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Aharonov-Bohm spectral features and coherence lengths in carbon nanotubes
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The electronic properties of carbon nanotubes are investigated in the presence of disorder and a magnetic
field parallel or perpendicular to the nanotube axis. In the parallel field geometrypdtperiodic (¢q
=hc/e) metal-insulator transition induced in metallic or semiconducting nanotubes is shown to be related to
a chirality-dependent shifting of the energy of the van Hove singularitiétS’s). The effect of disorder on
this magnetic-field-related mechanism is considered with a discussion of mean free paths, localization lengths,
and magnetic dephasing rate in the context of recent experiments.

The discovery of multiwall carbon nanotub&N’s) by  magnetoconductance have been folihduggesting rather
lijima® has triggered a huge amount of activity from basicshort electronic coherence lengths. Fujiwatal*® also ob-
research to applied technologfemideed, CN’s have unique served a surprisingsy/3 oscillation in the magnetoconduc-
physical properties, from their light weight and record-hightance and related this periodic behavior to a superposition of
elastic modulus, to their geometry-dependent electroni®hase shifts due to spectral effects, assuming three internal
states. Lately, there has been increasing industrial interest fibes with different chiralities. In the following, we propose
CN properties for their applicability to flat displays, fiber to clarify the effect of a magnetic field on the density of
reinforcement technologies, carbon-based nanatigprgj fu- states(DOS) with respect to the field orientation relative to
ture CN-based molecular electronic devi¢&N’s consist of  the nanotube axis, and the influence that disorder, as featured
coaxially rolled graphene sheets determined by only two inby random site energies, may have on these magnetic field
tegers (1,m), and depending on the choice of chirality, me- effects. We further derive some criteria for estimating the
tallic or semiconducting behavior is exhibited for systemsmean free path and localization length qualitatively in this
with typical radii of 0.5 to 20 nm and lengths of several general context.
micrometers. The study of the influence of a magnetic field

and topological defectsor chemical(e.g., substitutiond) | SPECTRAL PROPERTIES OF METALLIC
disorder is a current subject of concern, since disorder can AND SEMICONDUCTING CN'S
strongly affect the generic properties of CN-based devices,
. . 7_
such as field effect transistofs? Without a magnetic field and disorder, the electronic

Conductivity measurements have been performed ORoperties of nanotubes are known to be dependent on their

bundles of single-walled carbon nanotubes using scanning, . 5 . .
. ; 10 . . hiral vectorC,=(n,m), expressed in unit vectors of the

tunneling microscopySTM).™" By moving the tip along the i 2
length of the nanotubes, sharp deviations in Ithé charac- hexagonal lattice b}’|Ch|:.\/§.aC—C\/n tmo+nm (acc
teristics could be observed and related to theoretically pre=1-42 A). From a tight-binding description of the graphite
dicted electronic propertiés:-*2In particular, the partition 7 bands, with only first-neighbor C-C interactions, the dis-
of the spectrum into a complex van Hove singulatigHS) ~ Persion relations can be obtained by diagonalization of the
pattern is a remarkable feature. At energies where VHS'$!amiltonian (with periodic boundary conditionsand, for
occur, the band velocities tend to zero, which is a manifestStance, for the case of armchair, ) nanotubes, we can
tation of confined states, generally seen in did®) or two- write
dimensional(2D) systems. It is thus expected that the pres-

ence of VHS's(their distribution and numbgalso affect the K K ol 154 k .a \/§k”a
physical properties of CN’s. Recently it has been shown that 8-(kyK))= = yo) 124 cos 2 cos 2

from the VHS patterns, one could distinguish between dif- 1

ferent nanotube chiraliti€s,which is an interesting approach 44 co2 M_a} )
for obtaining a more precise knowledge of the effect of ge- 2 '

ometry on the physical properties of CN’s, such as transport.

In this context, experiments with a magnetic field wherey, is the energy overlap integral between carbon at-
perpendiculdf*® or parallel to the nanotube aXishave oms,a=3ac_c is the graphite lattice constant, akd is
been performed, and in the latter cagg/2-periodic(where  the wave vector perpendicular to the nanotube &kis
&0 is a flux quantum Aharonov-Bohm oscillations of the =2mq/(\/3na), whereq=1,...,h, giving the quantized
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values of the wave vector in tf@1 direction, whereas the 007
wave vectork; parallel to the nanotube axis is associated 0S(E,)
with the specification of the wave vectors in 1D Brillouin
zone — m/+\3<kja</+/3, which defines the 1D-band dis- 0.05
persion. By expanding the dispersion relations arounckthe

points (i.e., close to the Fermi energywith small Sk=Kk 0.03 |
—K=(27/|Cy|) (q— vI3)k, + kK| (with T-Kj=27 and T
-IZL=0, whereT is the smallest translation vector along the

tube axig, one find$ 00050
7 0.42
3 2ma
s+(5k)=im\/ Tla-2) ! a2 @ TDoSE)
2 |Chl 3 032

where the integew is related tom and n by n—m=3p
+wv, with p=0,1,2 ... andv=0,£1. Two bands may then
cross at the Fermi level according to the valuevofif v=

022

+1 (i.e, n—-m=3p=1), one getsA =¢, (k) —e_(K) 0.12

=2mac_cyo!|Chl, Which defines the gap at the Fermi en- )

ergy of a semiconducting nanotube. Fer0 (i.e., m—n 0010 20 40 6.0 80
=3p), the system is metalli¢in the senseA;=0). Typi- C./2nl,

cally, the gap energy is, respectively, in the range 1.65 .
<A4<0.27 eV for nanotube diameteds, in the range 0.5 FIG. 1. (8): TDOS(states/eV per 1C atonat the Fermi level as a
<d, <3 nm. Predicted theoretical?ylg these results have function of the magnetic field parallel to the nanotube axis in units

been confirmed experimentally by scanning tunneling spec2 ¢/ o for (9,0 (solid ling) and (10,0 (dash-dotted linenano-
troscopy(STM) measurement&20-22 tubes. (b): TDOS(states/eV per 1C atorat the Fermi level as a

function of |Cy|/271,, for a magnetic field perpendicular to the
nanotube axis, wherk,= Jfc/eB is the magnetic length and for

(9,0 (solid) and (10,0 (dash-dox nanotubes.
Il. MAGNETIC-FIELD-INDUCED METAL-INSULATOR

TRANSISTOR, SPLITTING, AND SHIFTING sion relation is affected according tok, —k;

OF VHS'S +27¢l(PolChl), which leads to a ¢q-periodic
variation®*~?> of the energy gam\,. Such patterns are re-
ported in Fig. 1(top) where the total density of states
. ) (TDOY at the Fermi level is plotted as a function of mag-

To investigate Aharonov-Bohm phenomena, we starfetic field strengthp/ ¢, threading the nanotube for the me-
from the HamiltoniarfH, for electrons moving on a nano- talic (9,0) and the semiconductingl0,0 nanotubes. Note
tube under the influence of a magnetic fiéfd:* that a finite DOS is found in Fig. 1 for semiconducting and
metallic nanotubes as a function of magnetic field, since we
consider that the Green'’s function has a finite imaginary patrt,
that we use to calculate the DOS by a recursion meffiod.

In the semiconducting case, the oscillations in the DOS
correspond to the following variations of the gap widfhs:

A. Magnetic field parallel to the tube axis

1 A ’ ! H
Hkk’:N 2 e—|(k~R—k ‘R")— (ielh) Agg rr
R,R’

2
x<¢<r—R>;—m+vw<r—R'>>, 3

bl bo
where the phase factors are given by Ao 1_3(?0 it O0=¢= 2
Ag= )
g
1 Ag 2—3i if @s¢s¢o,
MR,R,:J (R'—R)-[LA(R+A[R'—R]Jd\, (4) bo 2
0

s _ _ _ where Ay=2mac_cyo/|Ch| is a characteristic energy asso-
l(r—R")) is the localized atomic orbital, anglandV are,  cjated with the nanotube. It turns out thaavalues of¢y/3
respectively, the momentum and disorder potential operatorgng 2/34,, in accordance with the values pf + 1, there is
As shown hereafter, different physics is found according to; |ocal gap closing in the vicinity of either tieor K’ points
the orientation of the magnetic field with respect to the nanoin the Brillouin zone. This can be seen simply by considering
tube axis. In the former case, the vector potential is simplythe coefficients of the general wave function in the vicinity
expressed as.A=(4/|Cy,0) in the two-dimensional of the K andK’ points, which can be written a¥ ¢, s (F

> > - - . ] K
(Ch!|Ch|, T/|T|) coordinate system, and the phase factors be- - , o . K
come Agg rr =i (X— ') pl|Cy| for R=(X,)). This yields +.Ch) : Since periodic b.ounda?ry* corldltlg)ns apply in the
new  magnetic-field-dependent  dispersion  relationglirection, one can write efgK+dk)-Ca]=1. For v=
e(8k, ¢l o). Close to the Fermi energy, this energy disper-+ 1, we write skx = (27/|C,|) (q— 1/3)k, + okjk, whereas
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FIG. 2. TDOS(states/eV per 1C atonof a metallic armchair
(10,10 nanotube as a function of Fermi energy fab/ o,
= (a) 0.0, (b) 0.125, €) 0.25, d) 0.375, and ¢) 1/2. Note
that curvesh, ¢, d, ande have been upshifted for the sake of clar-
ity. The inset shows the evolution of the first VHS positiemergy
in units of e\j over the complete oscillation cycle, initially located
at 0.896 eV forg/ ¢py=0.

Sk =(2!|Cy|) (q+1/3)k, + Skjk;. When K—K', then
+1/3— % 1/3 in the above expressions, agjoes from+1
— —1, which makes the situation betwekhand K’ sym-
metrical. Similarly for metallic nanotubes, the gap widkh
is expressed 15y

3A0% if 0s¢$%
A=
’ é| . do ©
3A, 1—(?0 if 7<¢><¢>0.

Here we show that the magnetic field also affects the pos
tions of the VHS's over the entire spectrum, which may b
experimentally observed. As an illustration, the TDOS for
(10,10 tube without a magnetic field, shown as cureg (n
Fig. 2, is compared to the magnetic field case withp,
=0.125, 0.25, 0.375, and 0Jshown in Fig. 2 as curves
(b), (c), (d), and ), respectively for energies up to 3 eV
in which we have taken,=2.9 eV, which is suitable for
comparison with experimentd?’ To understand such ef-
fects, one calculates the TDOS from

2
Tr[@(E—H)]:E; fdka(E—snk), 7

where the sum is taken over theenergy bands,, and we
use

2 a8k ¢l o)l
V3y0a e?(8K, bl o)~ &5’

wheree indicates the positiorienergy of the VHS’s. We
can rewrite the DOS as

de( Sk, pl o)
ok |

8
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FIG. 3. (a) Brillouin zone of 2D graphite and typical lines
(dashed linesdefining the energy bands near tkepoints for an
armchair nanotubeb) Some equienergy contours around khand
K’ points (circles as well as an illustration of the VHS shifting
process. While one VHS gets closer to lower endiggser to the
Fermi energy at th& andK' pointg, the other VHS initially sym-
metrical, flows to higher energy.

2n
> 54(E.eq), (9)

q=1

p(E)= =
Y| Chl

where 84(E,eq)=|E|/\E?—¢3 for |E|>|e,| and zero
otherwise?®

The e, denote the energy-positions of the VHS's, and for
armchair  nanotubes n(n), one finds that g4=

+yoV1+3 cogqm/n and gq=* yo1—cogqm/n define
the whole set of VHS'sd=1, ...,5). Themagnetic field
induces a shift ok, by a factor 21l (bo|Cpl), which re-
sults in a new expression for the quantized values of the

wave vector in the@h direction, which reads 2(q

+ ¢l ¢po)!|Cp|. For the metallic(10,10 nanotube, an energy
gap thus opens at the Fermi level, whose widthis pro-
portional to the magnetic strength fgv ¢o=<1/2. Given that

gq is a function ofk,, a shift of the energy positions of the
VHS’s follows, as well as the breaking of the degeneracy of
a pair of K andK' points contributing to a given VHS, as
explained below. In the(10,10 nanotube, the first five
VVHS'’s (which each have a degeneracy dfde simply given

%y 2= yoSiN(Y10)(G=1, .. . 5), which leads t0sq;

=0.896 eV, £4-,=1.705 eV, &4-3=2.346 eV, gq_4
=2.758 eV, ant,-5=2.900 eV. Thereby, phase shifts in-
duced by the magnetic field correspond simply to

)

bo
This is illustrated in Fig. 2, which gives the evolution of the
TDOS of a(10,10 nanotube close to some VHS.

At low field, the degeneracy of thK and K’ points is
broken as illustrated in Fig. 3, which shows the Brillouin
zone for 2D graphite along with the equienergy contours
aroundK andK' points, so that in addition to the upshift of
one component of the degenerate zero-field VHS's, the other
magnetically split component is correspondingly down-
shifted. Both VHS’s move apart up 0/ ¢o=1/2, where the
two originally different VHS’s merge into one. The positions
of such merged VHS’s are related to a &g?2 factor (that
is, through a cos2¢/ ¢, facton, so that a further increase of
the magnetic field strength yields an opposite shifting of the

™

10 (10)

£q= Y0 sin[
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0.5 — i which impliesAeg_, =173 meV,Ae;_;=52.3 meV, and
TDos|10 ¥~ > gy (18,2) Asg’:1=39.2 meV, and the corresponding magnetic field
0.4 strengths at¢y/2 are B,~200 T, B,~18 T, and Bj
~10 T, which are within the scope of present experimental
03 capabilities[we takeB=(2m¢)/3(na)?, and ¢,=4.1356
X107 '® Tm?]. Note that the effect of the magnetic field
should be observed for individual MWNT's, since the inter-
0.2 tube coupling for MWNT's is believed to affect the elec-
tronic spectrum only weakly.
0.1 : Whereas the splitting is universal for all tub@hiral and
e T @ achira), in the most general case, the van Hove singularity
0,000 " 2o shift will depend on the chirality, and on the applied mag-

Energy(eV) 20 netic field strength{not the position of the van Hove singu-

larity). To estimate the corresponding shift, one may proceed
FIG. 4. TDOS of an(18,2 tube as a function of the Fermi in the following manner: given a chiral vectd}]:(n,m),

energy for severallvalues of the magnetic flux, fr@uero fI.ux 10 ne calculates the associated vecﬂﬁrsand EL which are
(b) ¢ol2 flux, and intermediate cases corresponding to Fig. 2. The

) : - : drawn in the Brillouin zone.
inset shows the evolution of the position of three VHE&is pointed . . .
out by arrows versus normalized magnetic flux. This is here illustrated for the (10,10) armchair nanotube

for which K, =(—t,b;+t:0,)/N(1010= (D14 D2)/N10.10)
VHS positions, and at/ =1, the initial positions of the ~with N910=20, the number of hexagons within the unit
VHS's are; recov)ered,dalong Wilth the"h degenelra(ﬂ}os? cell of a (10,10 nanotube, and; the basis vector in recip-
given at ¢/ ¢$y=0), and a gap closing thus results. At low rocal s T
g ; N . ) ) pacdsee Ref. 2 where the directiork, is found to
magnetic field since~ ¢/ b, the shift of the VHS's posi- ) perpendicular to thi€ — K’ axis (Fig. 3), and the spacing

tion for a given magnetic field is proportional # ¢ for all . . - . :
VHS’s. In the inset of Fig. 2, the positions of the VHS's between lines is equidistant to a giviérpoint. For the(18,2

originally at 0.896 eMfor zero field are given as a function chiral nanotube withNg=364, we find k, =(1%;

of the normalized magnetic flux. The splitting is illustrated +1]52)/N(18'2), which defines another direction and spac-
and a strong shift of the lowest VHS, by0.4 eV, is pre- ing. No lines cross at th& andK’ points, and the spacings
dicted at half a quantum flux. Note that the upshifted andbetween two consecutive lines are not equidistant tokthe
downshifted components are symmetrical with respect to thgcation(in fact theK point always appears to be one-third of
¢l ¢y axis. the distance between the two lines near the Fermi energy
~ The TDOS of the semiconductir@8,2 nanotube is also This affects the splitting, for instance, at the field corre-
investigated and displays similar features, as exemplified bXponding to half a quantum flux unit, the pattern for the

Fig. 4. The inset gives the shifting of the energy position 0f(18,2) nanotube is less simpler than that for the (10,10)
the three VHS’s closest to the Fermi level as a function of

, y i , - nanotube but it can be evaluated systematically.
normalized magnetic flux. An interestingy,/2 symmetry is
clearly seen for semiconducting tubes, as in the former case
(Fig. 2) for metallic nanotubes. These interesting effects of
the magnetic field on the spectral structure has, to our knowl-

edge, not been explicitly investigated experimentally up 10 oy 53 magnetic field perpendicular to the nanotube axis,
now, but recent progress in the observation of room tempergpe gjtation is more cumbersome, due to a site-position de-

ture resonant Raman spectra for purified single-wall nanos e jence of the vector potential. No apparent symmetries for

tubes can disclose f_|ne structure In the DOS! through th e Aharonov-Bohm interferences on the nanotube are found
enhancement of the intensity of optical absorption at the en-

, . . 3 . . in this case, and indeed, even if semiconducting nanotubes
ergies associated with VHS?E.Magneto-optical techniques T . g
could then provide a possible way to test the above predicgan be(.:orr)e me.talhlc with increasing magngtlc field str?ngth,
tions. To that end, we give here the predicted energy positioﬁonper|0d|c oscillations are found, as described belowBFor
shifts for the VHS's closest to the Fermi energy, which arenormal to the tube axis, one starts from a vector potential,
related to the phase shift induced by magnetic flux variationgjiven in the two-dimensional coordinate systeﬁq ,(F), by
from 0 to ¢o/2 for nanotubes with diameted;=1.8 nm
[the largest single-walled nanotudWNT) made up to
now], d,=6 nm andd;=8 nm [corresponding to typical B|C,| o
multiwalled nanotubé MWNT) outer diametersand corre- A= ( 0,2— sin TX)
sponding to fi,n) armchair tubes. The predicted energy po- & |Cil
sition shift is given by

B. Magnetic field perpendicular to the tube axis

(12

The effect of the magnetic field is driven by the phase factors
As 0=|=e @ ey 1(0)= sin3—w—sinz introduced into the hopping integrals between two sRes
a=1 T2 Fa=1l 2 a=1 Yo 2n n/’  andR; [with R;=(X;,)})], and the phase factdrog g can
(11 be deduced from the Peierls substitution as follows:
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b4 2
|Chl AX 2 2
——| Br=| cos—=—X—cos— (X+AX)| (AXx#0)
A 2m| ~AY |Chl |Chl 13
PRR' =Y | =
NG 2w
——BAYsin—X (Ax=0)
2m |Chl

where AX=X—4&; and AY=Y),-)) 2 n Fig. 1b), we is more resistant to disorder, even when its strength is as
show the TDOS at the Fermi leveEg=0) as a function of large as 1/3 the total bandwidth. Thus magnetic effects are
the effective magnetic field defined by=|C,|/2w,,,, where ~ not affected by low levels of disorder, which is an interesting

| .= VicleBis the magnetic length. At low fields, the TDOS result, since it is believed that many defects or sources of
of metallic (9,0) and semiconductingl0,0 nanotubes at the Weak scattering should be present in real nanotubes.

Fermi level increases with the magnetic field strength. For The estimation of the electron mean free pitin nano-
higher values of magnetic field, our results are in agreemerftP€s is relevant for determining which is the most likely
with previous results obtained by exact diagonalization. transport regimeballistic versus diffusivi and further tells
Also Landau bands are generated for values for which US yvhether or not t_he conductance should be quantized.
=2. The aperiodic fluctuations of the TDOS are stronger atV/Nile some ~ experiments have observed conductance
higher fields, with occasional low values of the DOS, remi_quantlzatlorﬁ others suggest, in contrast, rather short elec-

niscent of a nonzero TDOS for the semiconducting nanofronic coherence lengthH&:}” A calculation ofl, for armchair
tubes at the zero-field value. nanotubes has been performed using the special symmetries

In Fig. 5, several values of are considered for an ini- of these syster_r%".Here, we show that a simple recourse to
tially semiconducting nanotube. Fer=1 the radius of the (he relaxation time approximatidiRTA) in the limit of weak
nanotube equals the magnetic length. Landau levels emerg&attering is sufficient to give a fair estimatelgffor both
whenever the magnetic length becomes smaller than th@etallic chiral or achiral tubes, in qualitative agreement with

. 5 .
nanotube circumference lengthComparison of the case of PIOr results® demonstrated for the armchair case.
v=3.5 in Fig. 5 with the zero-field limit is instructive, since Within ~ the  RTA, one can write lc=ve7e
the VHS partition of the spectra has been totally replaced by ive/[2 Im2(Eg)], whereve is an average of the group
a Landau-level spectrurthere, one can recognize square_velocny over the Fermi surface, is the mean free time, and
root singularities for the VHS’s, and a Lorentzian-shape sin>(E) is the self-energy due to scattering events. The calcu-
gularity for the Landau levelsThis transition from the VHS  lation of the electronic velocity is performed by a lineariza-
pattern to the Landau-level pattern is, however, more untion of the dispersion relations in the vicinity of the Fermi
likely to be observed experimentally, since its observatiorfevel- For all metallic nanotubes, one finds to the lowest

requires a very high magnetic field. order of approximation that{(v,)*=vg=y3ayo/2/, which
leads typically tove=8.5x10° ms 1. On the other hand,

in the vicinity of the Fermi level, the density of states is
I1l. DISORDER AND MAGNETIC FIELD EFFECTS given by

The _effept of Al_ﬂderson—type disorder on the eIec;tro_nic p(E)=TI[ 8(E—H)]
properties in addition to the presence of a magnetic field
(parallel to the tube axjiss now addressed in order to inves- 2
tigate how disorder alters the VHS pattern and the metal- == J dk 6(k—kp)
insulator transition(MIT), and how disorder qualitatively Ion
modifies the localization properties of the nanotubes when

58nk
ak

the system remains metallic. We consider here only the case = 2 , (14)
of the metallic zigzag nanotub®,0), but similar results are Ty N+ m?+nm

obtained for other metallic or semiconducting nanotubes. In

zero magnetic field, this problem of localization in nanotubeaNhereT:Ak|5h|/277 is the volume ok space per allowel

has recently attracted a great deal of attentfor® value, divided by the spacing between lines for these allowed
The effect of randomness is considered by taking the sitealues.

energies of the tight-binding Hamiltonian at random in the The application of the Fermi golden rule vyields

interval [ —W/2,W/2](yo unit), with a uniform probability  Im3(Eg)~(e?)(Go(i,i,Er))~7W?p(Eg), whereW is the

distribution. Accordingly, the strength of the disorder is mea-disorder bandwidth andGy(i,i,Eg)) is the average of the

sured byW. local on-site (i)) Green’s function elements. An estimate of

In Fig. 6 (for ¢/ o= 1/2), the TDOS foW=0.25 up to  the carrier mean free patlidentical for metallic nanotubes
W=2 (1/3 of the total bandwidhshows that disorder does with the same radiyss

not modify the gap at the Fermi level, even when the con-

finement effects disappedvanishing of VHS'S. Disorder 3\/§a 2
obviously leads to a mixing of energy levels, which results in o= Yo 2+ m2+nm. (15)
a vanishing of the VHS atvV=1 in our simulations. The gap 2W?
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) _ different values of the disorder strengt#t (in y, unit). Thin lines
FIG. 5. TDOS of a(10,0 nanotube as a function of the Fermi giye the zero-disorder case for comparison.

energy for different values of magnetic field, perpendicular to the 5
nanotube axis and with strength=|Cy|/(27l ). duce the localization lengtl§=(2AkZl¢)/37* (we take A
=LP~1 as the cross section of the wire ane ¢ at the wire

The important result thal, is proportional to the nanotube length for \/zvh|chR=2h/e2). Rewriting the last expression
diameter is relevant to the fact that the DOS at the FermfS §=(A/Ag)le, the localization length¢ is shown to be
energy decreases with increasing diameter. Accordingly, fofelated to the approximate number of independent electrons
a given disorder acting as a weak perturbation coupling som@Vith spatial extension-A¢, where\g is the Fermi wave-
eigenstates to others close to Fermi surface, there are lel@n9th which can be accommodated through the cross sec-
available states to be scattered into, as the tube diametfiPn Of the wire times the average mean free path.
decreases, yielding an enhancement of the mean free path, Nanotubes are hollow cylinders that lead to confinement
For instance, for9,0) and (10,10 CN'’s, with respective di- effects in the direction perpencﬁcular to the tube axis.
ameters 0.7 nm and 1.37 nm, the corresponding mean fred'€reby, the number of conduction modes reduces to the
paths are estimated to be 0@m and 1.8 um, which are number %1‘7 bands crossing at the Fermi level. Henge,
much larger than the circumference length and are about th& 2Nenle,”" With Nep=2, for the (10,10 nanotube. The lo-
typical length of the systems themselvdsr a reasonable Calization length is consequently estimated to¢gbe5 nm
disorderw~0.2 eV suggested by Ref. B5 so that it is typically larger t_han_ or similar to the na_notube
In experiments on SWNT’s, or MWNT’s in the metallic- qugth anq thus stror_lg localization effeaisych as an insu-
like regime(i.e., with an Ohmic temperature dependence ofl2ling regimg are unlikely to be expected in pure SWI\31;I"S.
the resistivity, the resistivity should scale agd,)~1/d,, ~ Note that recent experimental work by Sumanaketral.
for a given temperature, whex, is the tube diameter. It has reported _S|gn|f|cant sensitivity to oxygen, which was
would be interesting to analyze the departure from this law$noWn to modify the conductivity by about 10%.
as the diameter of the MWNT's increases, since such depar- With réspect to the magnetic field, renormalization group
tures would indicate a participation of the inner tubes to thet"duments suggest that the localization lengths will be
measured transport regime. In particular, some activatiol/€2Kly affected by the magnetic figfdn quasi-1D systems.
transport process of inner semiconducting tubes may contrig]OWeVer, transport properties may be affected by the
ute or not, depending on the temperature and thus producirfggPhasing magnetic length,=y#/eB, which is Iy,
superimpose@(d.,) ~ explaody) factors(whereag is a con-  —29.66 nm or 8 nm, respectively, foB=1 T or B
stan). =10 T. Two cases may be distinguished Whenever the
One notes that the Fermi golden rule does not include thE'ean free path is much larger than the nanotube circumfer-
quantum interferences that lead to localization. As nanotube@nce. Indeed, following Beenakker and Van Hoﬁ‘femd
are basically 1D systems, from their estimated mean fre@oticing that in the case of a nanotube, thg cross section of
paths, one can estimate the localization lengths at the Ferrfff€ quantum wire reduces 1q-/2, the magnetic phase relax-
level following the Thouless argumef®t.In thin wires, ation timerg for weak and strong magnetic field limits can
Thouless argued that by writirig~ 2%/€? for the resistance, e written as follows(for Ag<I):
there should be a transition to a localized state and an expo-
nential increase of the resistanBe Consequently, from the
resistanc&®=1/G=(1/0)L?" P (G is the conductance; the
conductivity, andD the dimension of the systemassuming
that the conductivity is calculated for a free electron gas in
the wire[ o= (e?/h)kgl/37%], it is straightforward to de-

[ )2 _ el
12<)\—”F‘) e i </ =5
I Ngl

128 — |7, if | > =
B(xile) ) " 2

™=

(16)
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So for the considere(®,0) and(10,10 tubes, we find that rates due to electron-phonon coupling have been recently
UNelJ/2~18.24 nm and 25.8 nm, respectivelywe take evaluated by Suzuura and Angfb,and an interesting
Ae=0.74 nm (Ref. 12 and W=0.2078 eV (Ref. 35].  chirality-dependent dominant inelastic backscattering
Hence, forB=1 T, we conclude that,= VA2, whichis ~ mechanism(breathing, stretching versus twistfigvas re-
an intermediate situation between low and strong magneti¥ealed.
fields, and no analytical expression of can be deduced, Finally, with regard to the experimental resuifsne no-
whereaB=10 T is closer to the strong magnetic field limit tices that if electronic transport is conveyed only by the outer
where magnetic phase relaxation can be estimated ana|y§hell of a metalliclike nanotube, as the magnetic field tends
cally by to decrease the TDOS at discrete values of the magnetic field

corresponding to (2+ 1)/2¢, with integern, an increase of
12yoh 5 resistance may follow from. increasing the magnetic field.
:W%V” +m+nm, (17 However, the short electronic coherence lengths that are ob-
F served in a magnetic field, the negative magnetoresistance
which gives for the(10,10 armchair nanotube a dephasing and the ¢4/2 Aharonov-Bohm oscillatory pattern are un-
rate ofrg~2.8x 10! s. This means that for@0,10 arm-  likely to be fully due to spectral effect®n the density of
chair tube, the electronic phase is randomized by a 10 Btateg, and a calculation of diffusion coefficients is manda-
magnetic field roughly every 30 ps, which indicates that intory to account for interferences between propagating elec-
the strong-field limit, the dephasing rate due to a magneti¢ronic pathways in the nanotube structure. A recent study of
field is just a few times the mean free tim@gee find rg/7,  the conductivity based on the Kubo formula has been per-
~3.14 with the aforementioned paramejerso that g formed in Ref. 44 and gives a geometrical explanation for
should significantly contribute to damping the quantum in-the enhanced backscattering in MWNT's.
terferences in the weak localization regime. Actually, both
the mean free time and the magnetic dephasing rate scale
linearly with diameter.
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pared with recent 20 ps, obtained by femtosecond time reAid for Scientific ResearckNo. 1116521% from the Minis-
solved experiment® Both values are slighly lower than our try of Education and Science of Japan and the Japan Society
estimate magnetic dephasing coherence time, which woultbr the Promotion of Science for the international collabora-
suggest a stronger contribution of the electron-phonoriion. The MIT authors acknowledge support under NSF
dephasing mechanism. We also note that inelastic dephasirigrants Nos. DMR 98-04734 and INT 98-15744.
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