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Universality of the two-stage Kondo effect in carbon nanotube quantum dots
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We investigate the Kondo effect in nanometer-sized carbon nanotube quantum dots fabricated by electro-
migration. Here, we report on a pronounced dip within the Kondo peak observed at zero magnetic field. The
zero-bias conductance exhibits a nonmonotonic temperature dependence with two characteristic energy scales.
This behavior is ascribed to a two-stage Kondo effect occurring in an even charge state of the quantum dot.
We demonstrate the universal behavior of the out-of-equilibrium conductance in this regime, and we extract the
parameters of the universal scaling function.
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Novel quantum transport phenomena are expected to arise
in nanometer-sized single molecule junctions. A quantum
phase transition [1], molecular magnetism [2], interplay of
the Kondo effect and ferromagnetism [3], and single spin
control [4] have all been observed in single molecule devices
based either on electromigrated nanogaps or mechanically
controllable break junctions. However, due to the randomness
of the fabrication process, the coupling of the nano-object
to the electrodes of the nanogap is difficult to control in
such single-molecule devices. An alternative approach consists
in working with single-wall carbon nanotubes. They can
be seen as large molecules with a well-controlled structure
and are easy to connect to metallic electrodes. Furthermore,
when the nanotube is semiconducting, the transparency of the
metal-nanotube contacts can be tuned by an external electric
field [5]. Recently, nanometer-sized carbon nanotube quantum
dots with large addition energies have been reported [6]. As
in single-molecule devices, this structure is expected to show
complex quantum behavior in the Kondo regime.

In a quantum dot occupied by an odd number of electrons,
the Kondo screening of the single unpaired spin acting as
a magnetic impurity results in a zero-bias conductance peak
fully characterized by an energy scale expressed as the Kondo
temperature TK [7]. However, for a doubly occupied dot with
two nearly degenerate levels, each of the two spins of the
dot can be successively screened by a Kondo effect as the
temperature is lowered [8,9]. This so-called two-stage Kondo
effect can occur whether the ground state of the quantum dot
is a singlet or a triplet, although originating from different
mechanisms, and it is characterized by two distinct energy
scales [10]. The experimental signature is a dip within a broad
zero-bias conductance peak and a nonmonotonic temperature
dependence of the conductance.

Here, we test the universality of the two-stage Kondo
effect in nanometer-sized carbon nanotube quantum dots in the
Kondo regime. Our devices exhibit large Kondo temperature
and reentrant Kondo features. At specific gate voltage ranges,
the devices display a pronounced dip within the Kondo
conductance peak at zero magnetic field. We find that the
nonequilibrium behavior of the conductance dip is accurately
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described by a universal scaling function in temperature and
voltage. The values of the scaling parameters of the reentrant
Kondo resonance are consistent with previous results of scaling
experiments on various spin-1/2 Kondo systems [11–13].

Single-wall carbon nanotubes (SWNTs) of ∼2 nm diameter
are grown by chemical vapor deposition from predefined
catalyst islands on a highly doped Si substrate (used as
a backgate electrode) capped with a 500 nm SiO2 layer.
Nanowires consisting of Pd (20 nm thick) are then fabricated
above each individual nanotube [see Fig. 1(a)] using standard
e-beam lithography and metallic evaporation. Subsequently,
the nanowire is broken by controlled electromigration (EM)
[14,15] to form a nanogap and thus uncover a nanometer-sized
segment of the SWNT as previously reported [6]. EM is
performed at room temperature under high-vacuum conditions
(�10−6 mbar) to prevent burning of the SWNT due to the
presence of O2 molecules in the environment. We also carefully
tune the EM process to break the nanowire at a relatively low
bias in order to avoid damage of the bare part of the SWNT
by submitting it to a too large electric field. The resulting
quantum dot dimension is defined by the nanogap width.
Based on the scanning electron microscope (SEM) image,
the length of the nanotube that goes across the nanogap is
estimated to be 10–15 nm. On such freshly created devices,
the differential conductance, G = dI/dVsd, is measured as a
function of source-drain bias voltage Vsd and gate voltage Vg at
4.2 K using a low-noise current amplifier and standard lock-in
detection with an excitation voltage of 175 μV.

We present here a detailed analysis of one device, but similar
results have been obtained on another sample [16]. The SWNT-
based dot analyzed in the following has a semiconducting
character. The color scale plot of the differential conductance
dI/dVsd measured as a function of Vsd and Vg at 4.2 K is
shown in Fig. 1. We can clearly distinguish different transport
regimes. For Vg > 25 V, we observe a Coulomb blockade
pattern with very large addition energy which confirms the
nanoscale dimension of the SWNT dot [6]. The addition energy
equal to ∼100 meV can be estimated directly from Fig. 1(c),
where the first Coulomb blockade diamond corresponding
to the addition of one electron on the dot is clearly visible.
For gate voltages ranging from −30 to 25 V, no transport is
measurable. This corresponds to the semiconducting gap of the
nanotube [see Fig. 1(b)]. The hole transport regime observed

1098-0121/2014/89(11)/115432(5) 115432-1 ©2014 American Physical Society

http://dx.doi.org/10.1103/PhysRevB.89.115432


PETIT, FEUILLET-PALMA, DELLA ROCCA, AND LAFARGE PHYSICAL REVIEW B 89, 115432 (2014)

FIG. 1. (Color online) (a) Scanning electron micrograph of a
carbon nanotube quantum dot obtained by controlled electromigration
of a Pd wire above a single-wall carbon nanotube. The white
bar is 200 nm. (b) Differential conductance dI/dVsd measured at
4.2 K as a function of source-drain voltage Vsd and gate voltage
Vg . Conductance is suppressed in the range −20 � Vg � 25 V
evidencing the semiconducting behavior of the device. (c) Differential
conductance dI/dVsd measured at 4.2 K as a function of Vsd

and Vg in the electron transport regime of the SWNT. The first
Coulomb blockade diamond is clearly visible giving an addition
energy ∼100 meV. Compared to (b), the position of the first diamond
along the gate voltage axis is shifted due to the motion of background
charges. (d) Differential conductance dI/dVsd measured at 4.2 K as
a function of Vsd and Vg in the hole transport regime of the SWNT
where pronounced zero-bias features are observed.

for Vg < −30 V is instead remarkably different. Figure 1(d)
shows a measurement of the conductance diagram in the hole
transport regime, for −70 < Vg < −25 V. In this range, the
dot-leads coupling is stronger, resulting in smeared Coulomb
blockade diamonds. Notwithstanding the abrupt shifts due to
gate-induced charge trapping in the substrate, we observe two
Kondo ridges around Vg � −60 V and Vg � −43 V. The line
shape corresponding to the Kondo peak for Vg = −60.5 V
as well as the temperature dependence of the zero-bias
conductance are shown in Figs. 2(a) and 2(c), respectively.
The latter can be accurately fitted using the universal empirical
formula introduced by Goldhaber-Gordon et al. [17], with the
addition of a constant term,

G(T ) = G0[1 + (21/s − 1)(T/TK )2]−s + Gc, (1)

where G0 is the zero-temperature conductance, Gc is a back-
ground conductance due to non-Kondo transport processes [1],
and s is fixed to 0.22 for a spin-1/2 dot. Fit yields a large Kondo
temperature TK = 49 ± 3 K. This value is consistent with
that extracted from the full width at half-maximum FWHM

FIG. 2. (Color online) (a) dI/dVsd as a function of Vsd at Vg =
−60.5 V for T ranging from 4.2 to 36 K showing a spin-1/2 Kondo
peak. (b) Same measurement performed at Vg = −55 V. A large
Kondo peak is now interrupted by a dip at zero bias. (c) Experimental
zero-bias conductance as a function of temperature at Vg = −60.5 V.
The red curve is a fit to Eq. (1) for 4.2 < T < 40 K yielding a Kondo
temperature TK = 49 ± 3 K. (d) Experimental zero-bias conductance
as a function of temperature at Vg = −55 V. The red curve is a fit to
Eq. (3) for 4.2 < T < 20 K yielding T ∗ = 38 ± 4 K.

∼6.9 ± 0.4 meV of the zero-bias peak at 4.2 K, assumed to
be equal to 2kBTK/e, yielding TK ∼ 40 ± 3 K. The G0 and
Gc parameters extracted from the fit are equal to 0.53 2e2

h
and

0.07 2e2

h
, respectively, showing that the background conduc-

tance is much smaller than the zero-temperature conductance.
To extract the relevant parameters of the quantum dot, we use
the expression based on the single impurity Anderson model
in the Kondo regime [21],

TK =
√

�U

2
exp

(
πε0(ε0 + U )

�U

)
, (2)

where � is the coupling to the lead, U is the charging
energy, and ε0 is the impurity level energy measured with
respect to the Fermi energy. Assuming that Vg = −60.5 V
corresponds to the center of the Kondo ridge, from U ∼
100 meV and TK = 49 K we obtain � ∼ 22.7 meV. The
corresponding asymmetry deduced from the zero-bias con-
ductance value is A = (�L − �R)/(�L + �R) = 0.69. These
values give ε0/� ∼ −2.2, confirming that our sample is not
in the mixed-valence regime.

Similar large Kondo temperatures have been reported for
single-molecule quantum dots or gold clusters coupled to
metallic leads [13,18–20], confirming the nanometric size of
the SWNT dot realized by electromigration. As a consequence,
the effect of the magnetic field on the resonance could hardly
be measured since the critical field associated with the onset
of Zeeman splitting, 0.5kBTK/gμB , where g = 2 and μB is
the Bohr magneton, would be 13 T for TK = 49 K.

A different trend of the zero-bias conductance is observed
for gate voltages around −50 V. In Fig. 2(b), we show dI/dVsd

versus Vsd curves measured at Vg = −55 V for various
temperatures. Here, we observe a pronounced dip within a
large Kondo peak. The width and depth of the dip are slightly
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gate dependent but depend strongly on temperature. As the
temperature increases from 4.2 to 34 K, the dip disappears
but the broad zero-bias Kondo resonance remains visible
before starting to vanish as well at higher temperature. This
nonmonotonic behavior and the pronounced dip at zero voltage
are characteristic features indicating a two-stage Kondo effect
as reported in semiconducting quantum dots [22,23] and in
single-molecule junctions [1]. Our devices are semiconducting
quantum dots with high values of the dot-lead coupling,
>10 meV, however due to the EM procedure resulting in
10–15 nm contact separation, they also compare to single-
molecule junctions since they have similar large values of the
addition energy, >50 meV. As a consequence, the second-stage
Kondo temperature is shifted toward higher values with respect
to previous systems exhibiting the two-stage Kondo effect.

The two-stage Kondo effect has been theoretically predicted
for a two-level impurity in the presence of one or two Kondo
screening channels [8,9,24]. Experimentally, it occurs in the
regime of even parity in the dot in the presence of an intradot
exchange coupling J . Depending on the strength of the
coupling J and the energy spacing of the two orbital levels
δE, the ground state of the dot is either a spin singlet or
a spin triplet. A two-stage Kondo effect was first predicted
independently in each case [8,9], and then a unified theoretical
description was proposed when the system is close to the
singlet-triplet transition [10]. On the triplet side, assuming
two screening channels, two consecutive Kondo effects screen
the S = 1 spin of the dot with exponentially separated energy
scales [8]. On the singlet side [9], a two-stage screening process
is expected provided there is a single screening channel.
During the first stage, Kondo screening dominates over the
formation of a spin singlet, and one of the two spins is Kondo
screened by the conduction electrons in the leads. Then, at
lower temperature, the remaining spin binds with the first
one to form a singlet through the intradot interaction. In that
case, the characteristic energy scale of the second stage of
the Kondo effect is related to the singlet binding energy. The
two-stage Kondo effect has been observed on both sides of
the singlet-triplet transition in semiconducting quantum dots
[22] together with an increase of the conductance at the
transition, which is a signature of two channels screening.
In experiments on single-molecule quantum dots [1], the
single-channel two-stage Kondo effect has been reported in
the vicinity of the singlet-triplet transition on the singlet side.

The typical signatures of the two-stage Kondo effect
are a reentrant conductance dip superposed to the Kondo
resonance and a suppression of the zero-bias conductance for
temperatures lower than the second-stage energy scale T ∗,
ideally down to zero. In this picture, the broad resonance
we observe in our data [Fig. 2(b)] corresponds to the usual
Kondo screening of the most strongly coupled spin, while the
formation of the characteristic Kondo dip inside the resonance
below T � 20 K indicates the occurrence of the second-stage
Kondo effect. The interpretation in terms of a two-stage Kondo
effect is supported by the logarithmic increase of the zero-bias
conductance with temperature, as shown in Fig. 2(d), which is
well fitted to an inverted Kondo formula, first introduced by
Roch et al. [1],

Ginv(T ) = G0 − G0[1 + (21/s − 1)(T/T ∗)2]−s + Gc, (3)

where s = 0.22, and G0, T ∗, and Gc are free parameters. For
T < 20 K, our data are well described by this expression,
and the fit gives T ∗ = 38 ± 4 K. In the other sample we
measured, the extracted value for T ∗ is equal to 10 K. The
visibility of a two-stage Kondo effect in our data implies
that the spin ground state of the system must be close to the
singlet-triplet transition. In our measurements, no signature of
such a transition is observed, therefore we cannot conclude on
the symmetry of the spin ground state of the dot. However,
according to Ref. [24], we can argue that the difference in
energy ET − ES between the triplet and singlet states must
be of the order of the Kondo energy ET − ES ≈ kBTK , where
kBTK is the energy associated with the first stage of the Kondo
screening.

Spin-1/2 Kondo physics is characterized by a universal
behavior of the conductance as a function of temperature and
voltage, however the universality of the two-stage Kondo effect
has not been investigated in detail so far. Hereafter, we address
the universal behavior of the voltage and temperature depen-
dence of the conductance in the dip region. The conductance
is expected to scale quadratically with voltage at low energy
[10]. Consequently, we first check this behavior on our data
by fitting G(T ,Vsd) − G(T ,0) for different values of Vg , at low
temperature (T/T ∗ < 0.2), to a power law in Vsd. The mean
value of the exponent is 1.91, and this quadratic behavior
is valid for Vsd up to e|Vsd|/kBT ∗ = 0.7. Therefore, in the
following we assume that the low-energy conductance scales
quadratically with voltage. A universal scaling function for the
conductance as a function of temperature and bias voltage in
the low-energy limit has been theoretically and experimentally
demonstrated for the spin-1/2 Kondo resonance [11,25]. Using
this previous expression, we extend Eq. (3) to the finite bias
regime as follows:

G(T ,Vsd) = G0 − G0[1 + (21/s − 1)(T/T ∗)2]−s

× [1 − αv(T )(eVsd/kBT ∗)2] + Gc, (4)

where

αv(T ) = cT α

1 + cT

(
γ

α
− 1

)(
T
T ∗

)2 .

Here cT is a low-temperature expansion coefficient whose
value is fixed by the definition of T ∗ through the low-
temperature expansion of Eq. (3), [G(T ,0) − Gc]/G0 ≈
cT (T/T ∗)2, giving cT = 4.92 with s = 0.22. The coeffi-
cient α represents the zero-temperature curvature of the
dip with respect to Vsd, and γ takes into account the dip
broadening rate with temperature. The only energy scale at
play here is T ∗. Note that for zero-bias voltage, Eq. (4)
reduces to Eq. (3), describing the temperature behavior of
the zero-bias conductance dip in Fig. 2. To extract α and γ ,
we fit �G = [G(T ,Vsd) − G(T ,0)]/[G0 + Gc − G(T ,0)] to a
quadratic form V 2

sd/W (T )2 since �G = αv(T )(eVsd/kBT ∗)2

according to Eq. (4). The fit is done for each value of the
temperature T over the range eVsd/kBT ∗ < 0.4. The top and
bottom subfigures in Fig. 3(a) show the extracted W (T )2 as
a function of T 2 for two different values of T ∗ obtained
at Vg = −55 and 52.5 V, respectively. Then, fitting W (T )2

linearly for T/T ∗ < 0.4 and using the T ∗ values obtained from
the conductance temperature dependences, we extract α and γ
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FIG. 3. (Color online) (a) Peak width parameter W 2(T ) vs T 2 for
Vg = −55 V (top) and Vg = −52.5 V (bottom). The red line shows
the low-temperature linear fit used to extract the scaling parameters
α and γ . (b) Scaled conductance �G/αv , where �G = [G(T ,0) −
G(T ,V )]/[G(T ,0) − G0 − Gc] as a function of (eVsd/kBT ∗)2. The
solid line describes the associated universal scaling curve given by
Eq. (4).

leading to α = 0.13 ± 0.03 (0.14 ± 0.03) and γ = 0.55 ± 0.3
(0.8 ± 0.3) at Vg = −55 V (−52.5 V). To visualize the degree
of accuracy of the scaling, we plot in Fig. 3(c) the scaled
conductance �G/αv(T ) as a function of (eVsd/kBT ∗)2 for
the data obtained at Vg = −55 and −52.5 V with the αv(T )
coefficient calculated using the average values of α and γ .
All the curves collapse to the universal form of Eq. (4) up to
e|Vsd|/kBT ∗ ≈ 0.7 and T/T ∗ ≈ 0.3, above which deviations
become visible. The deviation is mainly due to the fact that
for |Vsd| > 3 mV, i.e., (eVsd/kBT ∗)2 > 0.4, the corresponding
points are no longer inside the dip region but are close to the
broad Kondo resonance, as shown in Fig. 2.

To our knowledge, no other experimental extraction or
theoretical calculation of the scaling parameters α and γ for
a reentrant Kondo peak has been reported yet. Nevertheless,
assuming that the Kondo screening mechanism involved in
the formation of the dip is similar to the one responsible
for the spin-1/2 Kondo resonance, one can compare the
out-of-equilibrium scaling parameters in both cases. Many
experiments on the universal scaling of spin-1/2 Kondo
peaks have been performed [11–13], and they pointed out
an unexpected dependence of the extracted scaling parameters
upon the material of the measured device. The average value
we extract in the present work for the scaling parameter
α falls in the range expected theoretically in the spin-1/2
case, i.e., 0.075 � α � 0.3 [26]. There are fewer theoretical
calculations for γ , but our extracted value is consistent with
other experimental works yielding γ ≈ 0.5 [27]. Our values
are closer to those obtained in two-dimensional electron gas
quantum dots and much larger than the low α and γ measured

in molecular devices. According to recent calculations [28]
based on the single-impurity Anderson model, this range of
values corresponds to the case of a dot with particle-hole
asymmetry and symmetric lead to dot coupling.

Note that similar conductance dips have been reported
in electromigrated grain quantum dots fabricated from Au
leads covered with Co magnetic impurities [20] and in large
carbon nanotube quantum dots [29]. They were attributed,
respectively, to the competition between the Kondo effect and
the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction and
to the interaction of the electrons in the dot with a localized
spin (Kondo box). In the first case, Heersche et al. [20] have
intentionally added a submonolayer of Co atoms on the top
of the Au nanowire before electromigration. In the presence
of these magnetic impurities, they do not observe a Kondo
resonance any longer but instead a split zero-bias peak. We
can discard this effect in our measurements because within this
picture, all the zero-bias resonances we observe would be split,
which is not the case. In the other experiment, Bomze et al. [29]
realized a Kondo box consisting of a large carbon nanotube
quantum dot coupled to a localized spin in the substrate. For
odd parity, they observe inelastic cotunneling features, due
to a low-energy spin-triplet state formed between the spin of
the electron in the nanotube and the external localized spin.
Close to a charge degeneracy point, the cotunneling gap turns
into a sharp conductance dip superimposed to a wide Kondo
resonance, which is the signature of a two-stage Kondo effect.
In our samples, we do not observe signatures of inelastic
cotunneling at any value of the gate voltage. Furthermore,
the authors of Ref. [29] stressed that in the Kondo box
system, the second-stage Kondo temperature should decrease
with increasing the dot-lead coupling. This behavior is not
consistent with our measurements, where we have both higher
dot-lead coupling and higher second-stage Kondo temperature.

To conclude, we successfully observed the universal behav-
ior of the two-stage Kondo effect in a nanometer-sized carbon
nanotube quantum dot. In the low-energy limit, the two-stage
Kondo antiresonance scales quadratically with temperature
and voltage. The obtained scaling parameters are comparable
to the values found in the case of the spin-1/2 Kondo
resonance in semiconducting quantum dots, and they are in
good agreement with recent calculations. Further experimental
and theoretical work is required to explain quantitatively the
nonequilibrium two-stage Kondo effect.
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