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Electronic transport through a quantum dot in the Coulomb-blockade cotunelling regime is investigated both
experimentally and theoretically, where a single-wall carbon-nanotube weakly coupled to metallic leads plays a
role of the dot. We observe a pronounced current peak for the singlet–triplet transition in a half-shell filling
regime due to inelastic cotunneling processes. Using the second order perturbation theory we explain physical
mechanisms determining the details of signal.
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1. Introduction

Single-walled carbon-nanotubes (SWNTs) are consid-
ered as a basic element of future carbon-based electronic
systems [1–4]. In this paper we investigate experimen-
tally and theoretically transport properties of a quantum-
-dot (QD) formed in a SWNT weakly coupled to metal-
lic electrodes in the Coulomb-blockade (CB) regime. In
this regime, cotunelling of pairs of electrons dominates
the transport [5–8]. We calculate this second order tun-
neling process exactly using perturbation theory in a
nonequilibrium regime [9, 10]. Comparison with the ex-
perimental data serves as a very good test for the theory.
We study in detail a singlet–triplet transition occurring
in two-orbital SWNT QD in a half-shell filling regime
(for two electrons in a dot) [11–14]. A new experimen-
tal approach — the detection of the inelastic resonance
in respect of magnetic field makes it possible to sepa-
rate two components of the current (elastic and inelas-
tic) as well as extracting values of various parameters
determining the transport. Furthermore, the use of the
method enables us to determine the presence of spin-flip
and orbital–orbital relaxation processes in SWNT QDs.

2. Model

We model our SWNT QD with two orbitals, which
gives four possible quantum states marked with orbital
number m = A,B and with spin sign σ. Energy differ-
ence between spin states εm↑ − εm↓ = ∆Z = gµBB is
induced by a magnetic field B, and orbital energy dif-
ference is given by δ = εBσ − εAσ. The left and right

electrodes are marked with r = L,R and lead electron
momentum states with k. An important factor is tun-
nel coupling strength Γα

r = 2πρrσ|Vrm|2 (where Vrm are
tunneling amplitudes; we neglect the spin dependence:
Vrmk = Vrm), which may differ for both orbitals leading
to an effective pseudospin asymmetry, even though we as-
sume the full spin density of states symmetry (ρr↑ = ρr↓)
in the leads (as if they were nonmagnetic). Finally, the
full form of the Hamiltonian is given by

H =
∑

rkσ

εrkσc†rkσcrkσ + εmσ

∑
mσ

d†mσdmσ

+
U

2

(
n− 1

2

)2

+
∑

rkmσ

Vrkmd†mσcrkσ + c.c. ,

where crkσ and dmσ are the Fermi operators for electrons
at energies εmσ for dot electrons and εrkσ for leads; U is
the Coulomb energy.

In our work two main regimes are investigated: with
n = 1 and with n = 2 electrons on the dot. This leads
to two possible states of the dot for each regime, when
we take magnetic field influence (∆Z 6= 0) into account
and the fact that δ À kBT, eV . For n = 1 orbital B
is empty, and only the spin varies on the dot, while for
n = 2, orbital A can be either doubly occupied and then
it forms a singlet state |S〉 = d†A↑d

†
A↓|0〉 and orbital B

is empty, or together with B is singly occupied, which
forms a triplet state |T+〉 = d†A↑d

†
B↑|0〉. As we are in a

weak coupling regime, the intra-dot spin-flip and orbital-
-orbital relaxation processes become relevant, and have
to be taken into account to explain the details of the
experimental data.
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3. Theoretical results

Using the second order perturbation theory [9, 10] we
investigate cotunneling transport current for a fixed value
of the bias voltage V as a function of magnetic field ∆.
Figures 1 and 2 demonstrate the transport current at
the resonance condition for various pseudo-spin asym-
metries, for weak (Fig. 1), Rx ¿ Γ , and strong (Fig. 2),
Rx À Γ spin-flip relaxation. We have modelled the
asymmetry with two parameters: PP and PA, ΓA,Bσ

L =
(1 ± PA)(1 ∓ PP)Γ and ΓA,Bσ

R = (1 ∓ PA)(1 ∓ PP)Γ .
Here, PP describes asymmetry in the coupling of orbitals
A and B to the both leads, and PA — asymmetry in
coupling opposite for both leads. For the lack of asym-
metry in Fig. 1a one can observe pronounced peak at the
resonance due to inelastic cotunneling and background
weakly dependent on ∆ due to elastic cotunneling, where
in the presence of weak spin-flip relaxation the peak has
a parabolic shape, Fig. 1a, and for the opposite regime a
linear one, Fig. 2a. In the presence of the asymmetry

Fig. 1. Calculated cotunneling line shape as a func-
tion of the tuned magnetic field from the resonance
condition for various pseudo-spin asymmetries for long
(pseudo) spin-flip relaxation time. The contribution
from the elastic (dashed line) and the inelastic cotun-
neling (dotted-dashed line) is depicted. Plots are (a) for
a full symmetry PP = 0 and PA = 0 ; (b) effective par-
allel alignment PP = 0.3; (c) effective antiparallel align-
ment PA = −0.5; (d) both asymmetries are present:
PP = 0.3 and PA = −0.5; (e) and (f) show probabili-
ties for spin up and down on the dot for full symmetry
(e) and for PP = 0, PA = −0.5 (f). Other parameters
are T/eV = 0.1, ε/eV = −7.8, U/eV = −26.7, and
I0 = eΓLΓR/(2π~U).

in coupling of orbitals A and B, PP 6= 0, while keeping
symmetry in coupling to the both leads (Fig. 1b and 2b),

Fig. 2. Calculated cotunneling line shape as a func-
tion of the tuned magnetic field from the resonance
condition for various pseudo-spin asymmetries for short
(pseudo) spin-flip relaxation time. The contribution
from the elastic (dashed line) and the inelastic cotunnel-
ing (dotted-dashed line) is depicted. Plots are (a) for a
full symmetry PP = 0 and PA = 0; (b) effective parallel
alignment PP = 0.3; (c) effective antiparallel alignment
PA = −0.5; (d) both asymmetries are present: PP = 0.3
and PA = −0.5. Other parameters are T/eV = 0.1,
ε/eV = −7.8, U/eV = −26.7, and I0 = eΓLΓR/(2π~U).

the inelastic cotunneling line does not change the shape,
since both orbitals participate in each inelastic process.
Only its amplitude is reduced by (1−P 2

P). For the elastic
transport, there is formation of the step since, depend-
ing on the sign of ∆, only one of the orbitals is strongly
populated and only one of them is strongly coupled to
the electrodes. It leads to enhancement of transport by
(1 + PP)2 and reduction by (1− PP)2 for opposite sides.
The total line shape becomes asymmetrical and maxi-
mum is slightly shifted away from ∆ = 0. For antisym-
metric coupling of orbitals, PA 6= 0, there is symmetry
in the total coupling for elastic processes, so that ampli-
tude is only reduced by (1−P 2

A), and strong asymmetry
in the coupling for the inelastic transport that leads to
an additional spin accumulation and strong asymmetry
in the inelastic line shape depending on the sign of ∆
(Fig. 1c and 2c). The pronounced increase in the am-
plitude of the inelastic component in the presence of the
strong spin-flip relaxation, Rx À Γ (Fig. 2c) proves the
role of the spin accumulation that suppresses the trans-
port in the opposite limit, Rx ¿ Γ (the spin blockade).
For strong relaxation, Rx À Γ , the ratio of the trans-
port between the positive and negative value of ∆ is of
order [(1− PA)/(1 + PA)]2 leading to pronounced asym-
metry and shift of the total maximum away from ∆ = 0.
When both PP 6= 0 and PA 6= 0 (Fig. 1d and 2d) we ob-
serve superposition of the effects discussed above, from
Fig. 1b, c, and Fig. 2b, c, respectively. Figure 1e and
f shows probabilities of the dot to be in spin up σ =↑
or down σ =↓ state for chosen setups as well (for strong
spin-flip relaxation, they follow the Boltzmann distribu-
tion). The difference between Fig. 1e and f (especially
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asymmetry between positive and negative ∆) is mainly
due to the presence of the spin accumulation for PA 6= 0.

4. Experimental results

Our sample was comprised of an individual SWNT
contacted by evaporating Ti (40 nm) source and drain
electrodes on a SiO2, and a heavily p-doped Si substrate
was used for the gate voltage. The distance between the
contacts was designed to be 300 nm. In the majority
of our devices, the whole nanotube between the contacts
behaved as a single quantum dot, which showed CB oscil-
lations with regular series at low temperatures [3, 4]. All
measurements were performed in a dilution refrigerator
and a magnetic field was applied perpendicularly to the
tube axis.

We study in detail the line shape of the additional sig-
nal due to the cotunneling transport. Figure 3a shows
the theoretical fitting of the cotunneling current taken
from the dot with n = 1 electron. The transport is
modelled, using fitting parameters obtained for the se-
quential regime. In Fig. 3a one can distinguish inelas-
tic components (blue lines) that exist only for eV > ∆
(here ∆ = ∆Z) and elastic ones (red lines) weakly de-
pending on B serving as a background for the inelastic
component. For a weak spin-flip relaxation, Rx ¿ Γ ,
theory predicts parabolic dependence of the current for
∆/eV ¿ 1. There is a clear discrepancy between this
prediction (Fig. 3a, dashed line) and experimental re-
sults. Therefore, it is necessary to study opposite limit
Rx À Γ and then theory predicts a linear dependence on
B which makes for a good agreement with experiment in-
dicating that the strong spin-flip relaxation occurs in the
QD.

Fig. 3. (a) Cotunneling current taken from the valley
with a single occupancy (n = 1). Solid lines are theory
plots for inelastic, elastic, and total cotunneling currents
for S = 1/2 at the dot with strong (and the dotted for
weak) relaxation, V = 0.3 mV and (b) cotunneling cur-
rent for the singlet–triplet transition at half-shell filling
(n = 2) for V = 0.4 mV. The theory lines are plotted
for the spin asymmetry PA = 0.45 and PP = 0.0, and
with strong relaxation.

We have also investigated the cotunneling current for
the singlet–triplet transition, however, a situation be-
came more complex since the asymmetry in the coupling

was possible, PP 6= 0 or/and PA 6= 0. It is interest-
ing that one can interpret the asymmetry parameters as
an effective pseudo-spin polarization since both orbitals
that participate in transport possess opposite spin in-
dices. Figure 3b shows experimental results and theo-
retical cotunneling line shape for n = 2 electrons as a
function of the tuned magnetic field, B. Here, the pa-
rameters ∆ = εB↓− εA↑ and can be also tuned by means
of the magnetic field. Good agreement with theory allows
for extraction of values of the asymmetry parameters —
fitting leads to following spin asymmetry: PA = 0.45 and
PP = 0.0.

5. Discussion

The fact that the coupling of both orbitals (A and B)
to the leads can be different leads to effective spin asym-
metry. This situation is similar then to a dot coupled to
ferromagnetic leads [10], where the spin asymmetry ap-
pears in the natural way due to spin-dependent density
of states. The pseudo-spin asymmetries, PP and PA can
be interpreted as effective spin polarization for the ferro-
magnetic leads with parallel and antiparallel alignment,
respectively. The value of the effective spin polarization
can be modified and controlled by the gate voltage by
means of the electric field that can be important for the
effective spin control and its manipulation at the dot.
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