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Persistent orbital degeneracy in carbon nanotubes
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The quantum-mechanical orbitals in carbon nanotube quantum dots are doubly degenerate over a large
number of states. We argue that this experimental observation indicates that electrons are reflected without
mode mixing at the nanotube-metal contacts. Two electrons occupying a pair of degenerate orbitals (“shell”)
are found to form a triplet state starting from zero magnetic field. Finally, we observe unexpected low-energy

excitations at complete filling of a four-electron shell.
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I. INTRODUCTION

Single-wall carbon nanotubes exhibit a variety of interest-
ing transport phenomena at low temperatures.! At weak cou-
pling to the metal electrodes the whole length of the nano-
tube may serve as single quantum dot, demonstrating a
Coulomb blockade behavior at low temperatures.3 As the
quality of the nanotube samples has improved over time, the
single-electron conductance peaks in the Coulomb blockade
regime have been found to group in clusters of 4 (Refs.
4-10). This behavior has been attributed to pairs of quantum-
mechanical orbitals that originate in two subbands of the
nanotube electronic dispersion and are close in energy, form-
ing four-electron “‘shells.”

In this work, we investigate the shell structure in metallic
carbon nanotubes. We report on experimental observation of
the orbital degeneracy over a large number of states. The
existence of degeneracy in real nanotube devices does not
follow trivially from the symmetry properties of two-
dimensional (2D) graphite, as claimed in Refs. 5-8. Indeed,
a sizable orbital mismatch was found in most studies.*"'° In
this paper, we find that in a large percentage of shells the two
orbitals are degenerate with a possible level mismatch not
exceeding one-tenth of the shell spacing. Our finding also
demonstrates that the electrons are reflected without mode
mixing at the metal contacts. By studying magnetic field de-
pendence, we find that two electrons occupying a pair of
degenerate orbitals form a triplet state starting from zero
magnetic field. Finally, we observe unexpected low-energy
excitations when a four-electron shell is completely filled,
both in the sequential tunneling and in the inelastic cotunnel-
ing regimes.

The nanotubes were grown by a chemical vapor deposi-
tion (CVD) method using CO as a feedstock gas (the
details are described in our earlier publication!!), and Cr/Au
contacts were patterned by e-beam lithography. Here, we
present results measured on metallic nanotubes. We measure
the differential conductance at temperatures of 0.3 or 1.2 K
by a standard ac technique at the excitation level of
10-50 wV rms.

II. LEVEL DEGENERACY

Figure 1(a) shows the Coulomb-blockaded conductance
measured in a narrow range of gate voltages on a
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750-nm-long nanotube at 7=1.2 K. Most single-electron
conductance peaks cluster in groups of 4, where the peaks
within each cluster have similar heights.*~'° The spacing be-
tween the peaks in each cluster is smaller than the spacing
between the neighboring clusters. Figure 1(b) demonstrates a
similar peak clustering measured on a 600—nm-long nano-
tube at 7=0.3 K. This behavior is further illustrated in Fig. 2,
where we plot the addition energies required to add consecu-
tive electrons to the nanotube of Fig. 1(a). (The “addition
energy”!? is measured as the gate voltage spacing between
the neighboring conductance peaks multiplied by a factor
a=Cyuel Cyprq which we later find to be @=0.13 from
Fig. 4.)

The exceptional reproducibility of the pattern over a wide
range of gate voltages and the relatively large nanotube
length allow us to trace the positions of hundreds of conduc-
tance peaks within the same sample. We extract the peak
positions from the successive gate voltage sweeps and keep
only the peak positions which coincide in different sweeps.
By doing this, we get rid of the relatively rare random offset
charge events, which rigidly shift the conductance curves in
narrow ranges of gate voltage. One can see extended ranges
of gate voltage where three successive addition energies are
very close and each fourth addition energy is significantly
(~50%) larger than the base line [one of such regions is
illustrated in Fig. 2(b)]. This pattern follows from the peak
clustering observed in Fig. 1, where the larger addition ener-
gies correspond to the spacing between the clusters.

Let us for now assume the “constant interaction
model”'?!3 and ignore the mismatch & between the orbitals
in a shell. Then, a constant charging energy E, is required to
add an electron to a partially filled shell. A larger energy
E_+A, where A is the shell spacing, is required to add an
electron to the next shell. As a result, the addition energies
within each shell are equal to E., while the addition energy
required to put an electron to a new shell is E.+A, in agree-
ment with observations in Figs. 2(a) and 2(b). Experimen-
tally, we obtain E.~3.5 meV and A=2 meV. The latter
agrees well with the expected A=mhvg/L (=2 meV for L
=750 nm). Such a simple description may be applicable be-
cause the exchange interaction J and the excess interaction of
two electrons occupying the same orbital SU are expected to
be small compared to the shell spacing A, as discussed in the
next section (see also the Appendix).'*!> Both J and 8U are
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FIG. 1. (a) Differential conductance of a 750-nm-long nanotube
as a function of V,,, measured at the temperature of 1.2 K. Inset:
schematics of the band structure in a metallic nanotube. (b) Differ-
ential conductance of a 600-nm-long nanotube as a function of V,
measured at the temperature of 0.3 K.

further reduced by the relatively large diameter of our nano-
tubes (~3 nm).

The regular four-electron shell filling is disrupted at some
gate voltages, where electrons occupy nondegenerate orbit-
als. In such cases, one observes pairs of conductance peaks,
closely spaced and of similar heights.® The addition energy
of the second electron in a pair is smaller than the addition
energy of the first electron (“even-odd oscillations™), as
visible in Fig. 2(a)—e.g., around V,,,=—4.5 V. It is impor-
tant that while the orbital degeneracy is absent at some gate
voltages, it is observed over other extended ranges of gate
voltage.

Apparent clustering of four conductance peaks does not
yet guarantee the orbital degeneracy. Indeed, the clusters are
visible even when the two orbitals are not degenerate, and
the level mismatch & could be as high as 0.2-0.4 of A.+>89
Also, a relatively large 6 may be masked by the high contact
transparency that introduces lifetime broadening of the
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FIG. 2. (Color online) (a) Addition energies (spacings between
the neighboring conductance peaks multiplied by «) as a function
of V.- measured on the same sample as in Fig. 1(a). (b) Same in
a narrower range of V.. Blue squares: addition energies corre-
sponding to a complete shell filling (Egdd). Green circles: addition
energy corresponding to a half-filled shell (E5™). Red diamonds:
addition energies of the first and third electrons in a shell (E%,
E34) Eadd points are noticeably higher than the base line. (c) His-
togram of the addition energies.

peaks.*”10 In our measurements, the peaks are narrow and

the orbital degeneracy is revealed: we find that for a large
fraction of the shells ¢ is negligible. For example, in Fig.
2(b), the largest level mismatch & is observed at V,,,
=-3.34 V (the second addition energy in a shell is slightly
larger than its neighbors). Here 6=0.2 meV is equal to 0.1A.
The low values of the orbital mismatch, observed over a
large number of states, point to the existence of a mechanism
establishing the orbital degeneracy, rather than an accidental
alignment of levels.

The orbital degeneracy survives significant variations in A
that are likely caused by the disorder potential [notice varia-
tions of the intercluster spacings in Fig. 2(b)]. It is known
that the long-range potential does not effectively introduce
backscattering and mode mixing in metallic nanotubes.!”-!3
At the same time, the orbital degeneracy can be easily lifted
by structural imperfections in the nanotube, such as
pentagon-heptagon pairs,!> which introduce backscattering
and mode mixing.!” Apparently, these structural defects are
relatively rare in our samples.

Experimental observation of the orbital degeneracy makes
a nontrivial statement regarding the properties of the con-
tacts: evidently, reflections at the contacts do not mix the
subbands. Let us consider these reflections in more detail.
We surmise that one of the degenerate orbitals originates in
the vicinity of point k, in the nanotube dispersion (inset of
Fig. 1) and another orbital originates in the vicinity of point
—ko.'® This means than an electron in state ky+ ok and mov-
ing to the right is reflected from the contact to the state at
ko— Sk (solid circles in the inset of Fig. 1), and not to the
state —ky— k. Similarly for the other orbital, electron in
—ko+ Ok is reflected solely to —ko— Sk (open circles in the
inset of Fig. 1). Such processes require an electron to change
the dispersion branch upon reflection (solid and dashed lines
in the inset of Fig. 1). In fact, Ref. 19 suggests that the metal
contact perturbs the energy spectrum of the nanotube, mixing
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FIG. 3. (Color online) (a) The nanotube con-
ductance as a function of V,,, and B measured
on a 600-nm-long nanotube. The conductance is
color coded (bright colors correspond to a higher
conductance; dark colors correspond to a lower
conductance). The inferred spin sequence is indi-
cated by numbers overlaying the image. For clus-
ter II, the two middle traces exhibit a kink, indi-
cating a singlet-triplet transition. (b) Addition
energies for the four electrons in a shell [similar
J to shell I in Fig. 3(a)] measured as a function of
B, on a different 600-nm-long nanotube. E‘fdd
and Eg‘d‘l stay remarkably constant in magnetic
field, indicating that two electrons in a row (first
and second, third and fourth) are added with the
same spin projections. The addition energy Egdd
corresponding to a half-filled shell grows in B |
with a slope close to 2u, (dashed line). Inset:

02468
Magnetic field (Tesla)

the two branches and opening a gap around +k;. The result-
ing spectrum at the contacts then looks like that of a semi-
conductor, and the electron could adiabatically move from
ko+ Ok to kq— 6k upon reflection.

An alternative picture [see, e.g., a sketch in Fig. 1(a) of
Ref. 9], where the states at ky+ &k and ky— Sk belong to dif-
ferent orbitals, seems unlikely in our case because (i) reflec-
tion from kg+dk to —ky— Sk requires a large momentum
transfer ~2k,—i.e., a sharp nanotube-metal interface. If so,
the scattering to ky— ok would be significant, and the two
orbitals would mix and split in energy, contrary to our obser-
vations. (ii) Any possible degeneracy between the orbitals
made of the states [ky+ ok,—ky— k] and [ky— Sk, —ko+ Sk]
would be only accidental. Indeed, in this case the “particle-

in-a-box” quantization conditions yield for the two types

of orbitals the energies of ﬁvF(WTNI—kO) and ﬁvp(ko—ﬂTNz),

where N, are integers. The two sets of states coincide in
energy only if 2kyL/m equals an integer, a condition that
cannot be satisfied for a majority of states in a real sample.

Finally, we analyze the statistics of the addition energies
(for reviews on this subject see Refs. 13 and 20). We divide
the addition energies into three categories: the addition en-
ergy corresponding to a complete shell filling [Egdd=EC+A,
blue squares in Fig. 2(b)], the addition energy corresponding
to a half-filled shell (Egdd=EC+ &, green circles), and the ad-
dition energies of the first and the third electrons in a shell
(E{"=ES*=E, red diamonds). The statistical distribution of
these energies is plotted by the corresponding colors in Fig.
2(c). As expected, the overall distribution is clearly bimodal,
where the main lobe corresponds to the base line of Fig.
2(a)—i.e., to the charging energy. The high-energy shoulder
of the distribution is comprised of E.+&6 and E.+A. The
distribution of & has a significant weight at =0 and for more
than 40% of states §<0.1A. We conclude that in a signifi-
cant fraction of the shells the level repulsion is suppressed
and the level degeneracy is not accidental. Finally, it appears
that the distribution of A is broader than the distribution for
E, [as seen in Figs. 2(b) and 2(c)].

Magnetic field (Tesla)

conductance plot from which the addition ener-
gies were extracted. The symbols correspond to
those in the main panel.

III. BEHAVIOR IN A MAGNETIC FIELD

Figure 3(a) shows the nanotube conductance as a function
of the gate voltage and magnetic field perpendicular to the
nanotube axis, B |, measured on a 600-nm-long nanotube. At
zero field, we see that the peaks form two clusters (I and II)
of four electrons, similar to Fig. 1. The perpendicular field
couples primarily to the spin of the electrons in the nanotube
and not to their orbital motion, which allows us to study the
spin state of the system. In cluster I, we observe that the two
bottom traces move down in magnetic field, and the two top
traces move up. This behavior indicates that pairs of con-
secutive electrons are added to the nanotube with the same
spin projection (i.e., spin up or spin down). Therefore, two
electrons occupying a shell form a triplet state,*!? so that the
sequence of the total spin of the nanotube as the electrons fill
the shell is 0-1/2-1-1/2-0. Such a behavior is in contrast
with alternating 0 and 1/2 states found at zero field in shells
with nondegenerate levels.> %%

In cluster II, the second and third single-electron traces
exhibit kinks around 4 T, a behavior observed in. Refs. 5 and
8. Namely, at low B, the second trace from the bottom
shifts up and the third trace shifts down with the field, indi-
cating that the four electrons in shell II enter the nanotube
with alternating spin projections. In higher fields, these di-
rections change: the second peak shifts down and the third
peak shifts up, just as the traces in cluster 1. Evidently, in
shell IT a small level mismatch exists at zero field. As a
result, at fields below 4 T, the two electrons form a singlet
state on the lower orbital, while at fields above it, the Zee-
man energy forces the two electrons into a triplet state. From
the value of the field at the kink location, we find the level
mismatch in shell IT of §~0.5 meV (relatively small, com-
pared to the shell spacing A=3 meV in this sample). Any
possible level mismatch in shell I is at least several times
smaller.

To further quantify the observed behavior, in Fig. 3(b) we
present the addition energies measured as a function of B |
on a different 600-nm nanotube in a shell similar to shell I in
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FIG. 4. (Color online) (a) Differential conductance map as a
function of V,,,, (horizontal axis) and the source-drain bias (vertical
axis). Each fourth Coulomb diamond is clearly larger than its neigh-
bors. (b) Zoomed-in view of the 4N- and (4N-1)-electron dia-
monds. A low-lying excitation of the 4N-electron state is shown by
the dashed line. Its energy OF is clearly smaller than the shell spac-
ing A. White horizontal bars indicate the cotunneling thresholds.

Fig. 3(a). The cluster of four peaks where the data were
measured is shown in the inset. The four different symbols
mark the valleys from which the four addition energies
(ngg’) were extracted for the main panel of Fig. 3(b). We see
that ES% and ES% (triangles) stay remarkably constant in
magnetic field. At the same time, E3* (circles) grows
steadily with magnetic field with a slope close to 2u,
(dashed line; the g factor in nanotubes is expected to be close
to 2). These observations prove that the first and second elec-
trons are added with the same spin projection (spin up),
while the third and fourth electrons are both added spin
down. In particular, this supports our statement that for a
small orbital mismatch the two-electron ground state is a
triplet down to the lowest magnetic fields. Finally, Egdd
(squares) is significantly larger (by approximately A) than
E‘,‘fg and steadily decreases at a slope close to 2y, as ex-
pected.

For degenerate levels (6=0), the exchange interaction J
and excess interaction SU should show up in E‘z‘dd being
greater than E‘]’d{l at zero magnetic field (see the Appendix).
From Fig. 3(b) we have to conclude that the possible J and
SU are very small, not exceeding 0.1A.'*15 Tt is also notice-
able from Fig. 3(b) that E{*> E$%. (Depending on the par-
ticular shell, we find that this inequality may be reversed or
the two energies may be equal.) This behavior indicates that
two electrons occupying the first (slightly lower in energy)
orbital in a shell have a stronger repulsion than the two elec-
trons occupying the second orbital (see the Appendix).

IV. LOW-ENERGY EXCITATIONS

Let us turn to the nanotube conductance at relatively large
source-drain voltages V. Figure 4(a) shows the conductance
map as a function of the gate voltage V,,, and V,,. The dark
regions of suppressed conductance along the horizontal axis
(“Coulomb diamonds”) indicate that electron transport is
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blocked and the number of electrons in the nanotube is fixed.
The sizes of the Coulomb diamonds follow the same regular
pattern as in Fig. 1: three relatively small diamonds of a
similar size follow a larger diamond.

Figure 4(b) shows the zoomed-in view of the 4N-1 and
4N electron diamonds in Fig. 4(a). The lines bordering the
diamonds correspond to the resonances between the energy
level in the nanotube and the Fermi energy of either lead. We
use them to extract the coefficient a.'? Similarly, the inclined
lines running parallel to the diamond boundaries correspond
to the resonances between the Fermi energy at the contacts
and excited states of the nanotube in the sequential tunneling
regime. The horizontal lines visible inside the Coulomb dia-
monds [marked by white dashes in Fig. 4(b)] correspond to
the inelastic cotunneling events, where an excitation is cre-
ated as a result of an electron tunneling through the
nanotube.?!

The states marked by the inclined solid and dashed lines
in Fig. 4(b) correspond to the ground and excited states of
the nanotube with 4N electrons (the topmost occupied four-
electron shell is completely full). We find that these states are
separated by an energy OF of only ~0.5 meV, several times
smaller than the shell splitting A extracted from the ground-
state energies in Fig. 2 (the scale of A can also be gauged
from the size difference between the 4N and 4N—1 diamonds
in Fig. 4). This observation is especially surprising, given
that the ground state with a completely filled topmost four-
electron shell should be separated by ~A from the lowest
excited state. (This is true up to corrections due to J, U, and
6, which in our case are negligible compared to A; see the
discussion in the preceding sections.) The energy of the
smallest excitation measured through the inelastic cotunnel-
ing threshold inside a 4N-electron diamond (not shown) co-
incides with SF extracted in the sequential tunneling regime.

We consider several possible mechanisms to account for
OE: quantized 1D vibrational modes of the nanotube, fea-
tures in the density of states of the leads, or collective elec-
tronic excitations: (i) SE probably does not originate in the
quantized phonon modes of the nanotube, as it would require
a relatively long segment of the nanotube (tens of nanom-
eters) to be decoupled from the substrate. (ii) The same SE is
visible in sequential tunneling in resonance with both the
source and drain electrodes. It seems unlikely that both leads
would possess a similar feature in the density of states. (iii)
Alternatively, SE may represent an energy of a collective
electronic excitation. It was recently suggested that in 1D
GaAs channels at low densities the interactions may renor-
malize the energies of the spin excitations to lower values.?
In our experiment, the density of carriers near the contacts
may possibly be reduced by opening of the local semicon-
ducting gap as described above in Sec. II. In this case, the
low-density 1D gas near the contacts is strongly correlated
and may sustain the low-energy excitations 6F similar to the
prediction of Ref. 22. At the same time, the single-particle
energy A would be determined by the properties of the nano-
tube “bulk,” where interactions are relatively less important.
Further work is required to identify the origin of the low-
energy excitations OF.
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V. CONCLUSIONS

We investigate the degeneracy of orbitals in metallic car-
bon nanotubes. We argue that the degeneracy does not follow
directly from the presence of two subbands in the electronic
dispersion of a nanotube. Indeed, a sizable orbital mismatch
was found within a shell in prior studies.*"'® We present an
explanation of the degeneracy and discuss the necessary con-
ditions for its observation. Two electrons filling a pair of
degenerate levels are found to form a triplet state down to
lowest magnetic fields. Finally, when a four-electron shell is
completely filled, the large and clearly identifiable single-
particle gap allows us to observe unexpected low-energy ex-
citations, which may serve as an indication of collective
electronic modes.
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APPENDIX

In our analysis we use an effective Hamiltonian in the
spirit of Ref. 14. The expression invariant under rotations of
the total spin is derived starting from the Hartree-Fock
Hamiltonian and using operator identities of Ref. 23. The
resultant expression depends on N; (0, 1 or 2), the occupation
number of orbital i, and on S; (0, % or 0, respectively), the
total spin of the electrons occupying this orbital:

1 1
E(IN,S) =2 eN;+ EE U;;N:N; + EE U;N{N;-1)

i#j

NN |

i#j

(A1)

Here ¢; is the bare energy of an electron occupying orbital i;
U;; and J;; are, respectively, the direct and exchange interac-
tions between two electrons on orbitals i and j. For the prac-
tically relevant case of two topmost (partially) occupied or-
bitals o and B the expression reduces to
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1
E(NpNg,Si) = X €N;+ UagNoNg+ 5 > UN{(N;-1)
i=a,8 i=a,3

1
- Jaﬁ<s,2,,, - 85— S5+ ENQNB> , (A2)

where S,,, is the total spin of the electron system. Here we
disregarded interactions with the lower, completely filled or-
bitals. The energies of the relevant states with different elec-
tronic occupations (presuming that orbital « is slightly lower
than B) are

1
E[1,0,= | =€, (1e),
(104)=e, 10

E(2,0,0)=2¢,+ U,, (2¢ singlet),
E(1,1,1) = €,+ €5+ Uyg—J o (2¢ triplet),

E(1,1,0) = €, + €5+ Uyp+J 5 (2¢ singlet),
1
E\2.1.5 | = 2e,+ €+ 2Wap+ Uno=Jup (3e).

E(2,2,0)=26,+2€5+4U,p+ Upo+ Ugg—2J 45 (4e).

The addition energies measured in experiment are second
differences of these E(N,,Ng,Sq). If the ground state of
two electrons is a triplet,

E(]ldd= EB—EQ,+ UaB_Ja,B?
Eczldd= ea_€ﬁ+ Uaa"“’aﬂ»

dd
Eg :Eﬂ_6a+UaB+U,BB_Uaa_Jaﬁ'

If we assume U,,=Upgg and define 6= eg— ¢, (level mis-
match), U=U,z and SU=U,,~U (excess interaction), the
expressions for addition energies become

E{“=E"=U~J+34,

ES“=U+8U+J-6.
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