conductance measured as a

function of temperature and bias, will depend on the

spin state of the impurity and on the number of screen-

ing channels utilized by the conduction electrons. Re-

cent reports have observed single-molecule devices in

even charge states exhibiting Kondo physics.

Both refs 91 and 92 each involve devices contain-

ing a single C60 molecule with S � 1, coupled to conduc-

tion electrons. This total spin arises because of the oc-

cupation of two different molecular orbitals each with

one electron, with Hund’s rule favoring the triplet

ground state of total spin 1. Each orbital can have differ-

ent couplings to the conduction electrons in the source

and drain, leading to two different energy scales, TK1

and TK2.93,94 These energy scales depend exponentially

on coupling strength, so that it is not difficult experi-

mentally to be in the situation where TK1 �� TK2. If the

experiments probe temperatures TK1 �� T � TK2, only

one screening process is apparent, and the zero-bias

resonance measured in refs 91 and 92 corresponds to

an underscreened spin-1 Kondo effect.

The functional form of the equilibrium conductance

as a function of temperature can be distinguished from

the form used to describe the fully screened spin-1/2 ef-

fect by the more gradual slope and a value of G(T, 0)

that does not saturate as T goes to 0 K (Figure 16a). If

temperatures below TK1 can be reached, then the sec-

ond screening channel may allow for the impurity to

become fully screened as T ¡ 0. A fully screened spin-1

impurity produces no resonance, so the curve of G(T, 0)

will no longer increase monotonically with decreasing

T.95 This can be described as a two-stage Kondo effect

(Figure 16b).

To date, few experiments with single-molecule

break junction devices have been carried out in the

millikelvin temperature range,9 where some of these

nonspin-1/2 Kondo effects may become more acces-

sible. This is due in part to the large number of devices

typically required for a successful analysis, and to the

fact that the relatively high Kondo temperatures fre-

quently associated with single-molecule devices have

made experiments in this temperature range an unnec-

essary complication. Recently, however, Roch et al.96

were able to conduct a detailed analysis of Kondo phys-

ics in C60-based electromigrated break junction devices

by performing transport measurements below 100 mK

using a dilution refrigerator. They observed multiple

charge-state transitions and the clear evolution from a

Coulomb blockade in even charge states to a Kondo

resonance in odd charge states. The low-energy regime

in which their transport measurements are conducted

enabled them to observe a number of novel effects.

In one of their experiments, a detailed study of trans-

port in an even charge state of a SMT reveals Kondo ex-

change interactions, evident in the stability diagram, at-

tributed to higher spin (S � 1/2) Kondo states.97 Most

significantly, a quantum phase transition induced by

gate voltage tuning is observed between two compet-

ing ground states (singlet and triplet electron spin

states) involving Kondo correlations (Figure 17). This

represents an observation distinctly different from pre-

viously observed Kondo transitions in semiconductor

and nanotube quantum dots.54,98 In the singlet ground

state, no zero-bias resonance is observed at base tem-

perature. However, when the applied source�drain

bias exceeds the energy difference between the sin-

glet ground state and triplet (excited) state, a non-

equilibrium Kondo effect is observed, producing dI/dV

peaks at finite bias. This finite-bias Kondo effect has also

been reported by Osorio et al. in transport measure-

ments through a thiol end-capped oligophenylenevi-

nylene molecule.99 In the triplet ground state, a zero-

bias peak due to Kondo screening is clearly visible, as

are finite-bias peaks related to the singlet (excited) state

when the source�drain bias exceeds the

triplet�singlet energy difference.

Figure 17. (a) Quantum phase transition depicting quantum state |A� driven by a nonthermal external parameter 	 to an-
other quantum state |B� with a different symmetry, passing through a critical point at 	 � 	c. In the SMT devices here, |A�
is a singlet state and |B� is a triplet state that is partially screened by one conduction electron channel, represented by black
arrows. (b) Color map over two Coulomb diamonds plotting dI/dV (in units of 2e2/h) as a function of bias voltage V and
gate voltage Vg at T � 35 mK and B � 0 T. (c) Details of the color map in the dotted white rectangle in panel c, showing
the singlet to triplet spin transition (reproduced from ref 97 with permission from the Nature Publishing Company).
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A theory for a related gate-induced quantum phase

transition in a SMT has been been put forth by Kirch-

ner et al., in which a molecule between an antiparallel

arrangement of ferromagnetic leads could couple to

both the usual fermionic electron bath as well as the

bosonic spin waves in the leads.100 The authors pro-

pose that transport measurements in the Kondo regime

could reveal the crossing of the critical point as a pre-

dicted change in the exponent of the fractional power

law governing the behavior of the equilibrium Kondo

conductance as a function of temperature.

CONCLUSION
Renewed interest in the highly correlated electron

state leading to the Kondo effect has sparked a num-

ber of studies, both experimental and theoretical, ad-

dressing the many-body problem leading to this emer-

gent phenomenon. First observed in an electrostatically

defined GaAs QD, recent advances in nanofabrication

techniques have enabled the experimental realization

of the single-impurity spin-1/2 Kondo effect in molecu-

lar devices. Here we have reviewed experimental ad-

vances in the study of the Kondo state as observed in

molecular electronics.

Transport measurements through individual mol-

ecules or molecular assemblies, using either a STM or a

break junction configuration, have demonstrated the

characteristic zero-bias conductance resonance indica-

tive of the Kondo effect. This resonance occurs due to

an exchange process that results in the screening of the

local magnetic moment, represented by an unpaired

spin on the molecule, by the sea of delocalized conduc-

tion electrons. Single-molecule devices represent a plat-

form for probing these interactions at more accessible

temperatures compared to semiconductor QDs. Fur-

thermore, the ability to study transport in this regime

using a variety of different systems (e.g., QDs, carbon

nanotubes, single molecules) aids researchers in distin-

guishing between universal behaviors and system-

related influences. Transport measurements in the

Kondo regime of SMTs can exhibit characteristics not

seen in their QD counterparts and not fully accounted

for by commonly used theoretical models. This high-

lights the need for improved modeling techniques ca-

pable of incorporating complex correlations in a realis-

tic molecular system. Additionally, it illustrates the

necessity for elucidating the unique qualities of the

single-molecule system, such as the precise way in

which molecular orbital levels are renormalized when

a molecule is coupled to metallic electrodes. Many open

question remain in the study of Kondo physics in mo-

lecular electronic devices, leaving much room for future

investigations of this complex phenomenon.
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Torres, S.; Abrũna, H. D.; Ralph, D. C. Tuning the Kondo
Effect with a Mechanically Controllable Break Junction.
Phys. Rev. Lett. 2007, 99, 026601.

7. Park, H.; Lim, A. K. L.; Alivisatos, A. P.; Park, J.; McEuen, P. L.
Fabrication of Metallic Electrodes with Nanometer
Separation by Electromigration. Appl. Phys. Lett. 1999, 75,
301–303.

8. Park, H.; Park, J.; Lim, A. K. L.; Anderson, E. H.; Alivisatos,
A. P.; McEuen, P. L. Nanomechanical Oscillations in a
Single-C60 Transistor. Nature 2000, 407, 57–60.

9. Park, J.; Pasupathy, A. N.; Goldsmith, J. I.; Chang, C.; Yaish,
Y.; Petta, J. R.; Rinkoski, M.; Setna, J. P.; Abruña, H. D.;
McEuen, P. L.; Ralph, D. C. Coulomb Blockade and the
Kondo Effect in Single-Atom Transistors. Nature 2002, 417,
722–725.

10. Liang, W.; Shores, M. P.; Bockrath, M.; Long, J. R.; Park, H.
Kondo Resonance in a Single-Molecule Transistor. Nature
2002, 417, 725–729.

11. Yu, L. H.; Natelson, D. The Kondo Effect in C60 Single-
Molecule Transistors. Nano Lett. 2004, 4, 79–83.

12. Lu, X.; Grobis, M.; Khoo, K. H.; Louie, S. G.; Crommie, M. F.
Charge Transfer and Screening in Individual C60 Molecules
on Metal Substrates: A Scanning Tunneling Spectroscopy
and Theoretical Study. Phys. Rev. B 2004, 70, 115418.

13. Yu, L. H.; Natelson, D. Transport in Single-Molecule
Transistors: Kondo Physics and Negative Differential
Resistance. Nanotechnology 2004, 15, S517–S524.

14. Natelson, D.; Yu, L. H.; Ciszek, J. W.; Keane, Z. K.; Tour, J. M.
Single-Molecule Transistors: Electron Transfer in the Solid
State. Chem. Phys. 2006, 324, 267–275.

15. Ward, D. R.; Scott, G. D.; Keane, Z. K.; Halas, N. J.; Natelson,
D. Electronic and Optical Properties of Electromigrated
Molecular Junctions. J. Phys.: Condens. Matter 2008, 20,
374118.

16. Marcus, R. A. Chemical and Electrochemical Electron-
Transfer Theory. Annu. Rev. Phys. Chem. 1964, 15, 155–196.

17. Hush, N. S. Adiabatic Theory of Outer Sphere Electron-
Transfer Reactions in Solution. Trans. Faraday Soc. 1961,
57, 557–580.

18. Newton, M. D. Quantum Chemical Probes of Electron-
Transfer Kinetics: The Nature of Donor�Acceptor
Interactions. Chem. Rev. 1991, 91, 767–792.

19. Venkataraman, Klare, J. E.; Tam, I. W.; Nuckolls, C.;
Hybertsen, M. S.; Steigerwald, M. L. Single-Molecule
Circuits with Well-Defined Molecular Conductance. Nano
Lett. 2006, 6, 458–462.

20. Venkataraman, L.; Klare, J. E.; Nuckolls, C.; Hybertsen, M. S.;
Steigerwald, M. L. Dependence of Single-Molecule
Junction Conductance on Molecular Conformation. Nature
2006, 442, 904–907.

21. Ratner, M. A. Bridge-Assisted Electron Transfer: Effective
Electronic Coupling. J. Phys. Chem. 1990, 94, 4877–4883.

REV
IEW

www.acsnano.org VOL. 4 ▪ NO. 7 ▪ 3560–3579 ▪ 2010 3577



22. De Franceschi, S.; Sasaki, S.; Elzerman, J. M.; van der Wiel,
W. G.; Tarucha, S.; Kouwenhoven, L. P. Electron
Cotunneling in a Semiconductor Quantum Dot. Phys. Rev.
Lett. 2001, 86, 878–881.

23. Sukhorukov, E. V.; Burkand, G.; Loss, D. Noise of a
Quantum Dot System in the Cotunneling Regime. Phys.
Rev. B 2001, 63, 125315.

24. Jaklevic, R. C.; Lambe, J. Molecular Vibration Spectra by
Electron Tunneling. Phys. Rev. Lett. 1966, 17, 1139–1140.

25. Lambe, J.; Jaklevic, R. C. Molecular Vibration Spectra by
Inelastic Electron Tunneling. Phys. Rev. 1968, 165, 821–832.

26. De Haas, W. J.; de Boer, J. W.; van dën Berg, G. J. The
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