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Electronic states and quantum transport in double-wall carbon nanotubes
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The electronic states and transport properties of double-wall carbon nanotubes without impurities are studied
in a systematic manner. It is revealed that scattering in the bulk is negligible and the number of channels
determines the average conductance. In the case of general incommensurate tubes, separation of degenerated
energy levels due to intertube transfer is suppressed in the energy region higher than the Fermi energy but not
in the energy region lower than that. Accordingly, in the former case, there are few effects of intertube transfer
on the conductance, while in the latter case, separation of degenerated energy levels leads to large reduction of
the conductance. It is also found that in some cases antiresonance with edge states in inner tubes causes an
anomalous conductance quantizat®r e?/ 77, near the Fermi energy.
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[. INTRODUCTION tubes!® In another setup, one end of a CN is attached to the
Carbon nanotubegCN's) are cylindrical honeycomb lat- tip of a microscope and the other end is immersed into liquid
tices consisting of carbon atorhhey are often synthesized metal®*
as complexes such as concentric multitube systems called Theoretically, energy bands for commensurate DWCN's
multiwall carbon nanotube@IWCN?'s) and bundles consist- and/or MWCN's have been calculated and energy-level sepa-
ing of single-wall carbon nanotubeSWCN'9). In com-  ration due to the intertube transtér*®and resulting reduc-
plexes of CN’s, the lattice structures of tubes are not considions of the conductance have been repofted.For some

ered to correlate with each other because of the weaficommensurate DWCN's, the density of states was calcu-

interactions between the tubes. However, electrons transfeiied and a Wﬁak beffect of ti}g doi\ntertdube ftrra]mslfer ?ear the
from one tube to another with a low probability. Although ~€'™MI €nergy has been reportedh study of the level sta-
these complex CN's have often been used in experimenté.IStICS in incommensurate DWCN's showed energy spacing

. istributions that depend on the energy windowst was
the effects of the intertube transfer of electrons are not Welguggested that the intertube transfer in long incommensurate

understood. In this paper we stud_y double-wall carbon nanoyvcN's becomes negligibly smafland the effect of inter-
tubes.(DWCN S), Wh'ch are coaxial tvyo-tube systems andtube transfer on the transport property is weak for an incom-
the simplest MWCN, in order to clarify the effects of the mengyrate DWCN and MWCF\%AIthough theoretical stud-
intertube transfer on electronic states and transport propertigss of MWCN'’s, including DWCN’s, are proceeding as
of MWCN's. described above, overall features, particularly those on trans-

Two characteristics of the structure of DWCN's are port properties of incommensurate MWCN's, are not yet
known. One is that, as mentioned above, the lattice structurege|l understood.

of inner and outer tubes are not correlated with each other. |tis a characteristic property of graphite that for the Fermi
This means that DWCN’s generally have no translationaknergy, there exist localized states at the edfjgsThere-
symmetry; i.e., one tube is incommensurate with the othefore, states can also localize at open edges of CN's. It is
one?® The other is that the difference between the radius oxpected that in the cases of MWCN'’s these edge states of
the inner tube and that of the outer one is abdbR~3.6 A inner tubes affect current-carrying channels when the current
independent of the circumference of the DW¢&Bynthesis  in outer tubes passes near the edges.

of DWCN’s can be selectively performé&d.However, few Although there is generally no translational symmetry in
measurements of electrical transport in DWCN'’s have bee®WCN'’s, we can still use the concept of channels because
carried out so faf. the intertube transfer is sufficiently weak to be treated as a

On the other hand, numerous experiments on transpoﬂertqrbation. 'I,'her), it is _consit_jgareq that the electrical trans-
properties of SWCN's, MWCN’s, and carbon-nanotubePort in DWCN's without impurities is governed by two fac-
bundles have been perform&d2A few experiments showed OrS: One is the number of channels determined by energy
conductance quantization in SWCNRef. 13 or MWCN’s bands in the absence of intertube tre_msfer and th_e separation
(Refs. 14,15 indicating the possibility of ballistic transport ?rt)(;fgtﬁgeiﬁfr?uige;?gnlgf\;Isdggetéo ilé'c-gtr]nemoetzglrj;Zt?i(l:i?;t%rgjg
in the bulk O.f CN's and the realization of negll|g|bly sma!l tween the lattices of the two tubes. The purpose of this paper
contact, resistance. In one of the experiments  using ¢, clarify the overall electronic states and transport prop-
MV\QCN S, anonzwalous conductance quantization suchGas g ies of MWCN's without impurities by studying DWCN's
=e?/# and 3%/ 7h was reportetf but the origin is not yet from this point of view.
well understood. . . _ _ The paper is organized as follows. The model and method

A representative experimental setup is that in whichgre described in Sec. II. We show calculated results for elec-
source and drain electrodes are placed on or beneath CN's.tfpnic states in Sec. Ill and those for transport properties in
has been reported that in the setup using MWCN's, elecSec. IV. The results are discussed in Sec. V. The summary is
trodes are in contact with only one or two of the outermostgiven in Sec. VI.
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FIG. 1. Schematic ofa) and
(c) 2D graphite sheets anid) CN.
In (a) A andB sites in theith unit
cell of the graphite sheet are
shown by @,i) and B,i), re-
spectively. The origin of they’
coordinate system is chosen at an
A site. In (c) calculated CN’s are
shown by solid circles for metallic
tubes and open circles for semi-
conducting tubes.

( @ metal
o semiconductor

(b)

1. MODEL AND METHOD

L* andL are essentially the same as those lfoand L*,

A CN is considered as a two-dimensior{@D) graphite respectively. Once the p_roper_ties of a tube are known, those
sheet with the periodic boundary condition for sites con-Of tubes mirror symmetric to it are also eaelly determmed.
nected by a chiral vector that determines the circumfer- _ I the case of DWCN's, however, the situation changes.
ence. Figure (g) shows a schematic of the 2D graphite sheetFOr @ fixed inner tube, the lattice structure of the DWCN
A CN can be specified by chiral vectbr=n,a+n,b with with the outer tube fot.* (L) is no longer the same as that
a=a(1,0) andb=a(—1/2,J/3/2) being the lattice vectors, with the outer tube fot. (L*). Therefore, we must survey
the lattice constant, ana, andn,, integers. tubes for all regions I-IV. In order to systematically investi-

ACN is usually identified by a set of two integers defined9ate all DWCN's with approximately the same circumfer-
as (1,—Nny,n,). When (1,—np) —n, is an integer multiple  €nce, we first take various combinations of inner and outer

of three, the tube is metallic; otherwise, the tube istubes in region Il. Then, fixing inner tubes to those in region
semiconductin@?‘m Almost all tubes are chiral: however, !l we compare the results with those of other DWCN'’s with

only the (n,n) tube and (0)) tube wheren is an integer are  Outer tubes in regions 1, lll, and IV that are mirror symmetric
achiral. The former is an armchair tube and the latter a zigl© Or the same as one of the former outer tubes. We will see
zag tube. in Sec. IV D that the grouping of CN’s into these four re-

In the following, we denote the coordinate system on thefions simplifies the investigation of DWCN's.
2D graphite sheet ax(,y’). The A and B sites in theith We use the one-particle tight-binding model including the
unit cell of the 2D graphite sheet are chosen as shown in Figr orbital in which no impurity potentials are considered. The
1(a) and are denoted asA(i) and @B,i), respectively, for nearest-neighbor intratube transfers are taken into account,
text andAi andBi, respectively, for subscripts. For CN's we while the intertube transfers from one site to not only its
denote the circumference direction as #hdirection and the ~Nearest-neighbor sites but also other sites within hopping
tube axis as thg direction[see Figs. (a) and Xb)]. range are taken into account. o
All tubes can be specified by chiral vectors in a one-third ~ The intertube transfer integral between tt®& () site in
area of the 2D graphite sheet as shown in Fig).lLet us  One tube and theX,j) site in the other tube, whers; , S,
equally divide this area into four regions with three straight= A Or B, is chosen as
boundaries 1, 2, and 3 passing through the origin and we
name the four regions I, I, Ill, and IV as shown in the figure. B d—c/2\(p;-d\|[p,-d
Boundaries 1 and 3 are the directions of the chiral vectors for Vi = @v1€XP — —5 d d
armchair tubes and boundary 2 is that for zigzag tubes.
Consider the four tubes specified by chiral vectors B exp( _ d—ao)[(p -6)(py-©)
L, L*, L, andL*. An example is shown in Fig.(&). The Y0 o ' 2
vectorsL* andL* are mirror symmetric th. andL, respec- ) )
tively, with respect to boundary 2—i.e., the direction for zig- (PP DI @

zag tubes. The vectdr (L*) is mirror symmetric td (L*)  |n Eq.(1), — y, andy, are parameters of the effective model
with respect to boundary 3)—i.e., the direction for arm-  of graphité?>3 where — v, is the transfer integral between
chair tubes. The lattice structures of these tubes are mirrq‘earest-neighbor sites for the same |ayer ari]ds that for
symmetric to each other. In fact, the lattice structures of theeighboring layers. Parameter compensates the deviation
tubes forL* andL* are the same as those farandL,  of the transfer fronmry; due to summation over sites in the
respectively, with inversion of the circumference directionhopping range. Parametag/a=1/y/3 is the length of C-C
x— —X, and the lattice structures of the tubes foandL* bonds, c/a=2.72 the lattice constant along tleaxis of
are the same as those forandL*, respectively, with inver- graphite, ands the decay rate of ther orbital. Vectorsp,
sion of the axis directioy— —y. Therefore, the tubes for andp, are the unit vectors directed to theorbital at (S;,i)
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inner tube outer tube mensurately. We call them layers 1 and 2. The two sheets are
— parallel to thex'y’ plane and perpendicular to ttzé axis.
o P \ < Without loss of generality, we can obtain two incommensu-

:" () ) N :" ) :’ rately stacked sheets in the following way. First, prepare two

commensurately stacked sheets in which the lattice points of
. / % layer 1 are located at the same positions as those of layer 2
- > = with respect to the('y’ coordinate, but the’ coordinate is
different. The origin is chosen at ah site of layer 1—i.e.,
the (A,0) site. Thex'y’ coordinate system, which is used in
lead DWCN lead the following, is defined as shown in Fig(al at this stage.

FIG. 2. Schematic of a two-terminal DWCN system. The innerNeXt’ rotate layer 2 around_ the .aX|S by an angley. We
tube is finite with lengthA and open edges and the outer tube isShaII calculate the separation width of degenerated energy

adequately long and connected to reservoirs and plays the role #¢Vels in this system. ,
ideal leads. Because the interlayer transfer is a weak effect and can be

treated as a perturbation, states are specified by eigenstates of
a single 2D graphite sheet. In the nearest-neighbor tight-

and (S,,j) sites, respectivelyd the vector connecting the binding model, the Schoinger equation for the 2D graphite
two sites, anck andf the unit vectors perpendicular tband  gheet is

to each other.
In calculations of transport coefficients, we use the two-  — 5 [1+ ¢!(~kv = Bkyal2y gilke = BkyNal2|c . = EC,;
terminal system shown in Fig. 2. The inner tube is finite with 2
length A and armchair and/or zigzag open edges. The ad-
equately long outer tube is connected to reservoirs and plays — y0[1+ei(*kx'+\f’o‘kyr)a/2+ ei(kx'ﬂ”o‘kyf)a/Z]CAi: ECyg;,
the role of ideal leads in the region without the inner tube. 3)
This corresponds to the case where electrodes are attached to )
only outer tubes. ScatteringS] matrices are calculated by Where we us&gi—Raj=Rgo=(0.a/ \/5) with Ra; and Reg;
the recursive Green’s function methddand we calculate D€ing the coordinates of\;i) and (B,i) sites, respectively,
the conductance using the Landauéttier formula®®3® [see Fig. 1a)], Ca; andCg; are the wave functions, arilis
In the following calculations, we use the parameters inthe eigenenergy. The Bloch theorem is used with the wave
Eq. (1) y1/70=0.119% §/a=0.185%2 and a=1.4. The vectork. T.h.e Fermi energy .of|ntr|n5|c CN'sis chqsen as thg
value of @ is chosen by fitting the energy dispersion of €Nergy origin throughout this paper. The energy dispersion is
graphite in thec-axis direction calculated from Eql) to ~ 9iven by
those in the effective modé#:* 1o
Numerical calculations are_performedl for the foIonving E.==y, 1+4cos( ker@ cos( \/§ky,a) 4 4co2 kya
DWCN'’s. Among CN'’s in region Il in Fig. {c), metallic 2 2 2
(4,16), (0,18, (8,14), and (10,10 tubes are chosen as outer (4)
tubes and metalli¢3,6), (1,7), (5,5, (0,9, (2,8), and (4,7)
tubes and semiconductin@®,8), (0,10, (1,8, (2,7, (3,7,
(4,6), and (5,6) tubes are chosen as inner tubes. Then, th
radii of the outer tubes are about 2.8nd those of the inner
tubes about 1a& Among all possible combinations of the
above tubes, we perform calculations for DWCN's in which
the difference between the two radii satisfies 1A3R/a

Energy bands consist of the conduction band ferE) y,

<3 and the valence band for 3<E/y,<0. The conduc-
Sion and valence bands are the maximum and minimum, re-
spectively, ak=0. They are mirror symmetric to each other
with respect toE=0 and have six-fold rotational symmetry
aboutk=0. The wave functions are given by

=<1.6, in line with the experimerft.Calculated results for Cr=ChelkRai (5)
these DWCN?’s are given in Secs. Il and IV A-IV C. AT A0 ’
We perform calculations for three more outer tubes, CB_:CBoeikRAi (6)
i .

(16,4, (—4,20, and (—16,20 tubes, which correspond to
tubes of chiral vector&, L*, andL*, respectively, where The wave functions atA,0) and (B,0) sites are related to
the chiral vector of thé4,16) tube is chosen als, as shown each other by the following:

in Fig. 1(c). These calculations are presented in Sec. IV D.

Yo

Cgo=— E

k. a\ . “
1+ 2co< XT) el kyal 2} Cho- @)
I1l. ELECTRONIC STATES

. . . . <l—i.e. ~3—
In this section, we study the electronic states of mcom_Therefore, foka<1l—ie. [E|/yo~3—we have

mensurate DWCN'’s. The Iowgst—order effec;t of the intertube Cao~ — SQNE)Cppe'® Reo, @)

transfer on the energy levels is the separation of degenerated

energy levels that leads to a reduction of the number of chanwhere sgnE) denotes the sign d.

nels in the DWCN region. Next, consider the matrix element of the interlayer trans-
First, consider the two 2D graphite sheets stacked incomfer. Using Egs.(5) and (6) the matrix element of transition
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FIG. 3. Position dependence of the effective intertube transfe

integral in the case of th€l0,12-(6,24 DWCN. The horizontal

axis is they coordinate of sites from which electrons transfer to the

other tube. Results for the transfers fraxrsites of one tube té

sites(open circleg and B sites(crossey of the other tube are plot-
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the inner tube, where the direction is parallel to the tube
axis. The effective transfer integral from th&,() site of the
outer tube toS, sites of the inner tube}:jv’;\iyszj, is also

similarly plotted. The results for the transfer frdrsites are
similar to those for the transfer frorA sites and are not
shown in the figure. The intervals between dotted lines indi-
cate the length of the unit cell for the outer tube and those
between dashed lines that for the inner tube.

The result shows that the effective intertube transfer inte-
gral negligibly depends on the position and is considered
approximately constant. This is because electrons can trans-
fer to not only the nearest-neighbor site but also other sites in
the hopping range. Therefore, the intertube transfer can be
considered to conserve the momentum. There is no periodic-
ity, as expected. The effective transfer integral from the outer
Fube to the inner tube is smaller and fluctuates more than
those from the inner tube to the outer tube. This is because
the diameter of the inner tube is smaller than that of the outer
tube. When the circumference of the DWCN is increased, the
difference of the effective transfer integral between the two

ted. The results for sites whose azimuthal angles are between 0 ag@S€S becomes smaller.

/3 are shown for simplicity.

from a state witkk_z at energ\E, in layer 2 to a state witk;
at energyE, in layer 1 is given by

<k1|\7|k2> = % % Célivsli,szj DSzJ'

:; 2. (CaoVaiait CgoVaiaj)

X e_ikl'(RAi_EAj)DAOei(k_Z_kl)'EAj

+; Z (CaoVaigjtCgoVaisj)

X e*ikl‘(RAi*EBj)DBOei(E*kl) 'T?Bri?ziso,
©)

whereV is the operator of the interlayer transf@rsli [Dszj]
denotes the wave function of layer[2] at the S;,i) site

[(S,,]) site], andR andR are positions of sites in layers 1

and 2, respectively.
Let us consider the case é&fa<l and k,a<l—i.e.,

|E1|/ vo~|E5|/ yo~3. Then, the range of the interlayer trans-

Therefore, in the case ¢fa<1 andk,a<1, the impor-
tant matrix elements in Eq9) are those fok, =k,=k—i.e.,

<k|\7|k>~; [Vai.aj—SIME1) Vi o]~ SIME2) V| gj

+sgnE1E2) Vi gj1CAoDno- (10

where Eq(8) is used. It should be noted that the eigenenergy
E, of state withk in layer 1 is not generally equal to that in
layer 2,E,, because the lattice of layer 2 is rotated. Since the
lattice of layer 1 does not correlate with that of layer 2, we
may make the following assumption for incommensurate
cases:

; VAi,Aj:iEj VBi,Aj:iEj VAi,Bj:; Vgigj- (1)

Finally the matrix element is given as
. 4>, Vai aiCagD for E;<0, E,»<0,
(k|V|k>~ ; Ai,Aj*~ A0 A0 1 2

0 otherwise.
(12

We are particularly interested in the separation width of

fer is much smaller than the wavelength. Therefore, th&legenerated energy levels that is approximately given by

phase factors eXpik;-(Rai—Raj)] and exp—iky-(Ra;

2|(k|V|k)| for k’s satisfyingE;=E,=E. From the energy

—Rg;)] in Eq. (9) can be set to zero. Then, the effective dispersion relation, E(4), this is realized fok’s given by

interlayer transfer integral from theS{,j) site of layer 2 to
S, sites of layer 1 can be considered tOE’ﬁ/sli,szj . Simi-
larly, that from the &,,i) site of layer 1 toS, sites of layer
2 can be considered to B&VS ;s ; -

Figure 3 showszivsli,Aj for the (10,12-(6,24 DWCN
which is the effective transfer integral from tha,() site of
the inner(10,12 tube toS; sites of the oute(6,24) tube. The

horizontal axis is they coordinateﬁAjy of the (A,]) site of

o kon=lk 0 nm Ksi 0 nm 13

(X/, yr)— CO §+? ,KSIN §+? , ( )
or

e )= [ —ksin 2+ 27| keod 2+ 27|}, (14

( X s yr)— SN §+? ,Kco 54‘? , ( )

wheren is an integer.
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0.6 T T energy ranges. This indicates the validity of Etjl). In the
valence bande<0, the matrix element is maximum at
E/y,= —3 and decreases with increasing energy.
This result can be applied to incommensurate DWCN'’s.
— As an example, the density of statBsfor the (5,6)-(4,16
DWCN is shown by solid lines in Fig.(8) for E>0 and Fig.
5(b) for E<0. The sum of the density of states for ttte6)
tube and that for thé4,16) tube is also shown as dotted lines
- for reference. FOE>0, the density of states for the DWCN
approximately follows the dotted line. F&<O0, the density
of states for the DWCN deviates from the dotted line and
additional van Hove singularities due to the separation of
degenerated energy levels appearfdr<E/y,=<0. The de-
3 viation from the dotted line becomes greater with decreasing
E/vo energy, and the bottom is pushed down beBiy,= — 3.
) . These features are in good agreement with the results for two
FIG. 4. Absolute value of the interlayer transfer matrix 6|eme”tincommensurately stacked 2D graphite sheets, as expected.
for two incommensurate graphite sheets #er /6 and7/18. The

distance between two layersé&®2=1.36.
IV. TRANSPORT PROPERTIES

|<k|VIk>|/vo

From Eg.(12), at degenerated energy levels in the con- A. Incommensurate DWCN's
duction band wher&>0, the matrix element vanishes and |, yig subsection, the calculated conductance of incom-
separation of degenerated energy levels is negligible. Ip,ongrate DWCN's is presented. As a typical result, Fig. 6
cases for the valence band whére 0, the separation width g0y the energy dependence of the conductance for the
is given by twice the first line of Eq(12). In spite of sym- (5 ¢4 16 DWCN. The solid line is the conductance of the
metric energy bands of each graphite sheet with respect {§yycN and the dotted line the conductance in the absence of
E=0, eigenenergy levels of incommensurately stackeGnieriybe transfer—that is, that of the outer tube. In the case
graphite sheets are not symmetric due to the interlayer trangs £~ the conductance of the DWCN is reduced as com-
fer which destroys the symmetry of the bipartite lattice.  hareq to that of the outer tube due to the effects of the inter-

As k goes away from the case k<1, the matrix ele- e ransfer. On the other hand, 8% 0 the conductance of
ment increases in the conduction band and decreases in the, p\weN is very close to that of the outer tube, suggesting
valence band, because the_phase factors-6kp-(Rai  that the effect of the intertube transfer is weak. These fea-
—Raj)] and expp—ik;-(Rai—Rg))] in Eq. (9) break the tyres hold not only fotE|/y,~3 but also for other energy
cancellation in the conduction band and reduce the sum gggions. Some deviations between the solid and dotted lines
the intertube transfer integral over sites in each hoppingyre seen aE/y,~1 but they are much smaller compared to
range in the valence band. i those atE/ y,~ — 1, the energy symmetric t&/y,~1.

Figure 4 shows matrix elementk|V|k)|, calculated us- This is in good agreement with the result in the previous
ing Eq.(9) and the interlayer transfer integral, Ed), fork’s  section that separation of degenerated energy levels is sup-
given by Eq.(13). In the conduction ban&>0, the matrix pressed folE>0 but not forE<0, because the separation
element is negligible not only fdg/y,~ 3 but also for other leads to a disappearance of the channels, and electrons com-

0.6 I T T 0.6 T
(a) | —— (5,6)-(4,16)DWCN (b)
) E— (5,6)CN+(4,16)CN

= = 2
5 0.4 N o 04
% @
P [%2]
8 2
5 I
@ o2 7] = 02
(] = 1 |

0.0 0.0

4 -4
M Eo

FIG. 5. Density of states of th&,6)-(4,16) DWCN (solid line) and sum of the density of states for tt%6) tube and that for thé4,16
tube (dotted ling for (a) E>0 and(b) E<O.
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ter. On the other hand, the conductanc&fag,=0.87 shows

a rapid and slight fall from 1/ x# to about 18/ 7w# and

1 fluctuates weakly there. This one-channel reductio&/at,

- =0.87>0 is considered to arise from the fact that the energy

] is far from E/yy=3, but it is much smaller than the five-

| channel reduction aE/yy,=—0.87. The conductance &

] =0 is about 2%/ 7% and almost independent of the length

due to the absence of degenerated energy levels.

1 Apart from A~0, the conductance exhibits almost no

- length dependence except for small fluctuations. Therefore, it

] is considered that scattering from the intertube transfer in

bulk is weak. This is consistent with the result in Fig. 3 and

suggests that momentum conservation is satisfied not only

for |E|/yo~3 but also for the other region. Because the mo-
E/o mentum conservation in the intertube transfer prohibits back-

scattering from a channel of one tube to another of the same

FIG. 6. Energy dependence of the conductance for(88-  type in bulk and only the current carrying through the outer
(4,16 DWCN. The length is taken to b&/a=809—i.e,A=200  {,nes is measured in our case. Thus, it can be said that the
nm. Solid line shows the conductance of the DWCN and dotted l'neaverage conductance is determined by the number of
that of outer(4,1 tube. channels—that is, scattering at the interfaces between the
. ) ) leads and DWCN regions.
ing through the corresponding channels in a lead are com- Figure 8 shows examples of the energy dependence of the
pletely reflected at the interface between the lead and DWCNgonductance for various DWCN’s around the Fermi energy.
region. Energy is measured in units of the bottom of the first excited

The length dependence of_ the conductance clearly shows,ppand Zry/L with L being the circumference of the outer
the above scattering mechanism, and that for_ the ganBe tube andy= \/§yoa/2. Figure 8b) is an enlargement of Fig.
(4,16 DWCN atE/y,=0, £0.87, and+2.79 is presented g iy the range of- 0.9<E/y,=0.9. The following common
in Fig. 7. AtE/ yo=*2.79—i.e.,|E|/ yo~3—there are five  foayres are revealed. First, large reductions of the conduc-
channels in the outer tube. The conductance Edyo= tance occur foE<0, rarely forE>0, and not in the energy
—2.79 rapidly falls from %/ 7% to about &%/ 7% nearA region with two channels;- 1<EL/27y=<1. Second, in the
=0 and weakly fluctuates arounda%!wﬁ thereafter. This is  gnergy region with two channels, the transmission is nearly
the behavior expected for the separation of degenerated Berfect—i.e. G~ 2% mh—and as the number of channels is
ergy levels. ForE/yo=2.79, the conductance is about jhcreased, the conductance begins to fluctuate. Third, scatter-
5e’/mh. This is consistent with the suppression of separaing hecomes stronger as the difference between radii of inner
tion of degenerated energy levels f6r-0. and outer tubed R becomes smaller.

Also in the case ofE/yo=+0.87, which is far from The first feature is due to the previous result that separa-
|El/v0=3, the result is similar. There are 12 channels in thejon of degenerated levels is suppressedn0 but not in
outer tube in this case. The conductanceEay,=—0.87  E<0 and that degeneracy of energy levels rarely occurs at
rapidly falls from 12°/m# to about ®°/mh in @ short-  energy close to the Fermi energy. The third feature is attrib-
length regime and shows small fluctuation around it thereafyteq to the simple fact that asR becomes smaller, the in-

tertube transfer integral becomes larger, as shown i(Hg.

15 |-

meem—==d

10 |

G (e2/nh)

14 | T T The second feature is the conductance fluctuation. It is
. [ (5,6)-(4,16) Efo i possible that weak scatterings causing such fluctuation occur
| 0.87 | as follows. Energy levels in a DWCN region are different
10 - . from the corresponding levels of the leads even for a case
= - . without separation of degenerated levels because higher-
B 8- -0.87 ] order terms of the intertube transfer integral exist. This leads
R e ] to similar scattering at the interfaces between leads and
0] — 2.79 | DWCN regions. It is also possible that intertube transfer
4 WWWMWWW_QJQ . causes weak backscattering. In both cases, it is considered
: . that an increase of the number of channels leads to an in-
2 - 0 crease of backscattering because the number of final states
0 [ | | | 1 going backward is increased. This is a possible cause of the
0 2000 4000 6000 8000 dependence of the conductance fluctuation on the number of
Na channels.

The result of nearly perfect transmission around the Fermi
FIG. 7. Length dependence of the conductance for(§y§)-  energy is consistent with those of previous studfeés.A
(4,16 DWCN. The numbers of channels in the outer tube are 2, 12study of the level statistics of DWCN'’s showed that the mix-
and 5 forEL/2ry=0, +0.87, and+2.79, respectively. ing between states of outer and inner tubes is negligible near
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20

20

[ (a) (0!9)—(10,1|0) [ (b) (5!6)—(4,16;) [ (c) (4,|6)-(0,18|)

[ AR/a=1.33

[ AR/a=1.4 ] [ AR/a=1.48

E (nyl) E (nyl) E (2myl)

FIG. 8. Conductance of incommensurate DWCN'’s as a function of energy. The length is takém-a800—i.e.,A~200 nm. Dotted
lines indicate the number of channels of the outer tubes tafies’ and dashed lines those of the inner tubes tisfés#. In (a), the inner
tube is metallic and irfc) and (b) semiconducting. Amongg), (b), and(c), AR is smallest in(a) and largest irn(c).

the Fermi energy and becomes stronger with an increase erated to those of outer tubes in the absence of the intertube
decrease of enerdy.This is partly consistent with our result transfer. The inset of Fig. 9 shows the energy dispersion of
that reductions of the conductance occur not near the Fernthe (5,5-(10,10 DWCN near theK point. In this case, level
energy but in the energy region lower than that. Howeversplitting of one of two linear bands is smak4 andk,) but
apparent asymmetric features with respedEte0 cannot be that of the other is largekq andk,). Therefore, one incom-
seen in their results though their calculated density of stateiig channel of the outer tube is not coupled to a state of the
is asymmetric. It is possible that averaging over energy wininner tube and is perfectly transmitted. The other channel is

dows smears the asymmetry. coupled to a state of the inner tube and changes into two
propagating modes witl; and k, which are extended to
B. Armchair-armchair DWCN'’s both tubes. When these two modes are localized in the

The conductance of commensurate DWCN's depends orI?WCN region as standing waves, the conductance becomes
the structures and possibly on the circumference Ir?the Casminimum atG =e*/ due to antiresonance of the incoming
P y ' thannel with these standing waves.

of armchair-armchair DWCN'’s, however, there appears the - .

o e The energy levels for the conductance minima are given
characteristic common feature of conductance Osc'llat'onSUnderthe condition that two beating waves wighandk,, be
Figure 9 shows the conductance of {5e5)-(10,10 DWCN. 9 2

It can be seen that the conductance oscillates betweekn)c"ihzed in the DWCN region—i.e., Kg—ky)A/2=7/2

26wt and ¥t for —1<EL/2my=<1 and between +nar, wheren is an integer. Such energy levels are plotted

6eXmti and Smh for —2<EL/2my<-1 and 1 by inverted triangles |n_F_|g. 9 and are in good agreement
with the conductance minima.
<ELR2my=<2.

h ! . . . Absolute values of transmission and reflection coefficients
This is attributed to antiresonance of an incoming channe(lj1

with beating standing waves in the DWCN region. Consider, re pIott/ed In Fig. 10.’ in which the two channels are ’?amed
. X K andK' for convenience. It can be seen that chartés

the energy region with two channels. In commensurat%om letely transmitted int&, while for channeK’, perfect

metal-metal DWCN's linear bands of inner tubes are degen- pietely ' ' P

20 . | . 20 . | | .
[ T 0’8 ' ] L (5,5)-(10,10) - |tk
. I . [ — ltxxe] ]
.~ - L k] 1
15 & I
Al
B =
C:&?/ 10 =
O]
s 1"
(5,5)-(10,10)
0 |l T . .
-3 -2 -1 0 1 2 3 E (ZTE’Y/L)

E (2ny/L)
FIG. 10. Energy dependence 8fmatrix elements of thé¢5,5)-
FIG. 9. Conductance of thé,5)-(10,10 DWCN. Inverted tri- (10,10 DWCN in a part of the energy region with two channkls
angles indicate energy levels at which two beating waves becomandK'. The dashed line is the transmission amplitude fiono K,
standing waves in the inner tube. The inset shows the energy disolid line that fromK' to K’, and dotted line reflection amplitude
persion of the(5,5-(10,10 DWCN near theK point. from K’ to K.
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3 I I ; TC 2 0 [ | | 1
(1.8)-4.16) [l —a L (1,8)-(4.16) — It ]
! [ ]
- H - BRWE
(i we o e Irkl ]
g’ i - - Ircxl ]
& | = | :
N l} - 10
O | i
! .'l | 05 |- ; -
] HENe
%02 o|o1 o<|)o : =Io:<|)1 002-1t 0.0 [mssazzaaas i TN
e e E 2 n ‘ : -0.02 -0.01 0.00 0.01 0.02
(emylL) E (2nylL)
FIG. 11. Conductance of thél 8-(4,1§ DWCN nearE=0 FIG. 12. Energy dependence $Mmatrix elements for an incom-

o wepdd AMEI 1 th (0-(418 DWCN. Th sold I 1 e
) transmission amplitude ti§, dot-dashed line that ti§’, dotted line

. X . S 0
is turned off in the region within about 5% of the length from both reflection amplitude t, and dashed line that t'.

edges of the inner tube.

and that they have finite overlap with channels in outer tubes.

transmission intd’ alternates with perfect reflection inka c ¢ ’ :
This selection rule for channels is due to the symmetry ofTIhe width thdl')p of condﬁctancle IS getzrmlned by the cou-
armchair CN's$*®%° This result is consistent with the above P!INg strength between channels and edge states.

interpretation.
D. Cases of mirror-symmetric outer tubes

C. Antiresonance with edge states In this subsection we consider three outer tuliés,4),

There can exist edge states at open edges of inner tubds; 4,20, and (—16,20 tubes, which are mirror symmetric
as mentioned in Sec. I. In this subsection, we show that thtéo or the same as thel,16) tube. Figure 18 shows the
antiresonance of channels in outer tubes with edge states @alculated conductance for an energy rang&#0 where
inner tubes leads to the conductance quantizat®n the inner tube is th€5,6) tube corresponding to Fig. 6. Re-
=e?/7h. ductions of the conductance are seen and those-fdi6(20

Figure 11 shows the conductance n&¢0 as a solid and(4,16 outer tubes or those for(4,20 and (16,4 outer
line and the phase of the determinant of S8wmatrix ¢sas a tubes are very similar to each other. These results are consis-
dashed line in the case of tti&,8)-(4,16 DWCN. The con- tent with the result that the conductance reduction is due to
ductance curve has a dip structure néar27y~0.007 with  degenerated-level separation, because the angle between the
minimum G~e?/7#. When the intertube transfer is turned chiral vectors for - 16,20 and(4,16) tubes or for (-4,20
off in the region within about 5% of the length from both and(16,4) tubes isw/3 [see Fig. {c)] and the energy levels
edges, the dip of the conductance disappears, as shown byrathese two cases are the same due to the six fold rotational
dotted line. This clearly shows that the effect arises fromsymmetry of energy bands of the 2D graphite sheet.
states localized at the edges of the inner tube. Figure 13b) shows cases of antiresonance with edge

When there are two channels interacting with an edgestates neaE=0 where the inner tube is th@&,8) tube cor-
state, there always exists a linear combination of the twaesponding to Fig. 11. Antiresonance occurs in all cases. This
channels for which coupling with the edge state vanisheds attributed to the fact that in the four cases, the interactions
Although edge states are definitely degenerated in our sybetween edge states of the inner tubes and channels of the
tems, the degeneracy is lifted because of interaction witlouter tubes are similar to each other, because among the four
each other by way of the channels. Looking at Fig. 11 careeases, the differences between radii of the inner and outer
fully, it can be seen that the dip consists of four resonancetibes and the momenta of the channels in the circumference
and the phase proceeds by 2, indicating the existence and tube-axis directions are the same and only the relative
of four edge state®*! In fact, there are four edge states in lattice configurations between the inner and outer tubes are
the inner(1,8) tube. different from each other.

Figure 12 shows the transmission and reflection ampli- Therefore, the definition of CN’s using regions -1V in
tudes for the incoming channil The result shows that the Fig. 1(c) makes the investigation of the structure dependence
conductance valu&s~e?/7# is realized by a nontrivial of the average conductance in DWCN's considerably simple.
combination of two channels because chanikeis partly  That is to say, the average conductance is determined essen-
transmitted and partly reflected in a complex manner. Thdially by only DWCN'’s with inner tubes in region Il and
result agrees well with the above interpretation. outer tubes in regions | and II, for example. For antireso-

This antiresonance does not occur for every DWCN. Thenance with edge states, it is sufficient to investigate DWCN'’s
necessary conditions are that edge states exist in inner tubasth inner and outer tubes in one region.
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70 . T , 14 T T T

L (&) . L (b) i
60 |- inner tube (5,6) outer tube _| 12 | inner tube (1,8) outertube_

(-16,20) FIG. 13. Conductance for
. (-16,20) ] O\ DWCN?'s in which outer tubes are

0= 10 [ n (16,9, (4,16, (—4,20, and

---------------------------------------------------------------------------------- (—16,20 tubes and inner tubes

g 40 (420) E:t: 8 (-4,20) are the(a (5,6) tube and(b) (1,8
8 | & | \ / 1 tube. In(a) the origin of the per-
2 ) pendicular axis is shifted by 15 for
(9 80 [ ] o © T T T a1e8) | the (4,16 tube, 30 for the

A (4,16) ] W (—4,20 tube, and 45 for the
20 |- 4+ — (— 16,20 tube. In(b) it is shifted
_________________________________________ by 3 for the(4,16) tube, 6 for the
(16,4) (—4,20 tube, and 9 for the

10 - 2
| (16,4) ﬁ“‘\ﬁ//’_ (— 16,20 tube. Dotted lines indi-

cate each origin.

0 . | .
-3.0 2.0 -1.0 -0.02 001 000 001 002
E (2ry/L) E (2ry/L)
V. DISCUSSION wide. Note that although some groups reported an interesting

. , effect of the intertube transfer of electrons at huge source-
All of our results can be applied to MWCN's straightfor- . L )
iy g egjram voltage®?“*3it is beyond the scope of this work because

wardly. Therefore, we shall discuss the observation of th h is related lectrical breakd
suppression of degenerated-level separation and antiresti® phenomenon is related to electrical breakdown.

nance of channels with edge states in MWCN's. So far, there Next, the observation of antiresonance with edge states is
does not seem to be any clear experimental evidence fdfiscussed. This can be_ observed in both the first and second
those phenomena. This is mainly because highly develope‘éPtUps under the following conditions. One is that source and
technology is required to prepare systems with neg|igib|ydrain electrodes are connected to the outer tubes. The other is
small contact resistance and without disorder. Although systhat there exist edge states in the inner tubes and the edges
tems in which the conductance is quantized near the Ferngire located between the two electrodes.
energy are necessary for the observation, there are only a few We must make give some comments on the edge geom-
experiments on such systeffs>We believe, however, that etry of CN's. As is well known, caps often terminate CN’s.
the observation of our findings is highly possible in suchHowever, MWCN’s with open edges are also realistic since
systems in the following ways. Since it is not clear how MWCN's with open edges have actually been obseffed,
disorder in tubes affects our results, we do not consider thand it is suggested that CN’s with open edges can be stable.
effects here. That remains as an issue for future studies. In the case of MWCN’s with caps, the following is expected.
We consider two representative experimental setups. Th8ome previous studies revealed the existence of states local-
first setup is that source and drain electrodes are located dred at caps around the Fermi enetfy*® Therefore, similar
or beneath tubes and a gate electrode, which controls thantiresonance with such localized states may lead to the con-
chemical potential of electrons in the tubes, is equipped. Thductance quantizatioB = e?/ 7#. There are still some issues
second one is that one end of the tubes is attached to the tip be clarified—for example, the cap-structure dependence of
of a microscope and the other end is immersed in liquidhe eigenenergy levels of localized states and that of the cou-
metal. pling strength between channels and localized states. Further
First, suppression of degenerated-level separation can studies are necessary.
observed in the first setup as an asymmetric gate-voltage Finally note the following. Conductance quantization was
dependence of the conductance or in both the setups as ahserved in a recent experiment in which the second setup
asymmetric source-drain-voltage dependence of the condug+ith a MWCN was used and the conductance was measured
tance. In the former case, the conductance for the positivas a function of the immersion depth.The experiment
gate-voltage region is reduced as compared to that for thehowed that the conductance is quantized not only at
negative gate-voltage region. In the latter case, since the co@ne?/w# with n being integers but also anomalously at
ductance at a finite source-drain voltage is given by the ine? % and 3% 74. This anomalous quantization seems to
tegral of the zero-bias conductance over the correspondinige similar to the antiresonance with edge states in our results.
energy width, it also becomes asymmetric as a function oHowever, as it is considered that the inner tubes were
the source-drain voltage, with respect to the origin. capped, an investigation of the possibility of antiresonance
However, the asymmetric source-drain-voltage depenwith states localized at caps is necessary. Therefore, it cannot
dence of the conductance was not obtained in the secork concluded at present that this anomalous quantization is
setup used by Kociakt al? It is possible that this was be- due to such antiresonance. Further studies are needed to
cause the scanning range of the voltage was not sufficientlglarify this effect.
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VI. SUMMARY anomalous conductance quantizati®s-e?/ 4. These re-

The electronic states and conductance of DWCN’s in theSUItS can be also applied to MWCN's.
absence of impurities have been systematically studied. Scat-
tering in the bulk is negligible and the number of channels
determines the average conductance. In general, separation
of degenerated energy levels in incommensurate DWCN'’s is We wish to thank Professor T. Ando, Professor H. Tsunet-
suppressed foE>0 and, therefore, there are few effects of sugu, Dr. K. Tsukagoshi, and Dr. A. Kanda for fruitful dis-
the intertube transfer on the conductance. Eer0 large  cussions and Dr. A. Kasumov and Dr. K. Tsukagoshi for a
conductance reductions can occur due to the separation ofitical reading of the manuscript. Some of the numerical
degenerated energy levels. In some DWCN's, it is possiblealculations were performed on VPP700E at the Advanced
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