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Magnetic-field effects on the optical spectra of a carbon nanotube
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Magneto-optical spectra of a single-wall carbon nanotube are studied theoretically. For light polarization
perpendicular to the tube axis, spectral peaks are strongly diminished by a depolarization field. In a high
perpendicular magnetic field, however, clear spectral peaks remain at higher energy side from interband
transition energy. For parallel polarization, the dynamical circumference current providing the depolarization
field, is expected in a perpendicular magnetic field. However, the depolarization field does not appear unless an
Aharonov-Bohm flux is applied.
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Carbon nanotube€CN’s) have attracted considerable at- where y is a band parametes, and o, are the Pauli spin
tention because of their characteristic structure of onematrices k= —iV +eA/c# is the wave-vector operator in

dimensional1D) hollow cylinder. A CN is metallic or semi- pe presence of the vector potentdal andF is the envelope
conducting, depending on the diameter and chirakynction! The Fermi level lies at=0 for undoped case.
arrangement of carbon atoms. In addition, magnetic flux Fqor cN's having small diametes*-7* hybridization be-
passing through the cross section changes the band gap otgmes important in the electronic statésn the following,

CN due to the Aharonov-BohrtAB) effect.” The AB effect  \ve consider CN’s with sufficiently large diameter such that
also affects electron transport, which has been studied fafe hybridization is negligibly small. Then we have elec-
multiwall CN's.#~* To study the remarkable band structures,tronic states of a CN by imposing a boundary condition in
the observation of optical spectra is one of the most usefuhe circumference direction. In the presence of an AB mag-

experiments. In fact, structural determination of a single-wallhetic flux ¢ passing through the tube axis, the boundary con-
CN was successfully done recently by resonant Ramagition is generalized as

scattering

The resonant optical transitions come from the van Hove K e ) v
singularities at band edges. If we apply polarized light par- FRr+L)=F"(r)exp 2mi| ¢— 3/ 2
allel to the tube axis, clear spectral peaks corresponding to ) . i
the van Hove singularities can be observed for absorptiof/Nere ¢=¢/¢o with $o=ch/e being the magnetic-flux
and Raman spectra. For perpendicular polarization, howevefluantum. The integer takes 0 and*1 depending on the
the peaks are reduced dramaticlly* The strong reduction chlral_vectorL. Around theK’ point the effective-mass
of the peaks originates from a depolarization field generate§duation and the boundary condition are obtained by replac-
by current in the circumference directibhTherefore the N9 oy With —ay andv with —». o
depolarization effect is crucial to discuss optical transition Electronic states of a CN depend on its diameter and
for CN’s. chirality: a CN is metallic forr=0 and semiconducting with

In the presence of a magnetic field perpendicular to thé€nergy gap 4 /3L for v=*1. An AB flux changels the band
axis, energy levels form flat Landau levels at the Fermig@p ranging from 0 to /L in the period ofo. _
level? In this situation, it is not clear whether the depolar- APPlying a magnetic field perpendicular to the tube axis,
ization effect for perpendicular polarization still diminishes the lowest conduction and the highest valence bands ap-
spectral peaks or not. Furthermore, the depolarization effedroach the Fermi level, and the well-defined Landau levels
is expected to occur even for parallel polarization due to thére formed in a sufficiently strong magnetic fielome
dynamical Hall effect. In the present paper we calculateeN€rgy bands in a perpendicular magnetic field are shown in
magneto-optical absorption spectra of a single-wall nanoFig. 1(c) and Figs. 2) and Zd). In these figures the strength
tube. Although the van Hove singularities of a CN in mag-©f the_magnetic field is characterized ly2xl, where|
netic fields have been calculatEtt is insufficient to discuss = vcfi/eH is the cyclotron radius.
optical spectra only in terms of the singularities. In fact, The electronic states of a CN around tKepoint are
some peaks are shifted from resonant energy correspondirigpecified by a band inde, =) and the axial wave number
to the singularities due to the depolarization effect. k, and the corresponding energy is denoted:f (k). The

Structures of CN’s are determined uniquely by chiral vec-* +” and “ —" represent the conduction and valence bands,
tors L connecting two hexagons in a 2D graphite, dnd respectively, and we label the same indexder conduction
becomes the circumference length of the CN. The 2D graphand valence bands that have mirror-symmetric relation with
ite is a zero-gap semiconductor in which the valence andespect to the Fermi level, i.es{}(k)=—z{ (k). We
conduction bands consisting af states touch at th& and  choose thec axis in the circumference direction agdn the
K’ points. The effective-mass equation aroundKhgoint is  axial direction. Then the wave function is written as
given by

1
Mokt 0k, JFS(r) = e FX(r), @ e k)= 2 exiky )P () ®
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5 & b 1 3 sults including a depolarization field and results
S Y 1 E ignoring the depolarization effect, respectively.
0 ; é ‘: ; g ; . s ; 2‘ ; " é 6f7 2 The pprresponding be_md structure and resonant
Energy (units of 4ry/3L) Energy (units of 4my/3L)  Wave Vector (units of 2riL) transitions are shown ifc).
(2) () (c)
whereA is the length of the CN. with G={K,K'} and é&={x,y}. The sgn(,&) represents
Current-density operators are obtained from &g.as sign of the current-density operator, which gives $ghy)
o =—1 and sgnG,¢)=1 for other combinations. The ele-
2 Y ~ Vi AW it-
JE(x)=sgnG, ) 7 T£0(X=X), (4  ments of the nonlocal conductivity tenseg,(x,x") is writ
ten as
|
2 ~G
2% = KIEOOIN 4 kYN + k[T (DN, = k)

Teer (X X') = T > 2>

S o T Ul —eQu01e il —{Q(k) ~hw—iT]

— (X=X, 0——w)|, (5)

[

with <X|)\,ﬂ_u,k>:|:1Xi «(x) andT being a phenomenologi- a_1pproximatioriL.5 In_the presence of a perpendicqla_\r magnetic
cal damping constant. field, the nonlocality of the dynamical conductivity E) _
The induced current density generates the depolarizatioRecomes significant because the wave function is localized.
field. Since the total electric fiel is the sum of an external Thus the calculation of the self-inductance should be ex-
field D and the depolarization fiel&%P, we obtain a self- ténded in the nonlocal form. . _
consistent equation as follows: First, we consider the optical absorption for perpendicular
polarized light. The external fields are given By (l)=0
E (I) 1 /D)) I 472 ix(]) and D,(1)=(D/2i) 6, ;—(D/2i) 6, _, because of the sinu-
E (1) :b D(1) - :b Tol 0 | (6) soidal change coming from the cylindrical geometry. From
where the current densityj,(lI) defined by j,(x)

Eq. (6) we get the total field

=2jx()exdi(2ml/L)x], is driven by the total electric field D__ . A
E. The optical absorption is calculated as Ex(D=5[(E 1= (B -als ®
11t . . _ . with
P=5 | dxRdj(X)EX(X)+]y(XEJ(x)].  (7)
2LJo ,
. ﬂ- ’
For simplicity, we do not consider the self-inductance ef- Ei=epdy il Lo ol L17) ©

fect as follows: the circumference dynamical current gener-
ates an dynamical magnetic flux that induces an electric fielheing an effective dielectric function that includes the depo-

along the circumference direction. The self-inductance ofarization effect. Thus the optical absorption is givenmy
nanotubes has been calculated in the local-field=(D?%2e2)o, with

9
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g | Lem=to 2 z ) er=10 | & FIG. 2. Calculated absorption
Top o i % % ip % spectra for parallel polarization in
s 2 ° i SefGonsistent | @ perpendicular magnetic  field
gL B 15 £ 5 L/27l=1.0 and AB flux ¢/d,
> 5 s 1 3 =0 (a) and ¢/ $o=0.25. The cor-
E ¥ :5’ responding band structures and
T 0 foiil b o e resonant transitons are also
Energy (units of 41y/3L) Wave Vector (units of 2x/L) Energy (units of 4ny/3L) Wave Vector (units of 2n/L) shown in(b) and(d).
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Y [0} Figure 2(a) shows the calculated optical absorption of the

() (b) metallic CN for parallel polarization, and the corresponding
band structure is shown in Fig(i8. Applied magnetic fields
FIG. 3. Two typical arrangements for studying polarization are L/27|=1.0 in the perpendicular direction arfl ¢o=0
properties of CN’s in magnetic fieldéa) parallel polarization and in the axial direction. The solid and dotted lines coincide
(b) perpendicular polarization. For perpendicular polarization opti-with each other, and thus there exists no depolarization field
cal spectra depend on the angjebetweenE andH. in this case. However, if we apply an AB flux, large reduc-
tion of the peaks can be found in the lowest peak due to the
depolarization effect, which is shown in Fig(c2 for ¢/ ¢,

€b
7= 2 Re[o3(11) = 03~ 11)] =0.25. _ -
' The AB flux induced depolarization effect can be demon-
X[(E_l)l,l_(a_l)l,—l]}- (10 strated analytically. In a perpendicular magnetic field the

effective-mass equation f@fv + k() is given by

Calculated absorption spectra of the metallic Gk=0)
for perpendicular polarization are shown in Fig.a)lfor
7=0 and 1b) for »=7/2, wherey is the relative angle be-
tween light polarization and the direction of a magnetic fieldMultiplying o, to the both sides of Eq12) from the left and
[see Fig. &)]. A magnetic fieldL/2m1 = 2.0 is applied in the  inserting the identical operatorz=1 beforeFy , ,, we find
perpendicular direction, and an AB flukis zero. Solid lines E;f,—,k:UzE‘x(,+,k- Similarly we applyo, to both sides of
denotg the results calculate_d from the self-consistent treaEq_(lz) from the left, insertrle beforeE‘; ., and apply
ment in Eq.(10), and dotted lines correspond to the calcula-the time reversal operator to the both sides. Then we get
tlgns |gnpr|ng t_he depolarization effegt, i.e., effective dlelec-E;; = —UZE§*+ .. Combining the above results, we
tric function E is replaced bye, 6, . Figure Xc) shows the T —x R
band structure of a CN and transitions corresponding to thg"’we alSd:%mik: RS . ,
absorption peaks of dotted lines in Figga)land Xb). Let Ius consider, virtual tran5|t|onb\,—,I,<>H|A k)

In the absence of a magnetic field, optical peaks disappe d[x ’_.’_k>H|)"+'_k> n the ‘T.XV(X'X ) of Eq. .(5)'
for perpendicular polarization due to the depolarization ef- rom stra|ghtforwarq calculation using above reI?tlons on
fect. However, peak structures are found in a perpendicul yave functions, we find the numerators of iig,(x,x") for

o . - o transitions have the same absolute value but opposite
magnetic field as is shown in Figs(al and 1b), and the ign. In addition, the energy denominators of two transitions

o . . . S
depolarization effect manifests itself as the shifts of peakare the same. Therefore two contributions cancel out in the

energies to higher energy side. The resonating transitions O%-Xy(x,xl) even if a perpendicular magnetic field is applied.

cur in a strong magnetic field such that well-defined Landaurpg cancellation also occurs for the contribution nearhe

levels are formgd. point in the similar way. Therefore, the depolarization field is
The absorption spectra show strong dependence on thgyt induced because of,,=0.

relative angles. In fact, the spectral peaks become more |p the presence of the AB flux, the perfect cancellation is
prominent forp=m/2 arrangement. This comes from the pe-proken and the depolarization field survives. This originates
culiar cylindrical shape of the CN and the localization char-from the fact that the time reversal procedure does not lead
acter of the wave function in a perpendicular magnetic field.

Namely, external electric field for perpendicular polarization TABLE I. Specific strengths of magnetic fields characterized
becomes maximum at both sides of the CN because of thie/2#1 in the perpendicular directionH,) and ¢ passing through
cylindrical shape. The wave functions of the Landau levelthe tube axis ki) for some diameter&d) of CN's. Corresponding

on the other hand, localize at the top and bottom of the!CN.energy gaps, are also listed.

Therefore, optical transitions occur more efficiently for

okt oy FX L =elROF L . (12

e
ky+ aAy

7]:’77/2 than 7720. d(A) Eg (eV) H, (T) HH (T)
Next we proceed to the optical absorption for parallel po- (4mylBL=1)  (Li2ml=1)  (#/$o=0.25)
larization, i.e.,D,(I)=0 and D(l)=D ¢, o. Although the 10 0.82 2600 1300
depolarization field does not arise in the axial direction, the 2g 0.41 660 330
effective dielectric function=,,, relates to the absorption 30 0.29 290 150
spectra via the Hall current,=o,,D,. Then the optical 60 0.14 73 38

absorption is given bPH=(D2/Ze§)a” with
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to the relation OfE‘f = —Uzﬂ(’l .. Consequently, the ton bound states shift to the higher energy side because of
AB flux gives rise to the depolarization effect for parallel the considerable enhancement of the band gap. The predic-
polarization to the CN in a perpendicular magnetic field. ~tion was confirmed by Ichidat al™" in experiment of the
Table | shows some examples of the specific strengths dibsorption spectra. Since many experiments support the
magnetic fields parallel and perpendicular to the tube axis, imanifestation of the depolarization effect, | believe the
which the depolarization effect on magneto-optical spectra opresent results on the depolarization effect in magnetic fields
CN's can be found. We use the tight-binding parametgr are qualitatively correct even if the exciton effect is not con-
=2.9 eV (Ref. 5 relating to y=/3ay,/2 with a=2.46 A  sidered.
being the lattice constant of 2D graphite. The diameter dis- In conclusion, we have studied magnetoabsorption spectra
tribution of single-wall CN’s ranges from10 Ato~30 A It of a CN from the viewpoint of the depolarization effect. The
is difficult to confirm the present calculated results in experi-depolarization effect manifests itself as shifts of absorption
ments even for single-wall CN's with diameteér=30 A be-  peaks to higher energy side for perpendicular polarized light.
cause an extremely strong magnetic field is needed. The dgwpr parallel polarization, the depolarization effects are in-
polarization effect induced by AB flux can be observed inqyced by an AB flux, and as a result, the peaks of lower side
weaker magnetic fields than listed ones; for instahiBzrl  decreases considerably. The present calculation is restricted
=0.5 (H, =73 T) and #/¢o=0.2 (H=120 T). Another 1, the apsorption spectra, however, the magnetic-field effects
candidate to realize the experiment is to use multiwall CN'syjj| pe confirmed by resonant polarized Raman spectra also.
that have large diameter for outer nanotube layers. Althougiyamely, we will find the depolarization shifts of resonating
it contains some CN's with different diameters in the con-frequency of incident light for perpendicular incident light.
centric form, only the outer CN's are affected efficiently by |, the case of parallel polarization, the resonant Raman in-

magnetic fields. For multiwall CN's, however, we should {ensity driven by lower resonant frequency, will be reduced
consider depolarization fields generated by each CN. Th|§y applying AB flux.

problem will be studied in the future.

We have not consider the exciton effect of CN’s. Absorp- This work was supported by Scientific Research of the
tion spectra including the exciton effect of single-wall CN'’s Ministry of Education, Science, Sports and Culture of Japan
were calculated by And® and he pointed out that the exci- and Grant-in-Aid for COE Resear¢hiOCE2004.
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