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We have studied the discrete electronic spectrum of closed metallic nanotube quantum dots. At low tem-
peratures, the stability diagrams show a very regular fourfold pattern that allows for the determination of the
electron addition and excitation energies. The measured nanotube spectra are in excellent agreement with the
theoretical predictions based on the nanotube band structure. Our results permit the complete identification of
the electron quantum states in nanotube quantum dots.
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Since their discovery1 carbon nanotubessNTsd have
emerged as prototypical one-dimensional conductors.2 At
low temperatures, NT devices form quantum dotssQDsd
where single-electron charging and level quantization effects
dominate.3,4 A continuous improvement in device fabrication
and NT quality has enabled the recent observation of two-
electron periodicity in “closed” QDs5 and four-electron peri-
odicity in “open” single-wall and multiwall NT QDs.6,7

Theoretically, the low-energy spectrum of single-wall nano-
tubesSWNTd QDs has been modeled by Oreget al.8 Experi-
ments on open NT QDs are compatible with this model, but
the presence of the Kondo effect and broadening of the en-
ergy levels prevents the observation of the full spectrum.9 An
analysis of the electronic excitations is therefore still lacking.

The twofold degenerate, low-energy band structure of a
metallic SWNT is schematically shown in Fig. 1sad. Quanti-
zation along the nanotube axis leads to a set of single-
particle states that are equally spaced because of the linear
dispersion relation.10 The combination of the two bands and
the spin yields a fourfold periodicity in the electron addition
energy. The simplest model to describe QDs is the constant
interaction sCId model,11 which assumes that the charging
energy is constant and independent of the occupied single-
particle states. To describe NT QDs the CI model has been
extended8 to include five independent parameters: the charg-
ing energyEC, the quantum energy-level separationD, the
subband mismatchd fsee Fig. 1sadg, the exchange energyJ,
and the excess Coulomb energydU. Figure 1scd illustrates
the meaning of the last two parameters. An independent veri-
fication of the Oreget al. model8 requires the observation of
the ground-state addition energies and of at least two excited
states. To the best of our knowledge, such a study has not
been reported.

In this paper we investigate the excitation spectrum of
closed SWNT QDs. Not only the ground-state, but also the
complete excited-state spectrum of these QDs are measured
by transport-spectroscopy experiments, enabling us to deter-
mine all five parameters independently. With these, the re-
maining measured excitation energies are well predicted,
leading to a complete understanding of the spectrum, without
adjustable parameters.

High pressure CO conversion12 sHiPcod- and chemical va-
por depositionsCVDd-grown13 NTs are used for the fabrica-
tion of the devices. HiPco tubes are dispersed from a dichlo-
roethane solution on an oxidized,p-doped Si substrate. The

CVD nanotubes are grown from catalyst particles on pre-
defined positions. Individual NTs are located by atomic force
microscopysAFMd with respect to predefined marker posi-
tions. Electrodes are designed on top of straight segments of
NTs. The highly doped silicon is used as a backgate to
change the electrostatic potential of the NT QDfsee Fig.
1sbdg. We fabricate NT devices with lengths in between con-
tacts,L, varying from 100 nm to 1mm. A four-electron shell
filling is observed in over 15 samples. In some cases the
fourfold pattern extended over more than 60 electrons added
to the QD. Figures 1sdd–1sfd show representative examples
of Coulomb blockadesCBd oscillations14 in the linear-
response regime. Clearly, the Coulomb peaks are grouped in
sets of four, reflecting the twofold character of the NT band
structure.

In the following, we focus on three different devices ex-
hibiting similar fourfold periodicity in CB oscillations. These
samplessA, B, and Cd have high enough contact resistances
so that not only the electron ground states, but also their
excited states could be resolved. Together they provide
enough information to determine all the parameters in the
model. We discuss the results of these three samples sepa-
rately.

SampleA. This device is made from a HiPco NT12 with
L=180 nm and a diameter of 1.1 nm as determined by AFM.
It is contacted by evaporating Cr/Aus5/75 nmd electrodes.
Figure 2sad shows the current,I, as a function of source-drain
bias voltage,V, and gate voltage,VG. In the light-colored
diamond-shaped regions, the current is blocked due to CB,
and the number of electrons is fixed. The clear fourfold pe-
riodicity makes it possible to assign the number of electrons
in the last occupied shell. The sizes of the diamonds form an
interesting pattern, namely a repetition of small medium
small big. This pattern is a consequence of the large subband
mismatch compared to the exchange energy, as we show be-
low.

The addition energy is defined as the change in electro-
chemical potentialsDmNd when adding thesN+1d charge to a
quantum dot already containingN charges.11 The addition
energy is obtained by multiplying the diamond width,DVG,
by a conversion factor,a s<0.017d, which relates the gate-
voltage scale to the electrochemical potential.14

The Oreg model yields the following equations for the
addition energy of theNth electron added:15
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Dm1 = Dm3 = EC + dU + J, s1d

Dm2 = EC + d − dU, s2d

Dm4 = EC + D − d − dU. s3d

To extract all five parameters, two more equations are
needed. These are provided by the excitation spectrum. In
Fig. 2scd we show the numerical derivative of Fig. 2sad si.e.,
the differential conductanced for the first group of four. The
excited states of the electrons are visible for all diamonds.

The value of a particular excitation energy equals the bias
voltage at the intersection between the excitation line and the
Coulomb diamond edgefsee Fig. 2scdg. The dottedswhited
arrows in diamonds one and two in Fig. 2scd correspond to
the first excitation for one and two electrons extra on the NT
QD, respectively. The theoretical values of these two ener-
gies are

Dm1
ex = d, s4d

Dm2
ex = d − J − dU. s5d

Equationss1d–s5d allow us to uniquely determine the five
unknown parameters from the experimental data alone. We
find EC=4.3 meV, D=9.0 meV, d=3.2 meV, J=0.4 meV,
anddU<0 meV. The values of the parameters do not vary
significantly between the different groups, as shown in Fig.
2sbd. The theoretically expected value for the level spacing is
D=hvF /2L.3 With vF=8.13105 m/s sRef. 16d and L
=180 nm, we find 9.3 meV, which is in excellent agreement
with the experimental value.

Figure 2sdd shows the calculated spectrum of the NT QD
using the parameters deduced from the experiment. Some
excitations are split by the exchange energy. The stars in the
calculated spectrum correspond to the arrows in the experi-
mental data. The excitations denoted withx were used for
obtaining the parameters and correspond to the dotted
swhited arrows in Fig. 2scd. The calculated spectrum re-
sembles the measured one strikingly well.

SampleB. This sample is CVD grown13 with a diameter
of 1.3 nm and L=500 nm defined by Cr/Au contacts
s5/40 nmd. After contacting, the entire NT segment between
electrodes is suspended by etching away part of the SiO2.

17

We have measured the differential conductance,dI /dV, as a
function ofV andVG at 300 mKfFig. 3sadg. Again, the regu-
lar fourfold patterns are visible in the Coulomb diamonds.

The evolution of the Coulomb peaks as a function of the
magnetic fieldsnot shown hered gives information about the
spin filling of the states.18 We find that the filling is the same
as in sampleA. The excited states of the QD are visible in all
groups of four. The model parameters are extracted using the
same analysis as described above. The result is shown in Fig.
3sbd. The average values areEC=2.0 meV, d=1.2 meV, J
=0.1 meV,dU=0.2 meV, andD=3.0 meV. The value ofD
corresponds to a length of 440 nm,3 in good agreement with
the NT length between contacts. Furthermore, in all groups
of four at least one more excitation remains for a comparison
between theory and experiment. In all cases we find good
agreement.19

SampleC. This NT is CVD grown13 with a diameter of
2.7 nm andL=750 nm. The contacts are made by evaporat-
ing Ti/Au s20/40 nmd. Figure 3scd showsdI /dV as a func-
tion of V and VG. A very regular pattern of Coulomb dia-
monds with fourfold periodicity is displayed together with
the excited states. In addition, up to three inelastic cotunnel-
ing lines20 are visiblefhorizontal lines inside the Coulomb
diamonds in Fig. 3scdg.

The observation of three equally sized small diamonds
and the fact that the excitations have the same energy for all

FIG. 1. sad Low-energy band structure of a metallic SWNT. In a
finite-length SWNT, the wave vectork is quantized along the tube
axis which leads to a set of quantized energy levels separated byD
in each band.d is the mismatch between the two bands.sbd Sche-
matic diagram of the device geometry.scd Meaning ofJ sleftd and
dU srightd. The exchange energy favors spin alignment anddU is
the extra charging energy associated with placing two electrons in
the same energy level.sdd, sed, andsfd Conductance as a function of
gate voltage in the linear-response regime at 4 K for three different
CVD-grown samples. The NT lengths are 500, 680, and 760 nm,
respectively.
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four charge states indicate thatd<J+2dU. We find EC
=6.6 meV,D=8.7 meV,d<J=2.9 meV, anddU<0 meV.
Theoretically, a level separation of 8.7 meV indicates a NT
QD length of,200 nm, while the distance between contacts
is 750 nm. This may suggest that sampleC consists of a QD
with NT leads connecting it to the contacts. This is consistent
with the large value forEC. Remarkably, all the predicted
excitation lines are present in the spectrum.21 Therefore all
the electron states can be assignedfFig. 3sddg.

In summary, we have presented a complete analysis of
the electronic spectrum in closed NT QDs. Samples with
different lengths, production processessCVD and HiPcod,
and contact material all exhibited fourfold periodicity in the
electron addition energy. The very regular Coulomb traces
and stability diagrams enabled the determination of the
ground-state and excited-state electron energies. Knowing
precisely the spectrum of nanotube quantum dots is of fun-
damental importance in experiments involving the applica-

FIG. 2. sColor onlined Sample A—Current as a function ofV andVG at T=300 mK. Current goes from240 nA to +40 nA.sbd Values
of the parameters for three different groups of fourssee textd. scd The differential conductancesdI /dVd for the first group fromsad. Black is
zero and bright is.12 mS. Lines running parallel to the diamond edges correspond to discrete energy excitations. The excitation energies
corresponding to the dottedswhited arrows have been used to deduce the model parameters. The predicted excitations are indicated by
syellowd normal arrows.sdd Calculated spectrum for sample A. The stars correspond to the normalsyellowd arrows inscd andx corresponds
to the dottedswhited arrow. The white diagrams indicate the spin filling of the ground state.

FIG. 3. sColor onlined Differential conductance of samplesB sad and C scd as a function ofV and VG measured at 300 mK. Black
representsdI /dV,0, while the lighter tones correspond to a higher conductance. The dashed lines inscd indicate the excited states together
with inelastic cotunneling.sbd Obtained parameters for sampleB. sdd Electron quantum states of the NT QD. The numbers on the left denote
the ground-statesGSd number of electrons in the last occupied shell. The left column indicates the GS electron configuration.sNote that the
two-electron GS is degenerate.d The columns on the right denote the excited-statesESd configuration. Up to four ES’s are visible in the large
Coulomb diamonds.22 The dottedsredd arrow in the second ES for one electron corresponds to an electron excited from the lower shell.
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tion of high-frequency radiation, such as photon-assisted
tunneling and coherent control of the electron quantum
states.
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