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Abstract

Carbon nanotubes continue to be model systems for studies of confinement and interactions.
This is particularly true in the case of so-called “ultra-clean” carbon nanotube devices offering the
study of quantum dots with extremely low disorder. The quality of such systems, however, has
increasingly revealed glaring discrepancies between experiment and theory. Here we address the
outstanding anomaly of exceptionally large orbital magnetic moments in carbon nanotube quan-
tum dots. We perform low temperature magneto-transport measurements of the orbital magnetic
moment and find it is up to seven times larger than expected from the conventional semiclassical
model. Moreover, the magnitude of the magnetic moment monotonically drops with the addition of
each electron to the quantum dot directly contradicting the widely accepted shell filling picture of
single-particle levels. We carry out quasiparticle calculations, both from first principles and within
the effective-mass approximation, and find the giant magnetic moments can only be captured
by considering a self-energy correction to the electronic band structure due to electron-electron

interactions.



A steady increase in the quality of carbon nanotube (CNT) devices has lead to a deeper
understanding of the physics that governs this material system that has captivated re-
searchers for over two decades. This is particularly exemplified in the 2005 work by Cao
et al. when they presented a method to fabricate ultra-clean carbon nanotube transport
devices whereby the nanotube was grown in the last step of fabrication[1]. This method
greatly alleviated disorder brought on by defects, absorbed contaminants, and the underly-
ing substrate[2, 3]. The quality of similarly fabricated devices has lead to observations of
elegant subtleties beyond early measurements of single electron tunneling such as an inti-
mate coupling between spin and orbital motion[4], Wigner crystallization[5, 6], and strong
feedback between electron tunneling and mechanical motion[7]. While these experiments
are a testament to the quality of ultra-clean devices, they have increasingly offered glimpses
of anomalous behavior which seem to persist without explanation[§].

In 2004, the orbital magnetic moment of electrons circling a carbon nanotube was shown
to be a simple function of the nanotube diameter (D) and the electron’s Fermi velocity
(vr), tore = Devp/4 (Ref. 9). This relation has been supported by other works finding
reasonable agreement between magneto-transport measurements of i, and measurements
of the average nanotube diameter for certain growth conditions[10, 11]. Some works however
find deviations from this relation where either measured p,,’s infer exceptionally large single
wall nanotube diameters[4, 12, 13] (> 3 nm) or the measurements of j.,, and the nanotube
diameter simply do not agree at all[14]. Deviations in the Fermi velocity, with reported
experimental values of (0.8 — 1.1) x 10° ms™* (Refs. 15 and 16), cannot account for the
disagreement.

Reports of the magnitude of spin orbit coupling in carbon nanotube quantum dots have
shown a similar trend. Spin orbit couplings as large as sixteen times greater than theoretical
predictions have been measured[14, 17]. A fraction of this discrepancy may lie in the use
of the measured orbital magnetic moment to determine the nanotube diameter which, as

we note above, can lead to discrepancies. Theory predicts Zeeman-like and orbital-like
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spin-orbit couplings of §2, ~ — respectively, 6 being the
chiral angle[8, 18]. A larger inferred nanotube diameter would invariably lead to smaller
theoretically predicted spin-orbit couplings.

Lastly, one of the longstanding mysteries in low temperature transport experiments on

carbon nanotubes is a non-closing or residual band gap at the Dirac field (closing field) for
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quasi-metallic (small band gap) nanotubes. Theory says that metallic nanotubes can develop
a band gap due to symmetry breaking of the underlying graphene lattice from strains, twists
and curvature. The magnitude of this gap is predicted to be around tens of milli-electron
volts but zero field gaps of an order of a magnitude larger have been reported[19-21]. Perhaps
most intriguingly though, in the single particle picture, these gaps should vanish at the
Dirac field as the nanotube quantization line is pushed to the Dirac point of the underlying
graphene band structure resulting in a truly metallic nanotube. In experiment this has not
been observed and typically a residual gap exists of tens of milli-electron volts. Deshpande
et al. have interpreted this phenomena in the context of a Mott insulating phase[22]. The
extracted 1/R'? dependence, where R is the nanotube radius, however relied on inferred

nanotube diameters from the measured orbital magnetic moments.

Recent experiments from the present authors and others have shown that the nanotube
band gap is extremely sensitive to the dielectric environment supporting indications of a
strong role from interactions[20, 23]. Emerging theory suggests the residual gap in narrow-
gap nanotubes is the manifestation of an excitonic insulating phase, stabilized in the ground
state by long-range Coulomb interaction, as electron-hole pairs spontaneously condense near
the Dirac field where the transport gap should completely close[24, 25]. The experimental
signature of this exciting phase predicted over 50 years ago[26—-30] is a slower decay of the
residual gap as a function of the nanotube radius (A,.s ~ 1/R) as compared with the
predicted Mott gap decay (A,es ~ 1/RY(79) with g < 1)(Ref. 25). The true nanotube
radius would be required to differentiate the two paradigms and elucidate the origin of the
non-closing gap.

Here, we report on orbital magnetic moments in ultra clean carbon nanotube quantum
dots that deviate from existing theory both qualitatively and quantitatively. Instead of a
magnetic moment which remains constant within a shell, we find that the orbital magnetic
moment decreases monotonically with each added electron. Additionally, we analyze the
magnitude of the moments and find that they are much larger than expected from semi-
classical estimates based on a direct measurement of the nanotube diameter. We further
compare our results with other models taking into account a change in the size of the
quantum dot with filling, a change in charging energy with magnetic field, and the orbital
magnetic moment of a Wigner molecule. None of these models suffice to explain the mag-

nitude or trend of our observations. It is only by treating electrons added to the dot as
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quasiparticles dressed by the Coulomb interaction with other electrons already present in
the nanotube, including those in the filled valence band, that we are able to account for the
enhanced orbital magnetic moment. A self-energy correction to the gap computed within
the effective-mass approximation results in good agreement between observations and theory
and is further validated by a first-principles GW calculation for a small nanotube. Finally, in
agreement with previous studies, we show that our small band gap tubes present a residual
gap at the Dirac field and we discuss the implications of our results in the context of the
Mott and excitonic insulating phases.

The fabrication of our ultra-clean suspended devices follows from the process developed
in Ref. 31 using a methane grown recipe detailed in Ref. 32. Figure 1(b) shows a scanning
electron microscopy image of a characteristic device (device A) after measurement. Note
that this tube ruptured after measurement and before imaging. The nanotube can be seen
at the location of the black arrows for the left trench. Low temperature measurements are
performed in a dilution fridge at temperatures of 100 mK - 4 K. We measure the current
(I) as a function of two terminal voltage bias (V'), back-gate voltage (V}), and magnetic
field (B). We measured four devices (labeled A-D) in detail having similar low temperature
characteristics (see the Supplemental materials for additional devices[33]) and present one

device (A) in the main text for consistency.

RESULTS

We now turn to the low temperature measurements of our carbon nanotube devices.
Figure 1(a) shows a stability diagram of the calculated differential conductance (dI/dV)
(from the measured current (1)) as a function of bias voltage, V', and back-gate voltage, V,,
for device A. The characteristic Coulomb blockade diamonds can be observed signaling the
single electron transistor (SET) regime with a stable confinement of holes (on the left) and
electrons (on the right) separated by a small energy band gap. The well-defined periodicity
of the Coulomb diamonds and uniformity of the slopes indicate transport through a single
defect-free carbon nanotube quantum dot. We observe orders of magnitude larger currents
for holes than electrons (overlaid line profile in Figure 1(a)) due to hole doping from the
electrodes[31]. An estimate of the band gap can be made from subtracting the average

addition energies (heights of diamonds on the left and right of the band gap, see Supplemental
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FIG. 1. (a) Grey-scale plot of (df/dV') as a function of bias voltage (V) and gate voltage (V) at
3 K. The overlaid line cut shows (dI/dV') at a bias voltage of V' &~ —2 mV. (b) Scanning electron
microscopy (SEM) image of device A. Note that this tube ruptured after measurements and before
imaging. Two trenches can be seen, one on the left where the nanotube is indicated with two
black arrows and one on the right which was used for height analysis. (¢) Atomic force microscopy
(AFM) image of the same tube. The inset shows a linecut across the tube at the location of the

black line in the AFM image.

Materials for a stability plot of low filling[33]) for the first hole and electron from the height

of the central diamond[4]. For device A we estimate a zero field gap of &~ 76 meV.

In the simplest picture, the electronic states in carbon nanotube quantum dots can be
thought of as semiclassical orbits around the circumference of the tube giving circling elec-
trons on the nanotube an orbital magnetic moment of y,,, = Devp/4 directed along the nan-
otube axis[9]. Upon application of a magnetic field along the tube axis, this orbital magnetic
moment causes a shift in the energy of the electronic states of AE = — iy - B = L1008
The shift is either negative or positive depending on the orientation, clockwise or anti-
clockwise, of the circular orbits which correspond to electrons in the K or K’ valley of the

electronic band structure[9]. In the single particle shell filling picture, two electrons (spin
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up and spin down) fill the lowest energy valley and the subsequent two electrons fill the next
valley giving a total of four electrons per shell[46, 47]. A straightforward estimate of the
magnitude of the expected orbital magnetic moment for a carbon nanotube quantum dot
can be made by measuring directly the nanotube diameter. For example, in Fig. 1(c) we
show an atomic force microscopy (AFM) image of device A taken at the location indicated
by the box in the scanning electron microscope (SEM) image in Fig. 1(b). For this tube
having a relatively small diameter of 1.104+0.03 nm (from five independent measurements of
the tube), we expect an orbital magnetic moment of pi,, = 0.28 & 0.01 meV/T for the first
shell (see the Supplemental Material[33] for another device (B) having a larger diameter of
3.00 + 0.04 nm and expected jiop of 0.75 £ 0.01 meV/T).

In order to directly extract the experimental magnitude of the orbital magnetic moment,
we apply a parallel component of the magnetic field along the nanotube axis (indicated in Fig.
1(b)) and measure the change in the energy of the ground state. The first four Coulomb peaks
corresponding to the first shell of device A are shown in Fig. 2(a) and plotted as a function
of magnetic field. The shift in energy of each level is related to the gate voltage through
the factor o = |e|Cy/Cl. Fig. 2(b) shows the single electron tunneling (SET) regions for
the first and second electronic ground states. The gate coupling is related to the positive
(7) and negative () slopes of the SET regions by, 1/a = 1/8 + 1/v, with § = —|e|C,/C;
and v = —|e|C,/(Ciot — C5), and where Cy, Cs, and C}, are the gate, source, and total
capacitances of the system. For the ground state charged with two electrons we calculate a
gate coupling of a = 0.52 eV /V. Using this coupling we plot the peak position, in energy, for
the second electron from the data in Fig. 2(a) in Fig. 2(c). From a linear fit of this data from
0 to 3 T we estimate an orbital magnetic moment of ji,, ~ |[dE/dB| = 1.4240.03 meV/T.
The error here is to account for a possible deviation of +10° in the parallel component of

the magnetic field.

In Fig. 2(d) we plot the measured |dE/dB| (black filled circles) for the rest of the first
shell of electrons. A maximum of 2.00 £+ 0.04 meV /T is reached for the first electron and
a monotonic decrease for subsequent filling of the first shell is observed. Not only is the
absence of a switch to positive magnetic moment noted in Fig. 2(a) (i.e. the electrons seem
to fall into one single valley), the magnitudes are much larger than expected. From the
measured diameter, we estimated an orbital magnetic moment of ., = 0.28 meV. This

is seven times smaller than the measured dE/dB for the first electron. We note that the
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FIG. 2. (a) Measured current (I) at a bias voltage of 1 mV as a function of magnetic field. The
first four Coulomb peaks are shown corresponding to the ground state for the first four electrons
(the first shell) for device A (T = 100 mK). (b) Extraction of the voltage-to-energy conversion
(a-factor) from the Coulomb diamonds measured at 100 mK. (c) a-factor converted energy of the
second electron as a function of field. The orbital magnetic moment is extracted by taking the
slope of the change in the ground state energy with magnetic field. (d) Orbital magnetic moment
for the first four electrons for device A. Black circles show the magnitude of the orbital magnetic
moments extracted from the data in (a). Open squares show the semiclassical estimates from the
measured diameter of the nanotube for device A (shown in Fig. 1(c)). Crosses mark the results

from our effective-mass GW calculations.

expected Zeeman contribution of +(1/2)gupB) = £0.058B) (meV) does not make up for
the difference. In Fig. 2(d) (open squares) we plot the magnitude in energy for the next
three electrons as well which are expected to stay constant within the shell. There is a
clear disagreement between the single particle model and the measured orbital magnetic
moment. The measured moment for the first electron would correspond to a nanotube
with a diameter of 8 nm in the semiclassical picture which exceeds the theoretical collapse
threshold for single walled nanotubes of 5.1 nm|[48]. In addition, chemical vapor deposition

grown nanotubes rarely exceed 3 nm in diameter[49, 50]. The disagreement between the
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FIG. 3. (a) The ground state energy for the first electron (positive energy) and hole (negative
energy) as a function of magnetic flux threading the nanotube to the flux quantum (¢g) calculated
from first principles for the narrow-gap (9,0) zigzag tube at the density functional theory (black
open circles, 'noninteracting’) and GW (red open squares, ‘'many-body’) level. (b) Measured current
for device A as a function of energy (converted from gate voltage using the a-factor) and magnetic

flux for the first electron (positive energy) and hole (negative energy).

data and semiclassical estimates from the measured nanotube diameter is quite remarkable
and encourages further investigation. In the Supplemental Materials we first try to recover
the enhancement through modifications of the semiclassical model given changes in the size
of the quantum dot or the charging energies with magnetic field[33]. Neither effects account
for our observed enhancement. The appearance of all four electrons filling a single valley is
an indication of strong electron-electron interactions and the possible formation of a Wigner
molecule[5, 6, 51]. We consider a simple model of electrons in the Wigner crystal regime
in the supplement which again fails to reproduce our results[33]. We additionally note
that three of the four devices show Wigner-like characteristics indicating strong interactions
and one (device B) displays single-particle-like filling but still presents an enhanced orbital
magnetic moment underlying the ubiquity of our results and failure of these simple models

to reproduce them.

Instead, we adopt a different approach and consider the many-body correction to the non-
interacting band gap induced by the quasiparticle self-energy that originates from electron-

electron interactions[52, 53]. We calculate the magnitude of the orbital magnetic moment

9



within the GW scheme[52, 53] and validate our predictions based on the effective mass ap-
proximation by investigating an additional case study from first principles (see Fig. 3(a)
and Supplemental Materials[33]). We remark that our theory fully takes into account the
gap-opening effect of tube curvature. The results of our effective mass calculations are shown
in Fig. 2(d) along with the measured data for device A. Good agreement is found for both
the magnitude and trend of the measured data. As electrons are added to the empty con-
duction band, the Coulomb interaction is effectively screened by the metal-like 1D Lindhard
dielectric function leading to a monotonic decrease in the magnitude of the orbital magnetic
moment (see Supplemental Materials for details[33]). The qualitative phenomenon that we
have observed, the dramatic change of the orbital moment upon adding a single electron to
the shell, cannot be explained in a single-particle framework. This in itself is strong evidence
for many-body effects in our device. The fact that we are able to reproduce this fundamen-
tally non-single particle phenomena using the presented first-principle GW calculations is
then an additional strong supporting piece of evidence that these orbital effects have their

origin in many-body physics.

Finally, we note that, following similar studies[22], we observe the persistence of a non-
closing gap at the Dirac field which is not reproduced in our GW calculations. Figure
3(a) shows a representative first-principles calculation for the narrow-gap (9,0) zigzag tube
as a function of the magnetic field. The latter is expressed in terms of the magnetic flux
(¢) piercing the tube cross section to the flux quantum (¢g), as we expect a qualitatively
similar trend for all narrow-gap tubes, independent from their chirality. The black circles
and red squares show respectively density functional theory (DFT, also labeled as mnon-
interacting’) and GW calculations (‘many-body’) for the first electron and the first hole
ground states. When accounting, from first principles, for the GW self-energy we find a
considerable enhancement to the DF'T band gap which leads to enhanced orbital magnetic
moments and a steeper slope in the ground state energy as a function of magnetic field,
essentially restating the effective-mass prediction of Fig. 2(d). Still though, at high enough
fields both first-principles and effective-mass GW calculations predict that the electron and
hole ground states meet and the transport gap completely closes (A,.s = 0). Figure 3(b)
shows the ground state energy of the first electron and the first hole for device A to higher
magnetic fields. It can be seen that at 9 T (=~ 4 x 1073 ¢/¢y) the two ground states reach

the closest point before diverging at higher fields. Indeed, all four devices show the presence
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of a non-closing gap at higher fields suggesting an additional contribution to the gap beyond
the GW enhancement of the zero-field gap (see Supplemental Materials[33]). We extract
residual gaps (at the Dirac field) of A,.s = 34,38 meV and noninteracting gaps (change in
gap energy from B=0T to B=9T) of £ = 42,17 meV for devices A and B, respectively,

having diameters of 1.1 and 3 nm.

Two paradigms have been proposed to explain the presence of this residual gap at the
Dirac field in ultra clean carbon nanotube devices, namely, the Mott insulator[22, 54-59] and
the excitonic insulator[24, 25]. Our present study lacks the statistics required to differentiate
the two paradigms which predict specific scalings with the nanotube diameter. However,
we have shown here that direct measurements of the nanotube diameter are required as
interactions in small band gap nanotubes result in enhanced orbital magnetic moments and

discrepancies in inferred nanotube diameters.

CONCLUSION

We have investigated observations of anomalous orbital magnetic moments in ultra-clean
carbon nanotube quantum dots. We find that the orbital magnetic moment is up to seven
times larger than expected from the semiclassical estimates. We analyze the possible in-
fluences on the orbital magnetic moment and find that the simplest corrections do not
explain our results. We instead build a GW corrected effective mass model, supported by
first-principle results, and find good agreement with our experimental orbital magnetic mo-
ment results. Our measurements suggest that the gapped electronic structure of nominally-
metallic CNTs is strongly modified by interaction-driven phenomena. These interactions are
rapidly screened by adding a few electrons onto the CNT, which is reflected in the orbital
magnetic moment. We note the presence of a non-closing transport gap at higher magnetic
fields which falls outside the scope of our developed model but highlights further interaction
driven phenomena. Our results emphasize the importance of interactions in ultra-clean car-
bon nanotube quantum dots and provide the first steps toward closing similar longstanding

open questions in low temperature transport studies.
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