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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-dimension&fjuasi-1D carbon nanotubes have However, there are certain important differences between
resulted in many interesting studies, mainly owing to thethese two systems such as electronic excitations from differ-
unique cylindrical structuré. The geometric structufe®  ent energy bands and curvature effects. Excitation modes of
dominates over band structures(i, n carbon nanotube is different L's are decoupled in a hollow carbon nanotube.
() a gapless metal fan=n, (II) a narrow-gap semiconduc- This contrasts greatly with the complicated coupling among
tor for m#n and 2n+n=3l (I an integey, and (lll) a different electronic excitations in an ordinary QW.
moderate-gap semiconductor fomz n#31.7° The mag- We use thesp® tight-binding model to calculate the mag-
netic field has a strong effect on electronic structures such asetoband structure of a single-walled carbon nanotube. A de-
the variation of the energy gap, destruction of double degengiled description of the low-energy bands is found to be very
eracy, and Zeeman splittirt§*® In this work, we mainly important in understanding electronic excitations. The low-
study the low-frequency electronic excitations of metallic orfrequency electronic excitations are investigated by evaluat-
narrow-gap carbon nanotubes in the presence of a magneficy the longitudinal dielectric functiofe) within the RPA.
field. The dependence on the magnitéBeand direction@)  The magnetic band-structure effects are strong and apprecia-
of the magnetic fieldB), tempera’gure(T), tran_sferred mo- bly affect the characteristics of electronic excitations. Our
mentum(a), nano_tu_be ge_ometré_yadlusr and chiral angle), study shows that the single-particle and collective excitations
and Zeeman splitting is investigated. - o . e

- . of L=0 are very sensitive to the changes in magnetic field,

The 2, and (2,2p,,2py) orbitals in asp* carbon nano- temperature, momentum, radius, and chiral angle
tube, respectively, _form ther apd T bands: The curvature Trf)1e band, structure of'ém 0 c:';lrbon nanotub?e is‘ simply
effects, misorientation b orbitals, and mixing opr and reviewed. It is obtained from the Slater-Koster tight-binding

sp?o orbitals significantly affect the low-energy band ex- : -
cept for armchair carbon nanotube€ The elementary exci- model with curvature effect§letails in Ref. 9‘. Each carbqn
tom owns four valence electrons. Theorbital energy is

tations in a cylindrical carbon nanotube ha\ée3 been studied 7.3 eV below the triply degenerate orbitals taken
. . _ . . 19-31 _ s— —{.
within the random-phase approximatidRPA). As are as the zero of energyE,—0). The Slater-Koster hop-

sult of the cylindrical symmetry, there exist momentum- andping parameters for the nearestneighboring pairs are
angular-momentum-dependent plasmons. Such plasmons = —430eV, V., =498eV, V,, —638eV, and

. ) N/
have frequencies higher than 5 eV. They had been verified b‘& ) .
- . =—2.66 eV(= — yg). A primitive unit cell hasN, car-
the electron-energy-loss spectroscopy°A metallic carbon ppm 0 i u
Iy b oy : on atoms, e.g\,=4m for a (m,0) zigzag nanotube. There

nanotube is predicted to exhibit the low-frequency plasmon”-. I 2 .
of zero angulgr momentunt & 0).25 The effe(?ts dueytg cur- €xists the periodical boundary condition along the azimuthal

vature effects, magnetic field, and temperature are taken int@rection @). The 8<8 Hamiltonian matrix, which is re-
account in this work. lated to the two nearest-neighbor carbon atoms, is sufficient
The cylindrical carbon nanotubes resemble otheln describing band structure in the absence of a magnetic
quasi-1D electron systems, e.g., semiconductor quantu,f,i\eld. Electronic states are characterized by the angular mo-
wires (QW's). The RPA is used to calculate the excitation mentumJ(=1,2,..N,/2) and the longitudinal wave vector
spectra of QW’s. They exhibit single-particle excitations andk; (— 7<k,R,<m). R, is the periodical distance along the
collective excitations(plasmons®’~3° The frequencies and Nanotube axisZ).
momentum dispersions are well consistent with resonant The magnetic field complicates the calculations of band
inelastic-light-scattering measuremeffts** These two kinds ~ structure when it is not parallel to the nanotube
of excitations are expected to exist in carbon nanotubesaxis1®*1"~® B=Bcosaz+Bsinad, where « is the
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of J=12 and 24 at zero magnetic figlgp=0 in Fig. 1a)].
The occupied valence bands are approximately symmetric to
the unoccupied conduction bands about the Fermi level
[Ec(é=0)=—0.004y,]. Their energy dispersions are para-
bolic at smallk, and linear at others. Edge states are located
atk,=0, and the energy gap By3=0.01y,. Here E4 and
parabolic energy bands completely come from the curvature
effects® When the magnetic field is parallel to the nanotube
axis, the effects ofh on angular momentdandN /2—J are
different. Hence the double degeneracy is destroyeg at
=0.01¢, [Fig. 2(b)]. The J=12 energy bands approach to
the Fermi level, while thel=24 energy bands exhibit the
opposite behavior. The energy gap is reducedbyhe Zee-
man effect results in the splitting of spin-up and spin-down
states. The Fermi levet:($) keeps at the center of the
conduction and valence bands, and #ye=0 edge states
remain unchangedeven for a#0°). The spin-up valence
band and spin-down conduction band &&12 begin to
touch at ¢»;=0.016%, and overlap at¢=0.02¢, [Fig.
1(c)]. The overlap of energy bands is purely due to the Zee-
man splitting. It is maximum atp=0.02055,. These two
bands gradually depart from the Fermi level in the further
increase of¢ [ »=0.025p, in Fig. 2(d)]. The overlap of
energy bands vanishes &t =0.0265,. The (18, 0 zigzag
nanotube is metallic ap;< p=<¢, anda=0°.

FIG. 1. Low-energy bands af=12 and 24 for the18, 0 zig- ~ The energy gaps and state degeneracy also depend on the
zag nanotube at=0° and(a) ¢=0, (b) ¢=0.01,(c) $=0.02, and  direction of the magnetic fielt.*® The shift of angular mo-
(d) $=0.025. The unit ofp is ¢,, here and henceforth. The mag- Mmentum,J— J+cosa(¢/¢p), becomes small aa increases
netic field corresponding to 0.¢% is 26.5 T. The arrows i) ~ from 0°. The dependence of energy gap on magnetic flux is
represent the direction of spin. relatively weak at larger. For example, ath=0.01¢,, the
L i (18, 0 zigzag nanotube has the smallEgtat «=0° and the
angle between the magnetic field and nanotube axis. Thl%\rgestEg at a=90°. The smaller shift of also leads to the

parallel and perpendicular components, respectively, inducgaqal recovery of state degeneracy. The double degeneracy
the shiftJ— J+cosa(¢/¢y) and the coupzling of differenIs  ig recovered atv=90°. On the other hand, the coupling of
(details in Refs. 17 and 18 ¢=mr"Bcosa and ¢y ifferent J's becomes important in the increasingafEach
=hc/e. The vector potential is A=rBcosa/2P  energy band is composed of differels. However, at small
+rB sinasin/r)z (x=r®). Thex or & dependence means ¢(<0.1¢,), the coupling effect is negligible for any. That

that all carbon atoms in a primitive unit cell need to be takeris to say, energy bands are well described by the discrete
into account in the Hamiltonian matrix elements. Moreover,angular momenta.

the magnetic phase factor dueAowould make the angular  For electrons on a cylindrical nanotube, the transferred
momenta mix with one another. The subindices of the Hamilmomentum and angular momentum are conserved ieibe
tonian matrix depend on the angular momenta, the twaoulomb interaction? 2® Electronic excitations thus have
nearest-neighbor sitgsandB, and the four electron orbitals. the well-definedq and L. They are focused on the low-
The tight-binding Hamiltonian is characterized by &4 frequency modes df =0. The magnetic longitudinal dielec-

X 4N, Hermitian matrix. Several previous studi#s®used tric function within the RPA is given by

the N, X N, Hamiltonian matrix within the B, tight-binding

model. They neglect the change \¢f,,. due to the misori- €(q,w;¢, @)

entation of 2, orbitals and the hybridization gb= and B 5

sp?o orbitals. The curvature effects play an important role =1-4me%lo(qr)Koe(qr)

k, (10°/cm) k, (10°/cm)

on the low-energy band structures and electronic excitations. dk, _
The energy dispersionE®’(J,k,) and wave function X > W|<J.kz+q,a,h’|e'qZ|J,kz,o,h>|2
ver(Jd,k,) are obtained by diagonalizing the Hamiltonian Jyohh’ &

matrix. v (c) corresponds to the occupied valence bé&he f(Eh'(J K+, 0 b)) — FE(I Ky, b))
IRA Y4 il H H 11Nz ’ 7

unoccupied conduction bapdrhe Zeeman energy has to be X — )
added in the energy dispersihState energy is denoted as EM(J,k,+q,0;,¢,a)—E"(Jk,,0,¢,0)— w—iT
ENJ.k,,0). 0

The (18, 0 zigzag nanotube is chosen for a model study.
The low-energy band structure is shown in Fig. laat0° lo(gr) [Ko(gr)] is the modified Bessel function
and various¢'’s. There are doubly degenerate energy band®f the first [second kind of zero order.I'(=0.005y,)
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the splitting energy bands af=12 and 24[Fig. 1(b)], re-
spectively, induce two different interband excitation channels
at lower and higher excitation energies. As a result, there are
two peak structures i@, [Fig. 2(b)]. The spin-up and spin-
down states in a semiconducting carbon nanotube have the
identical interband excitations: i.e., they do not alter the
number of excitation channels. However, for a metallic nano-
tube[Figs. 1c) and 1d)], the overlap of the spin-up=12
valence band and the spin-dows 12 conduction band pro-
duces a new intraband excitation chanfleigs. 2c) and
2(d)]. At ¢=0.02¢, and ¢=0.025p,, €, exhibits a promi-
nent peak at the lowest excitation energy. This peak is related
to thek,=kg state(the Fermi momentum statebut not the
k,=0 edge state. The origin of the strong single-particle ex-
citations is different for intraband excitations and interband
excitations. It is also noticed that &t=0.02p,, the thresh-

old excitation energy of the intraband excitations is almost
the same with that of the interband excitations. The superpo-
sition of these two kinds of excitations causes a very sharp
peak ine, [Fig. 2(c)].

The loss function, which is defined as [Iml/e], de-
scribes the collective excitation spectrum. Figuka) Jre-
sents the loss function of th@.8, 0 zigzag nanotube aj
=1, T=0, «a=0°, and various¢’s. There is a pronounced
peak in the absence of magnetic flux. It is associated with the

FIG. 2. Dielectric function of thé€18, 0 zigzag nanotube aj smalle, ande, . This peak is Identlf.'ed as an I_nterband plas-
=1,T=0, a=0° and(a ¢=0, (b) $=0.01,(c) $=0.02, andd)  "O"- It corresponds to the collective excitations of the de-
$=0.025. The real and imaginary parts are, respectively, shown bgenerate energy bands & 12 and 24. One plasmon peak

the solid and dashed curves. The unitepis 10%/cm, here and changes into two plasmon peaks @sncreases from zero,
henceforth. e.g., the loss spectra at=0.005, and 0.0%,. The J

=24 and 12 energy bands, respectively, produce the first
is the energy width due to various deexcitation mechamagnetoplasmon with higher frequenay) and the sec-
nisms. The Fermi-Dirac function if(E"(J,k,,0;¢,@))  ond magnetoplasmon with lower frequenaypg). Herew,,
=1/ exd E"(J k,,0;¢,a) —Er(¢h,a, T)kgT]+1}. Here Ex var- clearly increases ag grows. The opposite is true fas,.
ies with magnetic field and temperature. The coupling ofThis result only reflects the dependence of the single-particle
different J's is taken into account in the calculations of Eq. excitation energy on magnetic fluiFig. 2). The single-

(1), although it is very weak. The unit afis 1(’/cm in the  particle excitations also affect the strength of collective ex-
following results. citations. The weaker the Landau damping is, the higher the
The real[ €;] and the imaginarye,] parts of the dielec- plasmon peak is. Whewb is sufficiently large, a metallic
tric function of the(18, 0 zigzag nanotube are shown in Fig. carbon nanotube can exhibit one interband and intraband

2(a) at =0, «=0°, T=0, andg=1. Electrons are excited magnetoplasmon (the second magnetoplasmon ap
from the occupied valence bands to the unoccupied conduc=0.02¢4,) or one interband magnetoplasmon and one intra-
tion bands of the samés [Fig. 1(@)]. Only one interband band magnetoplasmoiithe third magnetoplasmon ap
excitation channel exists. The threshold single-particle exci=0.025p,). The strength of the former is very strong be-
tations result from thek,=0 edge state. They induce a cause the intraband excitations are thoroughly combined
prominent peak ire, at the threshold excitation energy,,  with the interband excitatiori§ig. 2(c)]. The intraband mag-
=E®(J,q) - E"(J,0), owing to the 1D characteristic of the netoplasmon is heavily damped by the interband single-
parabolic energy dispersions. The single-particle excitatioarticle excitations of thd=12 energy band, so its strength
energy is mainly determined by the detailed electronic strucis weak. Experimental measurements on it may be difficult.
tures. A simple relation betweene, andq is absent, since In short, the first, second, and third magnetoplasmons are,
energy dispersions are not completely parabolic or linearespectively, affected by the single-particle excitations of the
The corresponding; drastically changes from a large posi- energy bands of =24, J=24, 12, andJ=12. The resonant
tive value to a small positive valu@r a negative value at inelastic light-scattering measurements can be utilized to ex-
I'—0). The smalle; and e, can appear simultaneously, amine the collective and single-particle excitati6hg'?
which, thus, leads to a prominent plasmon peak in the loss The direction of the magnetic field has an effect on the
spectrum Fig. 3@)]. number of plasmon modes, plasmon frequency, and strength
The destruction of state degeneracy and the overlap aéf plasmon, as shown in Fig(l3 at ¢=0.01¢, and various
energy bands due to a parallel magnetic field are directlyr's. Whena changes from 0° to 90°, the two interband mag-
reflected in the single-particle excitations. &t=0.01¢,, netoplasmons are gradually getting into one interband mag-

0.00 0.02  0.04
@ (70)
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(e)

(a) 1 (18,0); T=0
$=0.01; «=0°
o] — =05
—_ O By q=1
< N {1 — q=é.5
> - q=
XL L2 4=3
g E

" 0.05

(b)

Im [-1/¢]

" 0.05

2
$=0.01; a=0°{e)
q=1; T=0
_ — (15,0
N
A1
B
0
0.00 .05
44 f\ $=0.01; a=0°(f)
\‘ q=1; T=0
—_ ' —— (18,0
T |
M
E
0 = T T T 7 ; T T
0.00 0.01 0.02 0.03 0.04 0.05
© (79)

FIG. 3. Loss function of th€18, 0 zigzag nanotube calculated at variga$ ¢'s, (b) a’s, (¢) g's, (d) T's, (e) r's, and(f) #'s.

netoplasmon. For the second magnetoplasmon, the frequency The temperature can induce the intraband excitations in a
becomes high, but the strength gets weak. The single-partickemiconducting carbon nanotube. Electrons will occupy the
excitations from thel=24 energy bands make the st_re_ngth conduction bands alT+#0, ¢=0.01¢,, and a=0° [Fig.

of plasmon weaken. The first magnetoplasmon exhibits thgp)]. Holes also exist in the valence bands. These two kinds
opposite behavior. The main reason for the above-mentionegk free carriers produce the intraband magnetoplasmon, as
results is that the splitting of thd=12 andJ=24 energy shown in Fig. 8). They even affect the first and second

bands is gradually vanishing. agnetoplasmons by means of reducing the interband exci-
The loss function is apparently altered by the transformed" 29 P y g .

momentum[Fig. 3c)]. The single-particle excitation ener- ta_ltlon channels. The temperature needs _to be sufficiently

gies increase witlg and so do the plasmon frequencies. Thehigh to observe the prominent peak of the intraband magne-

plasmon peaks become more prominentgagrows from toplasmon. On the other hand, the intraband magnetoplas-
zero. And then they will decay in the further increaseqof mon got mixed up with the second magnetoplasmon at high
When g is too small or large, the plasmons are almost retemperature T=600 K). The strength of the latter becomes
placed by the single-particle excitations. The magnetoplasvery strong.

mons hardly survive belowq(;) or beyond €.,) the critical The nanotube geometry determines the low-energy bands
momentum[Figs. 4a) and 4b)]. and thus the magnetoplasmons. Figufe presents the loss
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magnetoplasmon is the quantum of the collective electron
oscillations propagating along the nanotube axis with a con-
tinuous wavelength 2/q. The plasmon frequencies ap-
proach finite values at smai} hence, the interband magne-
toplasmons are optical plasmons. Also notice that the
interband magnetoplasmons hardly survivegatO. There
............... a=90° are certain important differences between the first and second
———— magnetoplasmons in thg and a-dependent plasmon fre-

8 10 ; o

quencies. The former exhibits a stronggrependence, a

larger critical momentung.,, and a simple relation between
the plasmon frequency and The second magnetoplasmon
is absent aw=90°. Furthermore, it is relatively easily ob-
served at smalk.

Temperature somewhat affects the frequencies of the in-
terband magnetoplasmons, as shown in Fi{g).4rhe intra-
band magnetoplasmon purely due to temperature owns the
vanishing frequency aj— 0. This plasmon should belong to
an acoustic plasmon. It is in great contrast to the optical
plasmons, the interband magnetoplasmond. ABO00 K, the
intraband magnetoplasmon exists below the critical momen-
g tum g=<2.4. It is mixed up with or replaced by the second
interband magnetoplasmon at larger momenta. The latter can
|\ ———7 exhibit a very prominent plasmon peak. The predicted

""" — momentum-dependent plasmon frequency can be verified by
4 6 8 10 42
q (10°/cm) the resonant Ramman spectroscthy:

In this work we have calculated for the narrow-gap or

FIG. 4. Momentum-dependent plasmon frequency offtgz9 ~ Metallic carbon nanotubes the longitudinal dielectric func-
zigzag nanotube calculateddt=0.01,(a) T=0 and variousys for  tion, which is useful in studying magnetic single-particle and
the first magnetoplasmoi) T=0 and variousy’s for the second collective excitations. The Iow-frequency Single-particle and
magnetoplasmon, an@) T=300 K anda=0° for three magneto-  Collective excitations, respectively, reveal themselves as the

plasmons. The inset ife) shows the details ob, at smallg. prominent peaks in the dielectric function and the loss func-
tion. They are significantly affected by the magnitude and
direction of the magnetic field, transferred momentum, tem-
perature, nanotube geometry, and Zeeman splitting. Resonant

; T - 4042 _
Both the energy gap and curvature of energy bands decreagle[elasuc light scatterirflj* can be used to test the calcu
ated results such as the momentum-dependent plasmon fre-

on increasing radius. The single-particle excitation energy uency and single-particle excitation energy

and plasmon frequency behave so. The bare Coulomb intef! A narrow-gap nonarmchair carbon nanotube exhibits two
action[Eqg. (1)] and the single-particle excitations are also. 9ap

reduced. Their reductions lead to an enhancement of thlgterband magnetopl_as_mons, _while a metallic nonarmchair
strength of the plasmon. It is relatively easy to measure thgarbon nanotube exhibits one interband magnetoplasmon and

low-frequency plasmons in large carbon nanotubes. The d one interband and intraband magnetoplasmon or two inter-
pendence of loss functions on the chiral angle is significan and magnetoplasmons and one intraband magnetoplasmon.

e.g., those shown in Fig.(B for various carbon nanotubes. An armchair carbon nanotube only exhibits one interband

All narrow-gap nonarmchair carbon nanotubes own two in_magnetoplasmon. The Zeeman splitting induces the overlap

terband magnetoplasmons. Howeveram armchair car- of the valence and conduction bands and thus the intraband

bon nanotube exhibits one interband magnetoplasmon. Thgiagnetoplasmqn or the intraband and interband magneto-
it only has low-energy bands af=m is the main reason. plasmon. The differences among these magnetoplasmons are

There is no simple relation between the chiral angle and threlatlvely obvious, when the magnetic field is oriented closer

magnetic band structufenergy gap and curvature of energy ?0 the nanotube axis. The plasmon freque(iie strength of

bands. The plasmon frequency and the strength of plasmorﬁ)lasmo') mc_reases(def:lmes as the nanotube r_ao_hus de-
are determined by the detailed magnetic band structureST€ases: A simple relation between the characteristics of plas-

They do not vary with the chiral angle monotonously. mon_and chk:ral Iangle |sf absent. Thedtransferred Tolmentum
The dispersion relations of magnetoplasmon frequenc ck)1m|natest € plasmon frequency an existence o plasmons.

with momentum are important in understanding their charac- € temp_erature can cause an intraband ma_gnetop_asmon or

teristics. They are, respectively, shown in Fige)4nd 4b) make an interband magnetoplasmon change into an intraband

for the first and second magnetoplasmong &t0.01¢, and and interband magnetoplasmon.

various «’s. The strong momentum dependence directly re- This work was supported in part by the National Science
sponds to the feature of the low-energy bands, the stron@ouncil of Taiwan, the Republic of China, under Grant Nos.
wave-vector dependence. This result means thatLth® NSC 91-2112-M-006-028 and NSC 91-2112-M-145-001.

(18,0); T=0 (a)

wpr (1072 )

(=4
29
]
=

wez (1072 %)

8,0); T=300 K (c)

a=0°

Wp ( 10-2 70)

[~

functions for zigzag nanotubes with different radii. These
nanotubes are semiconducting ét0.01¢$, and «=0°.
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