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Shell Filling in Closed Single-Wall Carbon Nanotube Quantum Dots
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We observe twofold shell filling in the spectra of closed one-dimensional quantum dots formed in
single-wall carbon nanotubes. Its signatures include a bimodal distribution of addition energies, corre-
lations in the excitation spectra for different electron number, and alternation of the spins of the added
electrons. This provides a contrast with quantum dots in higher dimensions, where such spin pairing is
absent. We also see indications of an additional fourfold periodicity indicative of K-K' subband shells.
Our results suggest that the absence of shell filling in most isolated nanotube dots results from disorder

or nonuniformity.
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Quantum dots —small objects or regions in which a lim-
ited number of electrons are confined —are of broad inter-
est, both because they are ubiquitous in nanoscale systems,
and because they enable extensions and generalizations of
the physics of atoms, molecules, nuclei, and impurities in
solids [1]. Two-dimensional (2D) dots formed in semicon-
ductor heterostructures, with controllable size and contact
transparency, have been studied intensively for a decade
[2]. Recently, thanks to the arrival of new systems includ-
ing nanoparticles [3], fullerenes [4], and nanotubes [5], it
has become possible to investigate the influences of ge-
ometry, band structure, atomic confirmation, vibrations,
and surface chemistry on quantum dots. As with atoms
and nuclei, in quantum dots symmetry-related orbital de-
generacies combined with spin and the Pauli principle can
lead to electronic shells. Shells have indeed been observed
in small, symmetric 3D and 2D dots, such as warm metal
clusters [6] and small vertical semiconductor dots [7], re-
spectively. However, shell filling is disrupted if the spatial
symmetry is imperfect or if the number of electrons N is
so large that shells overlap in energy. This explains why
the spectra of metal nanoparticles and larger semiconduc-
tor dots appear chaotic, lacking even the twofold shells that
could arise from the spin degeneracy of each orbital [8,9].

One-dimensional (1D) quantum dots are now available
[10,11], in the form of single-wall carbon nanotubes. In
nanotubes the sole orbital symmetry is a twofold one, cor-
responding to the K-K' subband degeneracy and resulting
from the equivalence of the two atoms in the primitive cell
of the graphene structure. Combined with spin this gives
a possibility of four-electron shells. Four-electron peri-
odicity can indeed be seen in “open” nanotube devices,
where the contacts are highly transparent and the electron
states are not localized on the tube [12,13]. Here we report
that even clean “closed” nanotube dots, showing complete
Coulomb blockade (CB), can exhibit simple two-electron
spin shells in the addition spectrum, as well as the disor-
dered remnants of fourfold shells. The results imply that,
for moderate disorder, exchange corrections are relatively
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unimportant in this 1D system, in contrast with the 2D
case [8].

Our devices were made by evaporating metal (typically
25 nm gold on 5 nm chromium) contacts, patterned by
electron beam lithography, on top of nanotubes grown by
laser ablation [14] and deposited from a sonicated suspen-
sion in dichloroethane onto SiO,. Their geometry is indi-
cated on the right side of Fig. 1. The separation of the two
contacts (source and drain) is L ~ 300 nm, and the highly
doped silicon below acts as a metallic gate electrode. In
all cases the quantity measured was the dc source-drain
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FIG. 1. (a) Conductance vs gate voltage for a nanotube quan-
tum dot at 7 = 300 mK. The conductance at room tempera-
ture was 0.3¢2/h. (b) Coulomb blockade peaks over a narrower
range of V,. (c) Spacings AV, of the peaks in (b). The index
n counts the added electrons relative to an arbitrary zero. For
clarity only even n’s are indicated. (d) Histogram of the data in
(c). The sketches to the right indicate the interpretation of the
two peaks in the histogram (see text). Inset: device structure,
incorporating an atomic force microscope image.

© 2002 The American Physical Society 046803-1



VOLUME 89, NUMBER 4

PHYSICAL REVIEW LETTERS

22 Jury 2002

current / with a bias V applied to the source and the
drain grounded. At low temperature the majority of de-
vices show CB oscillations of the linear conductance G
as a function of gate voltage V,, with varying degrees of
regularity [15]. We focus here on one quantum dot, which
exhibited particularly long and regular sequences of CB
peaks, as illustrated in Fig. la.

A region containing 18 peaks is expanded in Fig. 1b.
The spacing, AV,, of each pair of adjacent peaks is plotted
in Fig. 1c. We see that it alternates in such a way that we
can index the blockade regions with an integer n which
is even for all the larger AV, values. In a histogram of
AV, (Fig. 1d) the odd-n values all fall in a bin of width
10 mV centered on 100 mV, while the even-n values are
distributed between about 110 and 140 mV.

The quantity AV, reflects the addition energy, i.e., the
extra energy required for adding the N + 1’th electron to
the dot relative to the Nth [1,16]. Its even-odd alternation
naturally suggests two-electron shell filling. To analyze it
further, we start with the constant-interaction (CI) model
of a quantum dot. This model assumes that the total energy
depends only on a given set of orbital energies and a single
constant interaction parameter U, which is the repulsion
between any two electrons on the dot. For odd N, the
N + 1’th electron enters the same orbital as the Nth, with
energy €;, and the resulting separation of the CB peaks is
AV, = U/ea, where e is the electronic charge and @ <
1 is a capacitance ratio. For even N the N + 1’th electron
enters the next orbital, with energy €1, and AV, = (U +
€i+1 — €;)/ea. If we identify even N with even n in
the experiment, then the interpretation of the peaks in the
histogram of AV, is as indicated in the sketches to the right
of Fig. 1d. Using a = 0.10 for this device (which can
be obtained from the nonlinear measurements discussed
below), we then deduce that U = 10 meV, while €;+; —
€; is distributed over the range 1-4 meV. These values are
consistent with the usual results for closed nanotube dots
[17]that U/S ~ 5and § = hvp/4L, where 8 is the mean
level spacing (assuming the only degeneracy is spin), vp =
8 X 10° ms~! is the Fermi velocity, and § ~ 2.7 meV for
L ~ 300 nm.

The CI model predicts that successive CB peaks should
show related excitation spectra. The excitations can be
studied [2] by making a gray scale plot of dI/dV against
V, and the bias V, as in Fig. 2a. In the diamond-shaped
blockade regions no current flows and N is fixed, while
within the cross-shaped regions the patterns reflect the
spectra of transitions between N and N + 1 electrons. The
first prediction is that for a given shell the allowed transi-
tion energies for adding or removing electrons should be
identical. Indeed, we observe that the crosses separated
by odd-n diamonds, indicated by dotted lines, bear a clear
resemblance (though they are never identical). The second
prediction is that for adjacent shells the allowed transitions
should follow the same pattern but displaced such that the
ground state for one corresponds to the lowest excited state
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FIG. 2. (a) A gray scale plot (darker = more positive) of
dl/dV vs Ve and V at T = 100 mK and B = 0, for the same
device on a different cooldown. The index n counts electrons
added relative to the leftmost diamond. The dotted lines have
equal length. (b) The two central crosses from (a) are shown
again, but with a relative vertical displacement. In the CI model
the level spectrum of the dot can be read off from the bias at the
points where the excitation lines cross the edge of a diamond.
The resulting spectrum, given by the dotted horizontal lines, is
almost the same for both crosses. The level singled out by the
dashed line produces the lowest electron-adding transition on
the right and the second lowest on the left, as indicated in the
sketches on either side.

for the other [18]. This prediction also holds true, albeit
only approximately, in the nanotube dot. A particularly
close match occurs for the two central crosses in Fig. 2a.
They are shown again in Fig. 2b with the right-hand cross
displaced vertically, allowing us to draw horizontal dotted
lines which match all the visible electron-adding transi-
tions on both crosses simultaneously.

Furthermore, in the CI model an applied magnetic field
B splits the two spin levels of each orbital by the Zeeman
energy. The result is that most transitions split into pairs,
because an electron can be added to an empty orbital,
or removed from a full one, with either spin. The only
transitions which do not split are those bordering the odd-
N diamonds, which involve the singly occupied orbital
[19]. We see this pattern whenever the peak pairing can be
identified (as well as most of the time even when it cannot).
For example, Fig. 3 shows the central region from Fig. 2a
at B = 6 T. Nearly all the visible transitions are split into
pairs, with the exception of those bordering the n = 3 and
5 diamonds. The essence of the above results is captured
in the sketches above Fig. 3, which indicate transitions
corresponding to the same orbital on four consecutive CB
peaks (crosses).

Such all-around agreement with the CI model has not
been seen in semiconductor (2D) or metal (3D) quantum
dots. The breakdown of the CI model can be understood by
considering exchange corrections [8], which tend to shuffle
the order in which different spin states are occupied and so
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FIG. 3. The central region of Fig. 2a in a magnetic field B =
6 T perpendicular to the tube axis and at 7 = 100 mK. Only
the edges of the odd-n diamonds are not Zeeman split. This is
in agreement with the constant interaction model, as indicated
in the sketches above (see text).

to destroy the shells (and produce spin polarization). Our
observations imply that the exchange corrections can be
small in nanotube (1D) dots. This is consistent with theo-
retical estimations— for instance, Ref. [20] finds J/6 =~
0.22 for a (10,10) nanotube, where J is the typical ex-
change shift. Furthermore, spin polarization occurs when
adjacent levels lie closer than J, i.e., €;+1 — €; < J. This
can happen frequently in a 2D or 3D quantum dot, where
the distribution of level spacings is always broad [21].
However, it is less likely to occur in a 1D dot because
the intrinsic spectrum is periodic. Nevertheless, the results
in Fig. 1d imply that there is some variation of the level
spacing in our device. A likely origin of this variation is
the presence of defects in the nanotube [22]. Each defect,
irrespective of its nature, backscatters resonantly as a func-
tion of gate voltage [23]. A random collection of defects
leads to complications in the spectrum, and so to a range
of level spacings, unique to each nanotube.

In nearly all nanotube dots studied to date (see, e.g.,
Refs. [10,11]), most of the Coulomb diamonds are dis-
torted, with accompanying complex and variable excitation
patterns. Similar distortions occur in our selected device at
some gate voltages, as can be seen in Figs. 4a and 4b. The
lines of shallower slope in this gray scale plot correspond
to a different source-gate capacitance ratio, implying that
the geometry of the nanotube dot is not perfectly well de-
fined and can effectively differ between eigenstates. This
too can be explained by imperfections: a resonant defect
may leave most electron states delocalized throughout the
tube, but near resonance it can effectively divide the tube
electronically into smaller dots with different capacitances
and very asymmetric couplings to the source and drain
[22]. It may be that our device acts as a single quantum
dot over large regions of V, because it contains relatively
few defects. Other types of imperfections are also present,
including a nonuniform (and possibly dynamically vary-
ing) electrostatic potential along the tube, resulting from
the electrode potentials and from nearby trapped charges,
which it has been suggested [20,24] may account for the
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FIG. 4. (a),(b) Grayscale plots of dI/dV vs V, and V at
T = 300 mK and B = 0, for the same device on a different

cooldown. The dotted lines indicate apparent fourfold grouping
of the peaks.

occasional observation of sequences of electrons appear-
ing to enter the tube with the same spin [25].

The observation of spin shells prompts the question of
whether the K-K' band degeneracy also affects the shell
structure. Combined with spin this might produce a four-
fold, instead of a twofold, grouping of the peaks. No four-
fold grouping is obvious in the data of Figs. 1-3. This
does not seem surprising, because the K and K’ states are
very likely to be mixed, either by defects or at the contacts,
lifting their degeneracy. Indeed, the measured average
level spacing agrees only with theory if this degeneracy is
assumed lifted (leading to § = hvp/4L) . However, con-
sider instead the selections of data in Fig. 4. In Fig. 4a the
peak spacings are larger for every fourth diamond. Mean-
while, in Fig. 4b, we see that certain features repeat every
four peaks, for example, the pronounced skewing of the
ground-state transition line, which we have marked with
solid circles in Fig. 4b. The fact that a fourfold period-
icity survives in this complex data could be explained as
follows. Assume that a given (ith) quartet of peaks is asso-
ciated with wave functions having i nodes along the tube.
The wave functions and energies may be disrupted by dis-
order and exchange. However, the i + 1’th quartet will
be disrupted in a similar way to the ith, because the addi-
tion of one extra node has little consequence as long as the
energy is not close to a defect resonance (where the scat-
tering phase varies rapidly with energy). The result will
be a complex pattern which repeats, approximately, every
time four electrons are added.

We have noticed a clearer fourfold peak grouping in
devices which exhibit strong Kondo resonances of the
conductance [26]. Moreover, very recent studies of similar
devices with high contact transparency have shown unmis-
takable fourfold patterns [12,13]. With such open contacts
the current is never strongly blockaded, and the electronic
states are only weakly confined in the tube. This makes
them less sensitive both to disorder and to interactions in
the tube, the latter being confirmed by the greatly reduced
values of U/& observed. With nearly ideal contacts, it ap-
pears in fact that the charging energy U can be neglected
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completely and the device treated as a noninteracting
electron waveguide with weak scattering at the contacts
only [27].

The electron system in a nanotube is nevertheless ex-
pected to show strong correlations described by Luttinger
liquid theory, for which there is a growing body of evi-
dence [17]. Many intriguing questions remain as to how
the correlations relate to the excitation spectrum, the dis-
order, and the apparently small exchange terms that allow
spin shells to be seen. Nanotube devices containing fewer
or no defects, and with improved control of the electro-
static potential, will be required to further our understand-
ing of these finite 1D quantum systems.

In summary, we find that closed one-dimensional quan-
tum dots, unlike their higher dimensional counterparts, can
exhibit twofold spin shell filling.
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