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Quantum phase transition in a single-molecule
quantum dot
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Quantum criticality is the intriguing possibility offered by the laws
of quantum mechanics when the wave function of a many-particle
physical system is forced to evolve continuously between two dis-
tinct, competing ground states1. This phenomenon, often related
to a zero-temperature magnetic phase transition, is believed to
govern many of the fascinating properties of strongly correlated
systems such as heavy-fermion compounds or high-temperature
superconductors1. In contrast to bulk materials with very complex
electronic structures, artificial nanoscale devices could offer a new
and simpler means of understanding quantum phase transi-
tions2,3. Here we demonstrate this possibility in a single-molecule
quantum dot, where a gate voltage induces a crossing of two dif-
ferent types of electron spin state (singlet and triplet) at zero
magnetic field. The quantum dot is operated in the Kondo regime,
where the electron spin on the quantum dot is partially screened
by metallic electrodes. This strong electronic coupling between the
quantum dot and the metallic contacts provides the strong elec-
tron correlations necessary to observe quantum critical behaviour.
The quantum magnetic phase transition between two different
Kondo regimes is achieved by tuning gate voltages and is fun-
damentally different from previously observed Kondo transitions
in semiconductor and nanotube quantum dots4,5. Our work may
offer new directions in terms of control and tunability for mole-
cular spintronics6.

Quantum dots seem to be ideal devices in which to observe
quantum phase transitions. First, such gate-tuneable artificial atoms
offer a high degree of control by means of simple gate electrostatics.
Second, owing to the nanometric confinement of the electrons, they
display relatively high energy scales that allow the observation of
interesting quantum phenomena at accessible temperatures.
Finally, the coupling between the quantum dot and the electronic
reservoirs (transport probes) produces tunnelling events that can
fundamentally alter the discrete energy levels of the dot, changing
them into complicated many-body wave functions. One well-studied
situation in nanoscale devices (although not classified as a quantum
transition) in which the interplay of these three effects is clear occurs
when a single unpaired spin with S 5 1/2 characterizes the ground
state of the quantum dot. When conducting electrons move to and
from the nanostructure, causing the tiny magnetic moment of the dot
to alternate, a progressive screening of the atomic spin occurs, in
complete analogy to the well-known Kondo effect in solids contain-
ing magnetic impurities7,8.The Kondo effect in quantum dots is then
observed as zero-bias conductance resonance9,10, associated with the
entangled state of electrons in the electronic reservoirs and in the dot,
and displays a high degree of universality.

For quantum dots with even occupancy it is possible to tune the
magnetic ground state of the dot between a spin-0 singlet and spin-1
triplet. Electronic tunnelling can then subtly affect the fate of the
magnetic state of the quantum dot: when the singlet–triplet splitting

is eventually brought to zero, the simple level crossing of the two spin
states becomes a true zero-temperature quantum phase transition.
When only one electronic fluid participates in the Kondo effect2,3, a
spin-1 quantum dot will be partially compensated, so that the full
many-body ground state evolves between different entropy states,
presenting singularities at the quantum critical point (Fig. 1a).
Conversely, the opening of a second screening channel11,12 will
quench the remaining entropy, and the absence of obvious symmetry
breaking generically leads to a transition being avoided13,14.

Single-molecule quantum dots inserted in a nanoscale constriction
present three features key to the observation of such sharp quantum
phase transitions. First, owing to their asymmetric tunnelling geo-
metry, a predominant single screening channel should be expected.
Second, previous investigations have demonstrated large Kondo
temperatures15. Third, as we discuss below, a gate-voltage depen-
dence of the singlet–triplet gap for zero magnetic field can be intro-
duced by means of a local gate15 underneath the nanogap, which
allows precise tuning of the magnetic levels of the quantum dot.
Combining these three crucial requirements in a single experiment
opens new possibilities for the precise control of spin states in
molecular nanostructures. Other than in the realization of interesting
quantum many-body effects in quantum dots, our results may also be
relevant in understanding quantum criticality in correlated bulk
materials1.

We used the electromigration technique16 (see Methods) to con-
struct a single-molecule transistor, shown in Fig. 1b. Here we report
on a full experimental study of transport measurements in terms of
bias voltage Vb, gate voltage Vg, temperature T (35 mK , T , 20 K)
and magnetic field B up to 8 T. Statistical evidence that transport
takes place when we use a C60 molecule is provided in the
Supplementary Information, together with several conductance
characteristics obtained for different samples.

The general features of the single-molecule quantum dot are
presented in Fig. 1c, which shows a large-scale, two-dimensional
map of the differential conductance hI/hV as a function of Vb and
Vg at T 5 35 mK and B 5 0. The distinct conducting and non-
conducting regions are typical signatures of a single-molecule
transistor17. We present measurements over two distinct Coulomb
diamonds indicated by ‘odd’ and ‘even’ charge states. The sharp
high-conductance ridge in the odd charge state at zero bias is clearly
associated with the usual spin-1/2 Kondo effect9,10; detailed studies
are reported in the Supplementary Information.

Henceforth we focus on the even charge state. The two-electron
states can be described by their total spin S and spin projection m, and
are denoted jS, mæ. The ground state of the system can thus be either a
spin singlet j0, 0æ, with energy ES, or a spin triplet, with energy ET,
described by the three states j1, 1æ, j1, 0æ and j1, 21æ. These triplet
states are degenerate for B 5 0 but are split by the Zeeman effect, with
an energy shift of DET 5 mgmBB for each state j1, mæ, where g is the
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g-factor and mB is the Bohr magneton. Figure 1d presents a precise
low-bias hI/hV map of the even region inside the dotted rectangle of
Fig. 1c. This clearly displays two distinct regions, which (in anticipa-
tion of our results) we associate with the singlet and triplet ground
states. The possibility of gate-tuning the singlet–triplet splitting
ET 2 ES was demonstrated previously both for lateral quantum dots18

and carbon nanotubes19, and may originate in an asymmetric coup-
ling of the molecular levels to the electrodes20. The magnetic states
cross sharply at a critical gate voltage V c

g <1:9 V.
In the singlet region, a finite-bias conductance anomaly appears

when Vb coincides with ET 2 ES; this is due to a non-equilibrium
Kondo effect involving excitations into the spin-degenerate triplet.
This effect was recently studied in a carbon-nanotube quantum dot
in the singlet state21 (see Supplementary Information). In the triplet
region, two kinds of resonance are observed: a finite-bias hI/hV
anomaly, which is interpreted as a singlet–triplet non-equilibrium
Kondo effect that disperses like ES 2 ET in the Vg–Vb plane, and a
sharp, zero-bias hI/hV peak, which is related to a partially screened
spin-1 Kondo effect22, as indicated by the narrowness of the conduc-
tance peak.

To precisely identify these spin states, and justify our analysis in the
framework of quantum criticality near the singlet–triplet crossing
point, we present a detailed magneto-transport investigation of the
even region. Owing to the high g-factor (g < 2) of C60 molecules, it is
easy to lift the degeneracy of the triplet state for a C60 quantum dot
using the Zeeman effect (see Supplementary Information). Figure 2b,
d displays the evolution of the different conductance anomalies in the
even region.

Figure 2b shows hI/hV as a function of B and Vb for a constant gate
voltage Vg chosen in the singlet region. A Zeeman-induced transition
from the singlet state j0, 0æ to the lowest-m triplet state j1, 21æ occurs

as the magnetic field is increased (Fig. 2a), and is demonstrated by
the clear level crossing in the conductance map. The splitting of the
triplet is also apparent, and the various spectroscopic lines are con-
sistent with the spin selection rules at both low and high magnetic
field, where j0, 0æ and j1, 21æ are the respective ground states.

In Fig. 2d we investigate the gate-induced singlet–triplet crossing
for constant magnetic field. In the singlet region, the Zeeman-split
triplet states are clearly seen as three parallel lines, and the transition
lines from the ground state j1, 21æ at higher gate voltage are in
agreement with the energy levels depicted in Fig. 2c, confirming
the singlet to triplet crossing inside the even Coulomb diamond.
We note the absence of a large enhancement of the zero-bias con-
ductance at the singlet–triplet crossing in Figs 1d and 2b. Such
features were, however, observed in previous experiments of vertical
semiconductor quantum dots4, where a field-induced orbital effect
can be used to make the non-degenerate triplet coincide with the
singlet state, leading to a large Kondo enhancement of the conduc-
tance that is intimately related to the existence of two screening
channels23. In carbon nanotubes5, the Zeeman effect dominates over
the orbital effect, so the transition involves the lowest-m triplet state
only and Kondo signatures arise from a single channel, as in the case
of well-balanced couplings of the two orbital states in the quantum
dot to the electrodes24. The lack of either type of singlet–triplet Kondo
effect in our data indicates that the predominant coupling is between
a single screening channel and one of the two spin states of the single-
molecule quantum dot, leading to a Kosterlitz–Thouless quantum
phase transition at the singlet–triplet crossing, as predicted by the
theory2,3. Although the peculiar magnetic response associated with
this transition is not directly accessible in our scheme, we demon-
strate that very specific characteristics of the Kosterlitz–Thouless
transition can be observed in transport. The basic factor in the
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Figure 1 | Quantum phase transition, device and conductance
characteristics. a, Quantum phase transition: a quantum state | Aæ can be
driven by a non-thermal external parameter l to another quantum state | Bæ
with a different symmetry, passing through a critical point at l 5 lc. In our
single-molecule quantum dot device, | Aæ is a singlet state and | Bæ is a triplet
state that is partially screened by one conduction electron channel,
represented by black arrows. b, Atomic-force-microscope micrograph of the

device: gold nanowire over an Al/Al2O3 gate, with a C60 molecule trapped in
the nanogap formed during the electromigration. c, Colour map over two
Coulomb diamonds of the differential conductance hI/hV (in units of 2e2/h,
where h denotes Planck’s constant) as a function of bias voltage Vb and gate
voltage Vg at T 5 35 mK and B 5 0. d, Detail of the differential conductance
in the dotted white rectangle in c, showing the singlet to triplet spin
transition.
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following discussion is that the singlet and triplet states fully dissoci-
ate into two independent spin-1/2 units near the Kosterlitz–Thouless
transition, undergoing distinct Kondo screening processes.

Figure 3b shows the conductance map for gate voltages close to the
critical value V c

g , where singlet and triplet states are tuned to coincide
for B 5 0. We notice that a sharp conductance dip forms on the

singlet side of the transition, in contrast to the shallow minima
observed in previous experiments for two-level quantum dots in
the singlet regime18,19,25. On the triplet side, we recognize the narrow
zero-bias resonance of the spin-1 Kondo effect with a small Kondo
temperature TK,1. As the singlet–triplet splitting decreases on either
side, the anomalous finite-bias features previously discussed
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Figure 2 | Magnetic field and gate-
induced singlet–triplet transition.
a, Transition from singlet state
| 0, 0æ to lowest-m triplet state
| 1, 21æ induced by the Zeeman
effect. b, hI/hV measurements as a
function of B and Vb at fixed gate
voltage and temperature
T 5 35 mK. The crossed-out dashed
line and arrow indicate that second-
order spin-flip processes with
Dm 5 2 are not observed; see also
a. c, Transition from singlet state
| 0, 0æ to lowest-m triplet state | 1, –1æ
induced by the gate voltage at
constant magnetic field. d, h2I/hV2

measurements as a function of Vg

and Vb for fixed magnetic field
B 5 3 T and temperature
T 5 35 mK. The crossed-out line
and arrow indicate the same thing
as in b; see also c. Owing to lower
contrast in the triplet region, we
plot h2I/hV2 here to improve the
visibility of the data.
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Figure 3 | Singlet–triplet quantum phase transition and universal scaling.
a, Phase diagram as a function of Vg and Vb (or T): we identify regions
according to whether Vb (or T) lies above the singlet–triplet splitting
| ET 2 ES | . The effective spin states of the quantum dot are represented by
large red arrows and screening electrons are represented by smaller, black
arrows. The dotted line between the spins in region I indicates a strongly
bound singlet state. In region II the two spin states decouple from each other
(indicated by a crossed-out dotted line), and the spin that is more strongly
coupled to the leads is fully screened by means of a spin-1/2 Kondo effect

associated with the large Kondo temperature TK,1/2. In region III the ground
state of the quantum dot is a spin-1 triplet and experiences incomplete
screening associated with the Kondo temperature TK,1. b, Colour map of the
differential conductance hI/hV as a function of Vb and Vg for T 5 35 mK and
B 5 0 T, close to the singlet–triplet transition. c, Differential conductance for
different values of VgvV c

g , close to (inverse Kondo effect exhibiting
a resonant dip) and far from (U-shaped curve) the transition point.
d, Scaling analysis of the data in c, with respect to the singlet binding energy
kBT*.
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smoothly merge to form a broad resonance related to a second,
much larger, Kondo temperature TK,1/2. Theoretical calculations2

indicate that the physics of the critical point can be described in terms
of one molecular level undergoing a standard spin-1/2 Kondo effect
while the remaining spin-1/2 unit in the dot remains decoupled
from the electrodes (as long as a second screening channel can be
neglected).

The phase diagram in Fig. 3a depicts the proposed model of the
singlet–triplet phase transition. By examining the temperature
dependence of the conductance in the different regions shown in this
plot, we can gain valuable insights into the interpretation in terms of
a Kosterlitz–Thouless transition. In region I of Fig. 3a we identify two
different regimes. Far from the transition point, that is, when the
splitting ET 2 ES exceeds the Kondo energy kBTK,1/2, where TK,1/2 is
the spin-1/2 Kondo temperature and kB denotes Boltzmann’s con-
stant, the two spins strongly bind into an interorbital singlet. The
differential conductance thus exhibits a characteristic ‘U’-shape as a
function of source–drain voltage (which is associated with the sing-
let–triplet gap), as shown by the wide curve in Fig. 3c. Close to the
transition point, ET 2 ES becomes less than kBTK,1/2, so Kondo
screening of one of the orbital levels occurs before the freezing of
the interorbital singlet. This results in both a broad resonance in the
associated differential conductance (Fig. 4c) and a logarithmic
increase in temperature of the zero-bias data (Fig. 4d). This logarith-
mic increase can be accurately fitted to the empirical formula26

extracted from the numerical-renormalization-group calculations27

G(T)~G0

T 2

T 2
K,1=2

21=s{1
� �

z1

 !{s

zGc ð1Þ

where G0 is the conductance at T 5 0, Gc is a fixed background
conductance and s 5 0.22, giving TK,1/2 5 4.13 6 0.3 K.

Following further cooling, an interorbital singlet forms between
the remaining unpaired spin and the first orbital level, which now is
part of the Fermi sea due to its hybridization with the conduction
electrons during the first stage of Kondo screening. The decrease in
the zero-bias conductance is thus associated with a second-stage
Kondo effect between these new degrees of freedom, as shown
(Fig. 4c) by the formation below 600 mK of a characteristic narrow
Kondo dip inside the broad resonance of width TK,1/2. This inter-
pretation is supported by the decrease in the zero-bias conductance
(Fig. 4d), which is described in terms of an inverted Kondo peak, as
the second-stage Kondo effect upon further cooling is associated with
a re-entrant Kondo effect, by the formula

G(T)~G0 1{
T 2

T�2
21=s{1
� �

z1

� �{s� �
zGc ð2Þ

where now G0 is a typical conductance value, giving the renormalized
singlet binding energy kBT* with T*5 187 6 21 mK.

Because the formation of the singlet state close to the transition
point is associated with a re-entrant Kondo effect, we should expect
universal behaviour of the conductance dip with a characteristic
temperature T*. Figure 3c shows that, at the base temperature
T 5 35 mK and for VgvV c

g , the differential conductance evolves
from a Kondo-like lorentzian shape to a U shape. These data are

shown rescaled28 as a function of
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 2

b z(kBT=e)2
q

=T�, where e is
the electron charge, in Fig. 3d. This plot shows that the conductance
curves coincide when studied close to the transition point, but that
the scaling deteriorates as the singlet–triplet gap ET 2 ES becomes

 
Fa

r 
fr

om
 V

g
C

lo
se

 t
o 

V
g

a

d

c

b

TK,1

TK,1/2

TK,1/2

T∗

37 mK
150 mK
200 mK
300 mK
450 mK
1 K
1.6 K

2.4 K
3.2 K
4 K
5.5 K
7 K
8 K
9.8 K

40 mK
70 mK
90 mK
100 mK
120 mK
140 mK
180 mK

600 mK
1.2 K
2.2 K
3 K
6.1 K
15 K

2.5

2.0

1.5

–1 0 1

Vb (mV)

∂l
/∂

V
 (1

0–
2  

×
 2

e2
/h

)

2.1

1.4

0.7

–0.4 –0.2 0.0 0.2 0.4

2.0

1.5

2.0

1.6

4

2

G
 (1

0–
2 

×
 2

e2
/h

)

100 1,000 10,000 10 100 1,000 10,000

2.5

2.0

1.5

1.0

0.5

0

T (mK)

∂l
/∂

V
 (1

0–
2  

×
 2

e2
/h

)

Vb (mV)

T (mK)

G
 (1

0–
2 

×
 2

e2
/h

)

c
c

Figure 4 | Kondo effects in the singlet and triplet states. a, Differential
conductance close to the transition point on the triplet side at different
temperatures, showing a broad resonance with Kondo temperature TK,1/2

and Kondo satellite peaks centred at 6 | ES 2 ET | . b, Temperature
dependence of the zero-bias conductance G(T) for three Vg values in the
triplet region, the middle curve corresponding to a. We clearly measure a
gate-dependent plateau, corresponding to the energy scale | ET 2 ES | . The
solid line is a fit to equation (1), giving TK,1/2 5 3.77 6 0.1 K. The bottom
panel, which does not show a clear plateau, corresponds to the temperature

evolution of G(T) in the underscreened spin-1 regime. c, Differential
conductance close to the transition point on the singlet side at different
temperatures, showing a broad resonance with Kondo temperature TK,1/2

and a narrow dip (inverse Kondo effect) associated with a temperature scale
T*. d, Temperature dependence of the zero-bias conductance G(T)
corresponding to c. The orange line is a fit to equation (1), giving
TK,1/2 5 4.13 6 0.3 K, and the green line is a fit to equation (2), giving
T*5 187 6 21 mK.
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greater than kBTK,1/2. Our study of the temperature dependence of
G(T) and the scaling of hI/hV with Vg, both on the singlet side of the
transition, thus provides strong evidence for a Kosterlitz–Thouless-
like transition.

We now turn to region III in Fig. 3a, where the triplet state is
favoured over the singlet state. Far from the transition point, at large
values of Vg, the spins are tightly bound into a triplet and we expect to
observe an underscreened spin-1 Kondo effect. Estimates made from
both the width of the zero-bias peak and its magnetic field splitting
(not shown) converge to a Kondo scale TK,1 of the order of 100 mK.
This value is too low to allow quantitative comparison with theo-
retical predictions of the underscreened Kondo effect, but the con-
ductance data plotted in the bottom panel in Fig. 4b do not show
any sign of saturation down to our effective electronic temperature
Teff 5 50 mK.

For lower gate voltages, a complex regime in which the singlet–
triplet splitting ES 2 ET is comparable to the high-energy, single-level
Kondo scale TK,1/2 exists. This is shown, for fixed Vg and a range of
temperatures, by the differential conductance data plotted in Fig. 4a.
Although a broad peak is again observed at high temperatures, a
three-peak structure emerges at low temperatures. We interpret
the three-peak structure in terms of a non-equilibrium Kondo effect
that mixes singlet and triplet states by means of the voltage-bias
window. We associate the broad peak with a spin-1/2 Kondo effect,
similar to that which occurs on the singlet side, in agreement with the
corresponding zero-bias conductance G(T) for temperatures above
the singlet–triplet splitting temperature, giving TK,1/2 5 3.77 6 0.1 K
(top panel in Fig. 4b). This spin-1/2 Kondo behaviour remains
similar down to the lowest temperatures by approaching the critical
point, as ES 2 ET becomes smaller than kBTK,1/2. The further increase
of G(T) below T 5 200 mK is at present not fully understood, and
may be related to the opening of a second screening channel, which
might spoil the quantum critical point at T 5 0 K23,29. However, this
extra feature seems to be relevant only at a very small energy scale
close to the crossing point, so the data in the accessible temperature
range is consistent within the quantum critical point interpretation.

We finally note that our interpretation of the experimental data
can be supported in a complementary way (see Supplementary
Information), namely plotting the zero-bias conductance as a func-
tion of gate voltage for different temperatures. As the temperature
decreases, we observe the clear sharpening of a conductance step
when the system crosses from the singlet region to the triplet region,
in agreement with the existence of a quantum critical point3 and in
contrast to the maximum predicted for an avoided transition23,29.

METHODS SUMMARY
The single-molecule transistors were produced using standard electron-beam

lithography to pattern a gold nanowire deposited on an Al/Al2O3 back gate; see

Fig. 1b for an atomic-force-microscope micrograph with a diagram of the set-up.

The nanowire junctions were cleaned with acetone, ethanol, isopropanol solu-

tion and oxygen plasma. Then a dilute toluene solution of C60 molecules was

deposited on the junctions and blow-dried. The connected samples were placed

in a copper shielded box that had high-frequency low-temperature filters. The

box was anchored to the mixing chamber of the dilution fridge with a base

temperature of 35 mK. The nanowire coated with molecules was then broken

by electromigration16 at 4 K, using fast real-time electronics to control the coup-
ling of the single molecule to the electrodes.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
The spin-1/2 Kondo effect in a C60 molecular junction was observed for the first

time by Yu and Natelson30 (see also the case of ferromagnetic electrodes31), and

more recently by Parks et al.32 using mechanically controllable break junctions.

Although improvements of the original electromigration procedure16 have also

been reported recently33–39, to our knowledge no electromigration has been

carried out in a dilution refrigerator with a high degree of filtering. Because

the creation of nanogaps using the electromigration technique requires mini-

mizing the series resistance39, the resistive dilution fridge wiring and filtering are

generally incompatible with electromigration. However, accessing very low elec-

tronic temperatures is central to the observation of quantum critical signatures

associated with the singlet–triplet crossing in the C60 molecular junction. To

overcome this problem, we developed a specific electromigration set-up acces-

sing very low electronic temperatures.

Our experimental method is divided into two parts (see Supplementary Fig. 1).

In the first step, electromigration is performed at 4 K with the fast electronics of
the set-up. We ramp the voltage across the junction and measure its resistance,

using a very fast feedback loop (1.5ms) to set the voltage to zero when the

resistance exceeds a defined threshold, typically 20 kV. The fast feedback was

achieved using an ADwin-Pro II real-time data acquisition system and a home-

built high-bandwidth current-to-voltage converter. With this technique,

and a series resistance due to the filters of about 200V, we obtained small gaps

(1–2 nm), which we characterized in terms of the tunnel current measured after

electromigration of junctions without molecules.

The second step uses the low-noise component of the set-up to measure

the single-molecule transistor. In addition to low-temperature filtering using a

thermocoax microwave filter and P filters, we used P filters and ferrite-bead

filters of special design with a cutoff frequency of 100 MHz (the details of

these filters can be found at http://marcuslab.harvard.edu/how_to/Ferrite_

Bead_Filter.pdf). To minimise ground loops we integrated all the analogue

electronics in a shielded box at room temperature. Because of its great versatility,

the ADwin-Pro II system can be programmed to perform direct-current and

lock-in measurements, and apply gate or bias voltages, thus minimizing

the possibility of ground loops. Depending on the measurements, we used

an alternating-current excitation between 3mV and 100mV for the lock-in
technique.

We note that previous studies of C60 quantum dots did not require the use of a

dilution refrigerator to investigate Kondo physics, because the relevant energy

scales are typically an order of magnitude larger than in carbon nanotubes or

semiconducting devices, providing large Kondo temperatures of several Kelvins.

However, the study of single-molecule transistors using low-temperature tech-

niques (previously reserved to two-dimensional electron gases) was crucial for

observing the rich physics that takes place below the Kondo temperature at the

singlet–triplet transition. Our low-temperature set-up also allowed a more pre-

cise investigation of the usual spin-1/2 Kondo effect in C60 (see Supplementary

Information section 2).
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