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Magnetoelectronic excitations in single-walled carbon nanotubes
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The low-frequency single-particle and collective excitations of single-walled carbon nanotubes are studied in
the presence of a magnetic field. They strongly depend on the magnitude and direction of the magnetic field,
transferred momentum, temperature, nanotube geometry, and Zeeman splitting. A narrow-gap nonarmchair
carbon nanotube exhibits two interband magnetoplasmons, while a metallic nonarmchair carbon nanotube
exhibits one interband magnetoplasmon and one interband and intraband magnetoplasmon or two interband
magnetoplasmons and one intraband magnetoplasmon. The differences among these plasmons are relatively
obvious when the magnetic field is oriented closer to the nanotube axis. The transferred momentum determines
the plasmon frequency and the existence of plasmons. The temperature can induce an intraband magnetoplas-
mon or change an interband magnetoplasmon into an intraband and interband magnetoplasmon.
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Quasi-one-dimensional~quasi-1D! carbon nanotubes hav
resulted in many interesting studies, mainly owing to t
unique cylindrical structure.1 The geometric structure2–9

dominates over band structures. A~m, n! carbon nanotube is
~I! a gapless metal form5n, ~II ! a narrow-gap semiconduc
tor for mÞn and 2m1n53I ~I an integer!, and ~III ! a
moderate-gap semiconductor for 2m1nÞ3I .7–9 The mag-
netic field has a strong effect on electronic structures suc
the variation of the energy gap, destruction of double deg
eracy, and Zeeman splitting.10–18 In this work, we mainly
study the low-frequency electronic excitations of metallic
narrow-gap carbon nanotubes in the presence of a mag
field. The dependence on the magnitude~B! and direction~a!
of the magnetic field~B!, temperature~T!, transferred mo-
mentum~q!, nanotube geometry~radiusr and chiral angleu!,
and Zeeman splitting is investigated.

The 2pz and (2s,2px,2py) orbitals in asp2 carbon nano-
tube, respectively, form thep and s bands. The curvature
effects, misorientation ofpp orbitals, and mixing ofpp and
sp2s orbitals significantly affect the low-energyp band ex-
cept for armchair carbon nanotubes.7–9 The elementary exci-
tations in a cylindrical carbon nanotube have been stud
within the random-phase approximation~RPA!.19–31As a re-
sult of the cylindrical symmetry, there exist momentum- a
angular-momentum-dependentp plasmons. Such plasmon
have frequencies higher than 5 eV. They had been verifie
the electron-energy-loss spectroscopy.32–36A metallic carbon
nanotube is predicted to exhibit the low-frequency plasm
of zero angular momentum (L50).26 The effects due to cur
vature effects, magnetic field, and temperature are taken
account in this work.

The cylindrical carbon nanotubes resemble ot
quasi-1D electron systems, e.g., semiconductor quan
wires ~QW’s!. The RPA is used to calculate the excitatio
spectra of QW’s. They exhibit single-particle excitations a
collective excitations~plasmons!.37–39 The frequencies and
momentum dispersions are well consistent with reson
inelastic-light-scattering measurements.40–42These two kinds
of excitations are expected to exist in carbon nanotub
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However, there are certain important differences betw
these two systems such as electronic excitations from dif
ent energy bands and curvature effects. Excitation mode
different L’s are decoupled in a hollow carbon nanotub
This contrasts greatly with the complicated coupling amo
different electronic excitations in an ordinary QW.

We use thesp3 tight-binding model to calculate the mag
netoband structure of a single-walled carbon nanotube. A
tailed description of the low-energy bands is found to be v
important in understanding electronic excitations. The lo
frequency electronic excitations are investigated by evalu
ing the longitudinal dielectric function~e! within the RPA.
The magnetic band-structure effects are strong and appre
bly affect the characteristics of electronic excitations. O
study shows that the single-particle and collective excitati
of L50 are very sensitive to the changes in magnetic fie
temperature, momentum, radius, and chiral angle.

The band structure of a~m, n! carbon nanotube is simply
reviewed. It is obtained from the Slater-Koster tight-bindi
model with curvature effects~details in Ref. 9!. Each carbon
atom owns four valence electrons. Thes orbital energy is
Es527.3 eV below the triply degeneratep orbitals taken
as the zero of energy (Ep50). The Slater-Koster hop
ping parameters for the nearest-neighboring pairs
Vsss524.30 eV, Vsps54.98 eV, Vpps56.38 eV, and
Vppp522.66 eV(52g0). A primitive unit cell hasNu car-
bon atoms, e.g.,Nu54m for a (m,0) zigzag nanotube. Ther
exists the periodical boundary condition along the azimut
direction (F̂). The 838 Hamiltonian matrix, which is re-
lated to the two nearest-neighbor carbon atoms, is suffic
in describing band structure in the absence of a magn
field. Electronic states are characterized by the angular
mentumJ(51,2,...,Nu/2) and the longitudinal wave vecto
kz (2p<kzRz<p). Rz is the periodical distance along th
nanotube axis (ẑ).

The magnetic field complicates the calculations of ba
structure when it is not parallel to the nanotu
axis:10–15,17–18 B5B cosaẑ1BsinaF̂, where a is the
©2003 The American Physical Society21-1
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angle between the magnetic field and nanotube axis.
parallel and perpendicular components, respectively, ind
the shiftJ→J1cosa(f/f0) and the coupling of differentJ’s
~details in Refs. 17 and 18!: f5pr 2B cosa and f0

5hc/e. The vector potential is A5rB cosa/2F̂
1rB sina sin(x/r)ẑ (x5rF). Thex or F dependence mean
that all carbon atoms in a primitive unit cell need to be tak
into account in the Hamiltonian matrix elements. Moreov
the magnetic phase factor due toA would make the angula
momenta mix with one another. The subindices of the Ham
tonian matrix depend on the angular momenta, the
nearest-neighbor sitesA andB, and the four electron orbitals
The tight-binding Hamiltonian is characterized by a 4Nu
34Nu Hermitian matrix. Several previous studies10–15 used
theNu3Nu Hamiltonian matrix within the 2pz tight-binding
model. They neglect the change ofVppp due to the misori-
entation of 2pz orbitals and the hybridization ofpp and
sp2s orbitals. The curvature effects play an important ro
on the low-energy band structures and electronic excitatio
The energy dispersionEc,v(J,kz) and wave function
Cc,v(J,kz) are obtained by diagonalizing the Hamiltonia
matrix. v ~c! corresponds to the occupied valence band~the
unoccupied conduction band!. The Zeeman energy has to b
added in the energy dispersion.18 State energy is denoted a
Eh(J,kz ,s).

The ~18, 0! zigzag nanotube is chosen for a model stu
The low-energy band structure is shown in Fig. 1 ata50°
and variousf’s. There are doubly degenerate energy ba

FIG. 1. Low-energy bands ofJ512 and 24 for the~18, 0! zig-
zag nanotube ata50° and~a! f50, ~b! f50.01,~c! f50.02, and
~d! f50.025. The unit off is f0 , here and henceforth. The mag
netic field corresponding to 0.01f0 is 26.5 T. The arrows in~b!
represent the direction of spin.
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of J512 and 24 at zero magnetic field@f50 in Fig. 1~a!#.
The occupied valence bands are approximately symmetr
the unoccupied conduction bands about the Fermi le
@EF(f50)520.004g0#. Their energy dispersions are par
bolic at smallkz and linear at others. Edge states are loca
at kz50, and the energy gap isEg50.01g0 . Here Eg and
parabolic energy bands completely come from the curva
effects.9 When the magnetic field is parallel to the nanotu
axis, the effects off on angular momentaJ andNu/22J are
different. Hence the double degeneracy is destroyed af
50.01f0 @Fig. 2~b!#. The J512 energy bands approach
the Fermi level, while theJ524 energy bands exhibit th
opposite behavior. The energy gap is reduced byf. The Zee-
man effect results in the splitting of spin-up and spin-do
states. The Fermi levelEF(f) keeps at the center of th
conduction and valence bands, and thekz50 edge states
remain unchanged~even for aÞ0°). The spin-up valence
band and spin-down conduction band ofJ512 begin to
touch at f150.0167f0 and overlap atf50.02f0 @Fig.
1~c!#. The overlap of energy bands is purely due to the Z
man splitting. It is maximum atf50.0205f0 . These two
bands gradually depart from the Fermi level in the furth
increase off @f50.025f0 in Fig. 2~d!#. The overlap of
energy bands vanishes atf250.026f0 . The ~18, 0! zigzag
nanotube is metallic atf1<f<f2 anda50°.

The energy gaps and state degeneracy also depend o
direction of the magnetic field.17,18 The shift of angular mo-
mentum,J→J1cosa(f/f0), becomes small asa increases
from 0°. The dependence of energy gap on magnetic flu
relatively weak at largea. For example, atf50.01f0 , the
~18, 0! zigzag nanotube has the smallestEg at a50° and the
largestEg at a590°. The smaller shift ofJ also leads to the
gradual recovery of state degeneracy. The double degene
is recovered ata590°. On the other hand, the coupling o
different J’s becomes important in the increasing ofa. Each
energy band is composed of differentJ’s. However, at small
f(,0.1f0), the coupling effect is negligible for anya. That
is to say, energy bands are well described by the disc
angular momenta.

For electrons on a cylindrical nanotube, the transfer
momentum and angular momentum are conserved in thee-e
Coulomb interaction.19–26 Electronic excitations thus hav
the well-definedq and L. They are focused on the low
frequency modes ofL50. The magnetic longitudinal dielec
tric function within the RPA is given by

e~q,v;f,a!

5124pe2I 0~qr !K0~qr !

3 (
J,s,h,h8

E dkz

~2p!2 u^J,kz1q,s,h8ueiqzuJ,kz ,s,h&u2

3
f „Eh8~J,kz1q,s;f,a!…2 f „Eh~J,kz ,s;f,a!…

Eh8~J,kz1q,s;f,a!2Eh~J,kz ,s;f,a!2v2 iG
.

~1!

I 0(qr) @K0(qr)# is the modified Bessel function
of the first @second# kind of zero order.G(50.005g0)
1-2



ha

o
q.

g.

du

xc
a

e
tio
uc

a
i-
t
y,
los

ct

els
are

the
he
no-

-

ted

ex-
nd

ost
po-
arp

the
s-
e-
k
,

first

icle

x-
the

and

tra-

e-
ned

le-
h
ult.
are,
the

ex-

he
ngth

g-
ag-

n b
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is the energy width due to various deexcitation mec
nisms. The Fermi-Dirac function isf „Eh(J,kz ,s;f,a)…
51/$exp@Eh(J,kz,s;f,a)2EF(f,a,T)/kBT#11%. Here EF var-
ies with magnetic field and temperature. The coupling
different J’s is taken into account in the calculations of E
~1!, although it is very weak. The unit ofq is 105/cm in the
following results.

The real@e1# and the imaginary@e2# parts of the dielec-
tric function of the~18, 0! zigzag nanotube are shown in Fi
2~a! at f50, a50°, T50, andq51. Electrons are excited
from the occupied valence bands to the unoccupied con
tion bands of the sameJ’s @Fig. 1~a!#. Only one interband
excitation channel exists. The threshold single-particle e
tations result from thekz50 edge state. They induce
prominent peak ine2 at the threshold excitation energyvex
5Ec(J,q)2Ev(J,0), owing to the 1D characteristic of th
parabolic energy dispersions. The single-particle excita
energy is mainly determined by the detailed electronic str
tures. A simple relation betweenvex and q is absent, since
energy dispersions are not completely parabolic or line
The correspondinge1 drastically changes from a large pos
tive value to a small positive value~or a negative value a
G→0). The smalle1 and e2 can appear simultaneousl
which, thus, leads to a prominent plasmon peak in the
spectrum@Fig. 3~a!#.

The destruction of state degeneracy and the overlap
energy bands due to a parallel magnetic field are dire
reflected in the single-particle excitations. Atf50.01f0 ,

FIG. 2. Dielectric function of the~18, 0! zigzag nanotube atq
51, T50, a50° and~a! f50, ~b! f50.01,~c! f50.02, and~d!
f50.025. The real and imaginary parts are, respectively, show
the solid and dashed curves. The unit ofq is 105/cm, here and
henceforth.
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the splitting energy bands ofJ512 and 24@Fig. 1~b!#, re-
spectively, induce two different interband excitation chann
at lower and higher excitation energies. As a result, there
two peak structures ine2 @Fig. 2~b!#. The spin-up and spin-
down states in a semiconducting carbon nanotube have
identical interband excitations: i.e., they do not alter t
number of excitation channels. However, for a metallic na
tube @Figs. 1~c! and 1~d!#, the overlap of the spin-upJ512
valence band and the spin-downJ512 conduction band pro
duces a new intraband excitation channel@Figs. 2~c! and
2~d!#. At f50.02f0 andf50.025f0 , e2 exhibits a promi-
nent peak at the lowest excitation energy. This peak is rela
to thekz5kF state~the Fermi momentum state!, but not the
kz50 edge state. The origin of the strong single-particle
citations is different for intraband excitations and interba
excitations. It is also noticed that atf50.02f0 , the thresh-
old excitation energy of the intraband excitations is alm
the same with that of the interband excitations. The super
sition of these two kinds of excitations causes a very sh
peak ine2 @Fig. 2~c!#.

The loss function, which is defined as Im@21/e#, de-
scribes the collective excitation spectrum. Figure 3~a! pre-
sents the loss function of the~18, 0! zigzag nanotube atq
51, T50, a50°, and variousf’s. There is a pronounced
peak in the absence of magnetic flux. It is associated with
smalle1 ande2 . This peak is identified as an interband pla
mon. It corresponds to the collective excitations of the d
generate energy bands ofJ512 and 24. One plasmon pea
changes into two plasmon peaks asf increases from zero
e.g., the loss spectra atf50.005f0 and 0.01f0 . The J
524 and 12 energy bands, respectively, produce the
magnetoplasmon with higher frequency (vp1) and the sec-
ond magnetoplasmon with lower frequency (vp2). Herevp1
clearly increases asf grows. The opposite is true forvp2 .
This result only reflects the dependence of the single-part
excitation energy on magnetic flux~Fig. 2!. The single-
particle excitations also affect the strength of collective e
citations. The weaker the Landau damping is, the higher
plasmon peak is. Whenf is sufficiently large, a metallic
carbon nanotube can exhibit one interband and intrab
magnetoplasmon ~the second magnetoplasmon atf
50.02f0) or one interband magnetoplasmon and one in
band magnetoplasmon~the third magnetoplasmon atf
50.025f0). The strength of the former is very strong b
cause the intraband excitations are thoroughly combi
with the interband excitations@Fig. 2~c!#. The intraband mag-
netoplasmon is heavily damped by the interband sing
particle excitations of theJ512 energy band, so its strengt
is weak. Experimental measurements on it may be diffic
In short, the first, second, and third magnetoplasmons
respectively, affected by the single-particle excitations of
energy bands ofJ524, J524, 12, andJ512. The resonant
inelastic light-scattering measurements can be utilized to
amine the collective and single-particle excitations.40–42

The direction of the magnetic field has an effect on t
number of plasmon modes, plasmon frequency, and stre
of plasmon, as shown in Fig. 3~b! at f50.01f0 and various
a’s. Whena changes from 0° to 90°, the two interband ma
netoplasmons are gradually getting into one interband m

y

1-3
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FIG. 3. Loss function of the~18, 0! zigzag nanotube calculated at various~a! f’s, ~b! a’s, ~c! q’s, ~d! T’s, ~e! r’s, and~f! u’s.
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netoplasmon. For the second magnetoplasmon, the frequ
becomes high, but the strength gets weak. The single-par
excitations from theJ524 energy bands make the streng
of plasmon weaken. The first magnetoplasmon exhibits
opposite behavior. The main reason for the above-mentio
results is that the splitting of theJ512 andJ524 energy
bands is gradually vanishing.

The loss function is apparently altered by the transform
momentum@Fig. 3~c!#. The single-particle excitation ene
gies increase withq and so do the plasmon frequencies. T
plasmon peaks become more prominent asq grows from
zero. And then they will decay in the further increase ofq.
When q is too small or large, the plasmons are almost
placed by the single-particle excitations. The magnetop
mons hardly survive below (qc1) or beyond (qc2) the critical
momentum@Figs. 4~a! and 4~b!#.
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The temperature can induce the intraband excitations
semiconducting carbon nanotube. Electrons will occupy
conduction bands atTÞ0, f50.01f0 , and a50° @Fig.
1~b!#. Holes also exist in the valence bands. These two ki
of free carriers produce the intraband magnetoplasmon
shown in Fig. 3~c!. They even affect the first and secon
magnetoplasmons by means of reducing the interband e
tation channels. The temperature needs to be sufficie
high to observe the prominent peak of the intraband mag
toplasmon. On the other hand, the intraband magnetop
mon got mixed up with the second magnetoplasmon at h
temperature (T>600 K). The strength of the latter become
very strong.

The nanotube geometry determines the low-energy ba
and thus the magnetoplasmons. Figure 3~e! presents the loss
1-4
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functions for zigzag nanotubes with different radii. The
nanotubes are semiconducting atf50.01f0 and a50°.
Both the energy gap and curvature of energy bands decr
on increasing radius. The single-particle excitation ene
and plasmon frequency behave so. The bare Coulomb in
action @Eq. ~1!# and the single-particle excitations are al
reduced. Their reductions lead to an enhancement of
strength of the plasmon. It is relatively easy to measure
low-frequency plasmons in large carbon nanotubes. The
pendence of loss functions on the chiral angle is significa
e.g., those shown in Fig. 3~f! for various carbon nanotubes
All narrow-gap nonarmchair carbon nanotubes own two
terband magnetoplasmons. However, a~m,m! armchair car-
bon nanotube exhibits one interband magnetoplasmon.
it only has low-energy bands ofJ5m is the main reason
There is no simple relation between the chiral angle and
magnetic band structure~energy gap and curvature of energ
bands!. The plasmon frequency and the strength of plasm
are determined by the detailed magnetic band structu
They do not vary with the chiral angle monotonously.

The dispersion relations of magnetoplasmon freque
with momentum are important in understanding their char
teristics. They are, respectively, shown in Figs. 4~a! and 4~b!
for the first and second magnetoplasmons atf50.01f0 and
variousa’s. The strong momentum dependence directly
sponds to the feature of the low-energy bands, the str
wave-vector dependence. This result means that theL50

FIG. 4. Momentum-dependent plasmon frequency of the~18, 0!
zigzag nanotube calculated atf50.01,~a! T50 and variousa’s for
the first magnetoplasmon,~b! T50 and variousa’s for the second
magnetoplasmon, and~c! T5300 K anda50° for three magneto-
plasmons. The inset in~a! shows the details ofvp2 at smallq.
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magnetoplasmon is the quantum of the collective elect
oscillations propagating along the nanotube axis with a c
tinuous wavelength 2p/q. The plasmon frequencies ap
proach finite values at smallq; hence, the interband magne
toplasmons are optical plasmons. Also notice that
interband magnetoplasmons hardly survive atq→0. There
are certain important differences between the first and sec
magnetoplasmons in theq- and a-dependent plasmon fre
quencies. The former exhibits a strongerq dependence, a
larger critical momentumqc2 , and a simple relation betwee
the plasmon frequency anda. The second magnetoplasmo
is absent ata590°. Furthermore, it is relatively easily ob
served at smalla.

Temperature somewhat affects the frequencies of the
terband magnetoplasmons, as shown in Fig. 4~c!. The intra-
band magnetoplasmon purely due to temperature owns
vanishing frequency atq→0. This plasmon should belong t
an acoustic plasmon. It is in great contrast to the opti
plasmons, the interband magnetoplasmons. AtT5300 K, the
intraband magnetoplasmon exists below the critical mom
tum q<2.4. It is mixed up with or replaced by the secon
interband magnetoplasmon at larger momenta. The latter
exhibit a very prominent plasmon peak. The predict
momentum-dependent plasmon frequency can be verified
the resonant Ramman spectroscopy.40–42

In this work we have calculated for the narrow-gap
metallic carbon nanotubes the longitudinal dielectric fun
tion, which is useful in studying magnetic single-particle a
collective excitations. The low-frequency single-particle a
collective excitations, respectively, reveal themselves as
prominent peaks in the dielectric function and the loss fu
tion. They are significantly affected by the magnitude a
direction of the magnetic field, transferred momentum, te
perature, nanotube geometry, and Zeeman splitting. Reso
inelastic light scattering40–42 can be used to test the calcu
lated results such as the momentum-dependent plasmon
quency and single-particle excitation energy.

A narrow-gap nonarmchair carbon nanotube exhibits t
interband magnetoplasmons, while a metallic nonarmch
carbon nanotube exhibits one interband magnetoplasmon
one interband and intraband magnetoplasmon or two in
band magnetoplasmons and one intraband magnetoplas
An armchair carbon nanotube only exhibits one interba
magnetoplasmon. The Zeeman splitting induces the ove
of the valence and conduction bands and thus the intrab
magnetoplasmon or the intraband and interband magn
plasmon. The differences among these magnetoplasmon
relatively obvious, when the magnetic field is oriented clo
to the nanotube axis. The plasmon frequency~the strength of
plasmon! increases~declines! as the nanotube radius de
creases. A simple relation between the characteristics of p
mon and chiral angle is absent. The transferred momen
dominates the plasmon frequency and existence of plasm
The temperature can cause an intraband magnetoplasm
make an interband magnetoplasmon change into an intrab
and interband magnetoplasmon.

This work was supported in part by the National Scien
Council of Taiwan, the Republic of China, under Grant No
NSC 91-2112-M-006-028 and NSC 91-2112-M-145-001.
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