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Possible electric-field-induced one-dimensional excitonic insulators in pairs of carbon nanotubes
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Recent experimental and theoretical works have shown that the Stark effect induced by the electric field
from a scanning tunneling microscope (STM) can be used to reduce the gap of a boron nitride nanotube. In this
paper, using density-functional theory calculations, we study the effect of an electric field on a pair of semi-
conducting carbon nanotubes and find that the application of an electric-field strength of 0.05 eV/A can close
the Kohn-Sham gap of the system. Using a tight-binding formulation of the GW and Bethe-Salpeter methods
we determine the quasiparticle and optical excitation spectrum of the system in an electric field and show that
an electric-field strength of 0.06 eV/A fails to close the quasiparticle gap but closes the excitonic gap. This
can cause a phase transition of the system into an excitonic phase where the ground state is populated with a
quasi-one-dimensional repulsive gas of excitons. We discuss some of the properties of the resulting excitonic
phase and the transition and also discuss how similar properties may be observed in experiments on nanotube

bundles.
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I. INTRODUCTION

Coherent states of excitons such as excitonic insulators
are correlated electronic states that have been discussed in
the literature since the 1960s.! Since bound excitons which
are bound states of electron-hole pairs are bosons, they are
expected to display coherence properties such as those seen
in Bose-Einstein condensation and other interesting phenom-
ena such as ferromagnetism, solitons, and superluminescense
which are associated with coherence of this kind.> Excitonic
insulator phases have been conjectured to exist at the bound-
ary of small gap semiconductor to semimetal transitions>3
where the energy gap of the semiconductor approaches zero.
At some point in the transition, before the quasiparticle gap
closes completely, one expects the exciton binding energy of
an electron-hole pair to exceed the energy gap of the semi-
conductor. It has been argued? that for such systems it be-
comes energetically favorable to create electron-hole pairs
and bind them into excitons. The original semiconductor
ground state then becomes unstable with respect to a dis-
torted state where there is a population of electrons and holes
in the ground state of the semiconductor. The resulting state,
however, is still insulating. Such a state can be described by
a wave function similar to the Bardeen Cooper Schrieffer
(BCS) wave function used to describe the superconducting
state in metals.! Despite the number of systems studied and
proposed in the past four decades, confirmatory evidence for
a material in an excitonic insulator phase remains elusive.

Recently an alternative approach to obtaining coherent
states of excitons was adopted* where a bilayer semiconduc-
tor heterostructure was subjected to an optical pump pulse to
create a population of excitons. An electric field was applied
to the bilayer such that the bands in one layer were energeti-
cally lowered compared to the bands in the other layer. The
optical pump pulse generates a population of excitons in
each layer which then quickly relaxes into a population of
spatially indirect excitons with the electrons and holes in
different layers. These excitons now have a relatively long
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lifetime. At high exciton densities, the photoluminescence
images are seen to display interesting patterns, which were
interpreted as a signature of possible coherence.* More re-
cently theoretical work on graphene bilayers in electric
fields>® seems to suggest the possibility of condensation of
similar spatially indirect excitons occurring in these systems.

Another system where interesting exciton physics has
been observed is one composed of carbon nanotubes. Exci-
tonic transitions are seen to dominate the low energy optical
behavior of these systems, and the observed exciton binding
energies are found to be an order of magnitude higher than in
bulk semiconductor or semiconductor heterostructure sys-
tems. Furthermore, recent experimental and theoretical
studies”® have shown that it is possible to tune the gaps of
semiconducting boron nitride nanotubes’ through a Stark
shift obtained by the application of an electric field. This
creates the possibility of an electric field driven semiconduc-
tor to semimetal transition in analogy with that envisioned
for bulk excitonic insulators as discussed earlier. Since the
electron and hole states closest to the gap on the boron ni-
tride nanotube are found to be localized on opposite sides of
the tube, this implies the existence of indirect excitons in this
system similar to those observed in the semiconductor het-
erostructure systems.*

Despite the possibility of being able to tune the gap of
boron nitride nanotubes through the Stark shift, one needs a
very large electric field to close the gap of such a nanotube
because of the large initial gap of the boron nitride nanotube.
Furthermore the conduction-band states of the boron nitride
nanotubes are only 0.2 eV below the vacuum level making
any possible excitonic state unstable in the presence of large
electric fields. Semiconducting carbon nanotubes have a
smaller gap and hence would be expected to require smaller
fields to close the gap, however, the large screening effect
from the small gap causes the Stark effect to be very weak
for carbon nanotubes. As will be discussed later, the screen-
ing of the electric field in carbon nanotube bundles is much
weaker than in carbon nanotubes leading to a significant
Stark effect. This leads to the possibility that applying an
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FIG. 1. Schematic cross section of a pair of semiconducting
carbon nanotubes in an electric field.

electric field of strength around 0.05 eV/A closes the gap in
multiple carbon nanotube systems such as the one shown in
Fig. 1 and creates a one-dimensional excitonic state with
interesting optical, magnetic, and transport properties. Such
electric-field strengths are easily achievable through the use
of scanning tunneling microscope (STM) tips.’

In this paper, using a tight-binding Bethe-Salpeter method
in conjunction with ab initio density-functional theory calcu-
lations we study the parameter regimes of the existence of
such excitonic states in a pair of carbon nanotubes, which
constitutes the smallest bundle. We also discuss some basic
experimental signatures of such systems.

II. STARK EFFECT IN CARBON NANOTUBE BUNDLES

The separation between carbon nanotubes in a carbon
nanotube bundle is comparable to that of graphene sheets in
graphite. Thus the electronic states on individual nanotubes
in a carbon nanotube bundle hybridize weakly with elec-
tronic states on other nanotubes in the bundle because of the
weak overlap of the wave functions. Based on Stark effect
studies in boron nitride nanotubes, the localized nature of the
states in such bundles leads to the possibility of a larger
Stark effect in nanotube bundles compared to single nano-
tubes. In order to study this possibility we performed an ab
initio calculation of the electronic structure of a pair of (20,0)
carbon nanotubes in an electric field with the electric field
pointing along the line joining the axes of the tube as shown
in Fig. 1. The calculations were performed using density-
functional theory (DFT) within the local-density approxima-
tion (LDA) using a localized atomic-orbital basis and the
SIESTA code.!® We find the lattice constant and diameter of
the nanotube to be 4.24 and 15.6 A, respectively. The dis-
tance between the pair of nanotubes is chosen such that at the
closest point they are 3.3 A apart, which is the graphite in-
tersheet distance within DFT-LDA.

Within LDA, the band gap of the pair of nanotubes is
similar to that of a single nanotube and is calculated to be
E,1pa=0.4 eV. The band structure of the nanotube system
is shown in Fig. 2 relative to the vacuum which is at 0 eV.
The work function of the pair of tubes is found to be W,
=4.7 eV.

As can be seen from Fig. 3, the gap of the pair of nano-
tubes is significantly reduced on the application of an electric
field of 0.04 eV/A. We find the gap to depend linearly on the

electric field with a derivative given by =9 A until the
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FIG. 2. Band structure for a pair of (20,0) semiconducting
nanotubes.

closure of the gap, which within LDA is at a field strength of
around 0.05 eV/A.

The large Stark shift seen in the case of a pair of carbon
nanotubes as compared to the single nanotube case can be
understood physically as arising from the states on each
nanotube being localized. The states on the two carbon nano-
tubes hybridize only weakly because of the small overlap in
their wave functions. An applied electric field can reduce the
band gap of the pair of nanotubes by shifting the valence
state of one nanotube up and the conduction state on the
other tube down.

III. QUASIPARTICLE AND OPTICAL SPECTRA
WITHIN THE TIGHT-BINDING METHOD

The quasiparticle and optical properties of small diameter
carbon nanotubes have been calculated from first principles
with remarkable success.!"'?> The quasiparticle band struc-
ture of these tubes is obtained by applying the self-energy
corrections calculated within the GW approximations to the
LDA band structure.'® Optical properties are influenced by
bound and unbound excitons. Excitonic wave functions can
be obtained using the Bethe-Salpeter equation.!* The exciton
wave functions are then used to calculate the optical proper-
ties of nanotubes. In the current work we are interested in
calculating the electronic properties of (20,0) carbon nano-
tubes, which are semiconducting carbon nanotubes of diam-
eters significantly larger than those that have been calculated
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FIG. 3. Band structure for a pair of (20,0) semiconducting nano-
tubes in an electric field of strength 0.04 eV/A.
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from first principles. Fortunately it has been shown that for
larger diameter tubes, because of the weakness of curvature
effects, tight-binding Hamiltonian based formulations of the
GW and Bethe-Salpeter methods can be successfully used to
predict the quasiparticle and optical properties of these large
nanotubes.'> We use an approach that closely resembles the
simple tight-binding formulation presented in a previous
study'> where only the p, orbitals on the carbon atoms are
used to represent the electronic states. Within the tight-
binding approximation, we ignore the overlap between orbit-
als on different nanotubes. Thus within our approximation
electrons cannot hop between nanotubes. However, electrons
and holes on the different nanotubes still interact via the
screened Coulomb interaction that has been calculated within
the tight-binding approximation for the pair of nanotubes.
Since we have ignored intertube hopping in these calcula-
tions, the screening of the Coulomb interaction is a result of
the polarizability of individual nanotubes.

Self-energy corrections within the GW approximation are
found to correct the band gap of semiconductors to a value in
better agreement with experiment.'? The reduced dimension-
ality of quasi-one-dimensional nanotubes enhances such self-
energy corrections and is found to increase the band gap of
nanotubes in first-principles calculations for (8,0) nanotubes
by 1.15 eV.!! This large increase in the band gap has been
argued to be generally true of semiconducting nanotubes.!®
Similar to previous work we select a noninteracting overlap
integral of y=2.7 eV,! and calculate the self-energy shift as
discussed in previous similar calculations' to determine the
quasiparticle spectrum of a pair of (20,0) carbon nanotubes.

The properties of the excitons are determined through the
solution of the Bethe-Salpeter equations in a way similar to
the approach described for the calculation of quasiparticle
properties. This approach has proved successful in previous
work.!> As found in previous work,'# the binding energy of
the excitons calculated from the Bethe-Salpeter equations re-
duces the optical gap significantly from the quasiparticle gap.

IV. EXCITON CALCULATION RESULTS FOR A PAIR
OF SEMICONDUCTING NANOTUBES

Using the methods described in Sec. III, it is possible to
calculate the quasiparticle gap and optical spectra of a pair of
carbon nanotubes. We calculate the quasiparticle gap of a
pair of (20,0) single walled carbon nanotubes to be E, op
=0.83 eV, which is slightly lower than the quasiparticle gap
of E,qp=0.9 eV calculated for a single carbon nanotube.
The lowest excitonic transition energy for the pair of nano-
tubes is found to be E¢y. 00p=0.26 €V, which is similar to the
value for a single nanotube. However, in the case of a pair of
nanotubes, in addition to the spatially direct excitons where
the electrons and holes are on the same nanotube, there is an
additional spatially indirect exciton which as depicted in Fig.
1 has an electron on one tube and a hole on the other tube.
This exciton is similar in nature to the indirect excitons that
appear in the experiments on exciton gases observed in two-
dimensional electron-gas bilayers.* As expected from the fact
that the electrons and holes of the indirect excitons are fur-
ther separated compared to the direct excitons, the indirect
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FIG. 4. Axial distribution of the exciton wave function.

excitons have a lower binding energy of Ecyc pinging=0.3 €V
compared to the binding energy of direct excitons which is
found to be around E .y pinging=0.57 €V. The indirect exci-
tons in the carbon nanotubes are found to be large as shown
in Fig. 4 with a spatial extent of 160 A. In comparison we
find that the direct excitons in the individual nanotubes are
much smaller with a spread of 106 A. Thus at low electric-
field strengths the spatially direct exciton forms the lowest
excitonic transition energy since the excitonic transition en-
ergy for the lowest spatially indirect exciton is found to be
Eexe gap=0.53 €V.

However, the excitation energy for the spatially indirect
excitons has a much stronger Stark shift than the direct ex-
citons. This is because of the fact that the spatially indirect
excitons have their electrons and holes on different nano-
tubes. Thus the transition energy of the spatially indirect ex-
citons is lowered at almost the same rate as the LDA gap was
calculated to reduce in Sec. II. The effect of the electric field
on the direct excitonic transitions is much weaker since they
are similar to excitons on the single carbon nanotubes, where
the electric fields are strongly screened. Thus on the applica-
tion of a sufficiently strong electric field, the transition en-
ergy of the indirect excitons is not only found to decrease
below the transition energy of the direct excitons, but also to
vanish at an electric-field strength of E, 0, =0.06 eV/A.

As already discussed, at the point the excitonic gap
closes, the conventional ground state becomes unstable to the
formation of bound electron-hole pairs. Thus for electric-
field strengths beyond which the spatially indirect excitonic
transition goes to zero we expect the carbon nanotube pair to
become populated with bound spatially indirect electron-hole
pairs.

The electron-hole pairs so formed are stable as they are
part of the ground state of the system. Moreover they modify
the response of the nanotube to photons with a polarization
along the nanotube, which should excite the indirect excitons
from their ground state to the first excited state. Experimen-
tally this should be observable as an absorption peak at an
energy of E.cqansiion=0-1 €V. Since the lowest excitonic
transition of the single nanotube is at E.y,,,=0.26 eV and
this is almost unaffected by the electric field or the presence
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FIG. 5. Exciton-exciton repulsion as a function of distance.

of a neighboring nanotube, one does not expect any other
optical features to be present in the optical-absorption spec-
trum in the neighborhood of the new absorption peak.

V. COLLECTIVE PROPERTIES OF EXCITONS FOR
A PAIR OF SEMICONDUCTING NANOTUBES

In Sec. IV we discussed how the application of an electric
field to a pair of (20,0) nanotubes causes a transition of the
system to an excitonic state where the nanotubes became
populated with bound spatially indirect excitons with the
electrons of the exciton residing on one tube and the holes on
the other tube. However, several interesting properties of the
exciton system such as the possibility of coherence and other
transport properties depend on properties other than the ex-
citonic gap of the system such as the kinetic and interaction
properties of the excitons.

As can be seen from Fig. 5, the exciton-exciton interac-
tion is always repulsive for the spatially indirect excitons
which is similar to what was observed in the experiments on
the two-dimensional electron gas.* This can be attributed to
the fact that each indirect exciton carries a dipole moment.
The exciton-exciton interaction was calculated directly by
integrating the exciton density and accounts for only the
Coulomb interaction between the exciton and ignores ex-
change interactions. The repulsive interaction between the
excitons stabilizes the excitons against collapsing into an
electron-hole droplet, which would be possible if the
exciton-exciton interaction was attractive. The repulsive
exciton-exciton interaction causes the interaction to remain
uniformly spread out through the condensate and the exciton
density depends on the electric field applied. This provides
another interesting experimental signature where the strength
of the absorption peak corresponding to the transition is lin-
early proportional to the excess electric field applied be-
yond the transition. The proportionality constant is related
to the integrated exciton-exciton interaction Eexc otal
= [Vereexc(¥)dx=8.48 eV A. The average exciton density is
then given by (E—Eansiton) X 9.0/8.48/A. For an excess
electric-field strength of 0.01 eV/A we find an exciton den-
sity of one exciton per 80 A. The optical-absorption strength
is expected to be proportional to the average exciton density.

The kinetic properties of the excitonic system can be re-
lated to the effective mass of the exciton which is found to be
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Myeiton=0.41m, which is determined from calculating the ex-
citation energy of the excitons as a function of center-of-
mass momentum of the excitons. Hence the excitons in the
nanotubes form a one-dimensional repulsive gas. The low-
energy excitations of this system consist of collective mo-
tions of the excitons in the form of soundlike modes. Using
the effective mass and the exciton-exciton interaction shown
in Fig. 5 we obtain a sound velocity for these phonons in the
exciton gas of v,=0.96 eV A at the density corresponding to
an excess electric-field strength of 0.01 eV/A. Since the ex-
citons form a one-dimensional gas of bosons, the coherence
properties of such an exciton gas can be somewhat complex.
To get a sense of the parameters associated with these prop-
erties we estimate the Bose condensation temperature of a
noninteracting gas at the typical density mentioned to be
Tgrc=25 meV. The interplay of the motional coherence
properties of the condensate and the optical transitions of the
excitons may be expected to result in properties such as su-
perradiance.

VI. CONCLUSION

In conclusion, using first-principles DFT-LDA calcula-
tions in conjunction with GW and Bethe-Salpeter calcula-
tions within a tight-binding formalism, shown to provide re-
liable optical spectra for large nanotubes, we have analyzed
the ground state and optical properties of a pair of (20,0)
semiconducting nanotubes in an electric field. We find that
for an electric field of 0.06 eV/A, easily accessible through
a STM, the excitonic gap of the system closes and the system
undergoes a transition to a state where the ground state is
populated with spatially indirect excitons whose density in-
creases linearly with electric-field strength beyond the tran-
sition. The transition to the excitonic phase should be visible
via the optical response of the system as a function of elec-
tric field where accompanying the phase transition we expect
the appearance of a peak in the absorption at an energy of
100 meV whose intensity increases linearly with increasing
electric fields. This should be visible in experiment since the
lower energy threshold for absorption before the transition is
above 200 meV.

Further we estimate certain collective properties such as a
sound velocity for the exciton gas. The effective Bose con-
densation temperature is Tppc=25 meV at a field strength of
0.07 eV//°\, however, given the repulsive interaction be-
tween the excitons and the one-dimensional nature of the
gas, we do not expect Bose condensation in this system.
However, Tggc can still be expected to govern partially co-
herence properties and manifest itself as superradiance.

Finally it should be noted that the physics discussed in
this paper depends on relatively general arguments and
should apply to other quasi-one-dimensional systems with
transversely localized electrons such as nanotube bundles.
These might constitute systems that are more easily acces-
sible in experiment, however, some of the experimental sig-
natures might not be as clear and the theoretical analysis
might be more difficult than the case considered here.
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