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Transport properties of disordered carbon nanotubes with long-range Coulomb interaction
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Transport properties of disordered carbon nanotubes are investigated including long-range Coulomb inter-
action. The resistivity and optical conductivity are calculated by using the memory functional method. In
addition, the effect of localization is taken into account by use of the renormalization-group analysis, and it is
shown that the backward scattering of the intravalley and that of the intervalley cannot coexist in the localized
regime. Differences between the transport properties for the metallic state with two valleys and those with one
valley are discussed.

Single wall carbon nanotubéSWNT'’s) are the new ma- mod 3, whered.. = (=*1,v3)a/2 with a being the lattice con-
terials that are an experimental realization of one-stant. The Hamiltonian of the metallic SWNT with the long-
dimensional (1D) electron systems.Since the SWNT is range Coulomb interaction is written by the slowly varying
made by rolling up a graphite sheet, it is expected that fasFermi field, #,,s, of the sublatticep= =, the spins==* and
cinating properties different from the conventional quantumthe valleye=*, as follows™°
wires made from semiconductor heterostructures will be ob-

served. From this point of view, transport properties of dis- . _i
HO:_H)OE ae 'PeX dxwgasﬁx'pfpas

ordered SWNT's have been discussed in Refs. 2 and 3. It has fas

been predicted that the backward scattering due to the impu- o

rities vanishes when the range of the impurity potential is V(0) )

much larger than the lattice constant, but that the backward T j dxp(X)*, @

scattering reappears when applying a magnetic field perpen-
dicular to the tube axis. It should be noted that the absence @fhere p(x)= EpaslﬂTaslﬂpas' vo=8x10°m/s, and V(0)
the backward scattering holds for the graphite sheet as well 22/, In(R//R) Witr']J k=1.4, Ry andR being the cutoff of
as any SWNT's. long range of the Coulomb interaction and the radius of the
In the above studies, electron correlations have been neube, respectively. In Eq(1), y=tan J(N.—N_)"V3(N,
glected. The 1D nature together with the electron-electron-N_)] is the chiral angle =0 corresponds to an armchair
interaction has been known to result in a variety of correlananotubg In the above expression, | disregard the matrix
tion effects in SWNT's in case of short rarjgeointeractf‘ﬁﬁs elements of the interaction of the orderadR, which lead to
and of the long-range Coulomb interactioi’ Effects of  energy gap&:° Therefore, the present theory is valid when
electronic correlation in SWNT'’s have been measured in thghe temperaturd, or the frequencyw, are larger than the
Coulomb blockade regiméas well as for Ohmic contact8.  gaps induced by the Coulomb interaction.
In the latter experiment, power-law dependences of the con- The impurity potential introduced as disorder of the
ductance as a function of temperature and of the differentightomic potential is given by the following Hamiltonidn,
conductance as a function of bias voltage have been ObFlimp:Epaa/sdeVZar(X)lﬁgaslﬁpa's, whereVP () is the
served and interpreted in terms of tunneling into Cleaqmpurity potential at the sublatticey, by which the elec-

SVYENT W'tﬂ thehmtgracltmnt.). ion is taken i tron on the valley,a’, is scattered into the valleyg.:®
ven when the Coulomb interaction is taken into accountyjere | giagonalize the Kinetic term in Edl) and move

the conclusion of the absence of the backward scattering if) 1« pasis of the right-moving € +) and the left-moving
Refs. 2 and 3 is not changed. However, the effects of th?r:_) electrons by the unitary transformationy
Coulomb interaction on the transport in disordered SWNT’S:(e“WX’Zh/E)E (ar)1-P72y, Then M. is Writter?OéSs
should be observable in case of shorter range impurity po ' res: rmp
tentials. In the present paper, | will discuss the transpor
properties of SWNT’s with short range impurity potentials 1
and the long-range Coulomb interaction. It is shown that the Himpzz _f dx{[V (%) + Vo ()T s
interaction gives rise to an enhanced resistivity compared to fas 2

that without the interaction. In addition, the interaction leads

ollows:

to a power-law dependence of the resistivity as a function of LMV (0 =€ NV (0¥ st s
temperature and modifies the power of the frequency for the FIVE )=V 0T et [E9VE (%)
optical conductivity. In the localized regime, it is found that a a rastoras e
intravalley and intervalley backward scattering cannot +e oy, a(x)]l//:asl//—r—as}' 2
coexist.

The SWNT has metallic bands when the wrapping vectorHere, the first(second term expresses the intravalléyter-
w=N,a,+N_a_, satisfies the conditionN,—N_=0 valley) forward scattering, and the thirdourth) one is the
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intravalley(intervalley) backward scattering. When the range L io, _
of the impurity potential is much larger than the lattice con- ~ Himp= mf dx7(x) X, raexp(—2irqex)
stant,V, =V, andV,_,=V,__=0, which leads to van- res

ishing of the third and fourth terms in E¢R), i.e., the ab- Xexp{—ir(60,,+sb,,+ab, +asb, )}, (6)
sence of backward scattering, in agreement with Ref. 2.
Here, | consider the case of an impurity potential with range —ioy

shorter than the lattice constant by retaining finite matrix Himp= 5 =" dX% rexp{—ir(20ex+60,, +s6,.)}
elements of the backward scattering in E8). | disregard
forward scattering because it does not contribute to transport. X[&(x)exp{—i(¢,-+s¢,_)}+H.cl, (7)

As was pointed out by Abrikosov and RyzhKihjn 1D _
systems and in the limit of weak impurity potentials, where K, .= (v, /vo) *=1/N1+4V(0)/(mvo) and K
the interaction between the electrons and the impurities=v;;/vo=1 for the others. The Pauli matrices seert),,
can be parameterized by uncorrelated Gaussian randoare due to the product of Klein factors.
fields. Here, | extend this method to the present model With the above phase Hamiltonian, | calculate the dy-
and introduce two kinds of the random fieldgx) and&(x), namical conductivity o(w), which is expressed by the
expressing the intravalley and the intervalley backwardmemory functionM (w), as follows?®
scattering, respectively. The fields have the probabil- _
ity distributions, P,=exp(—(2D;y) *fdx»*(x)} and P, —ix(0)

=exp{—(D,) 1fdx£&(x) € (x)} whereD, andD, are given o(w)= o+M(w)’ ®
by vo/7 andvy/ 7, with 7 (75) being the scattering time

due to the intravalleyintervalley backward scattering. The (F;F)o—(F;F)p-0)@

Hamiltonian of the impurity potential is given by M(w)= —x(0) ' ©)

R where (A;A),=—i[dx[5dtel ™ PY[A(x,t),A(0,0)]) with
Himpzf dx77(x) ;ﬂs Vrast-ras n— +0, (---) denotes the thermal average with respedt/to
F=[j,H] with j being the current operator, ang(0)

T =(};Yw=0- Since the present Hamiltonian conserves the
+J' dx f(x)% Yrishr—stHer. (3 total particle number, there are no nonlinear terms includ-
ing ¢,.. Then the current operator is expressed by
Note that the intravalleyintervalley backward scattering, j=2v,+K,1dx¢,+/m, ~ which leads to x(0)=
where the momentum transfer in the scattering process is 4v,+K,./m. To lowest order inD; andD;, M(w) is
small (large), is parameterized by a redomplex field. calculated as
Here, | utilize the bosonization method and introduce the K.
phase variables expressing the symmetéie (+) and anti- M(w)= 21, Ky E D; SinW_Ki(ZLT> 'i
symmetric = —) modes of the chargg € p) and spin { 1) %12 (ma)° 2 | wr 7T
= o) excitations, ;s and ¢; ;. The phase fields satisfy the
commutation relation, [ 6;5(x), $;: 5 (x")]1=i( 7/2)signx !B ﬁ—i o 1—K») —B(ﬁ 1 KH
—X")6jj 655 . The Fermi field,y s, is expressed as 2 24T’ : 2 N
ir (10
wraszm—aiexp{irqpﬁ 1 0ust 1 st |, @ whereKy= (K, +Ko +K,_ +K, )2, Ko=(K,; +Kgy
V2ma +K 14K 1)/2, wg is the cutoff energy given by, /a and
where Ous= 0, +50,, +al, +asly_, bus=d,, B(x,y)=T(X)I'(y)/T'(x+y) with T'(x) being the gamma

function.

+s +ad _+ase. , andda ! is a large momentum
Pyt ad, o g For w—0, M(w) reduces to

cutoff.® Klein factors 7, s are introduced to ensure correct

anticommutation rules for different speciesy,s, and sat- K. =212

) X ; D;(2aT\%™°T'9(K;/2)

iSTY [ Dras: Mrrars 1+ =281 84a' 8ss - The spin-conserving M(0)=i2v,.K,, > _'( ) e
pr(;ductsnmsnrrars in the Hamiltonian can be represented i=12 vg WF I'(K;)

as, A++(r!a!s):nra87]raszl! A+f(rra!s):77rasnrfas (11)
=iaoy, A (ra,8)=nasT ras=ifrao, and A__ . i

(r,a,8) = 714sM—r - as= —iroy, with the standard Pauli ma- which leads to the resistivity,

trices o; (i=x,y,z). The quantityqe=mn/4 is related to 2 27T\ Ki"2T2(K,/2)

the deviationn of the average electron density from half p=cr(0)‘1=%_z ( ) T(K) (12
filling and can be controlled by the gate voltage. The Hamil- =12 “F !

tonian, Ho and Himp==i-1,Himp, is expressed by the \where D=Da/(mvd)=a/(ml;) with l,=ver being
phase variables as follows: the mean-free path. In the present cas&pf (K . +3)/2,

the above expression results inp=pgy(27T/

_ Vjs 1o 2k 12 wg) Ko+ TDRP2((K , +3)/4)T ((K,++3)/2) where pgg
Mo J':zp,u 521 2 | PG (9050 + Kol o) =7/2(1;*+1, %) is the resistivity for the noninteracting sys-

(5)  temin the Born approximation. It is remarkable thépg, is
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100 0.6 0. X Sin(2qgx+ 0,’J+)sin 0(’,+cosa;,_sin 0! _
@)
zz T —2 c0%2qgx+6,,)cosb,,sing, coso,
© g 03 3 Xsin(2qex+ 6,,)sin 6, . cosd,_sind,_}, (13
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FIG. 1. Dependence omZl/ wg of the resistivity,p, normalized

by peo, Which is derived by the RG analysis fad) D,(0) +i[sIN(2qex+ 6,.)C0S0, . COSP,

=1/300 and D,(0)=1/600 and (3) D;(0)=1/300 and D,(0) ' Neing! ain/
=1/3000. The dotted lines express the resistivity given by the per- X COS2GrX+ 0 )SIN Oy SING, -

turbation theory for(2) D,(0)=1/300 andD,(0)=1/600 and(4) —COg 20X+ 6,,)sinf, sing,
D,(0)=1/300 andD,(0)=1/3000. HereK,, =0.2 is used and the )

white circle shows the temperature correspondin@je-1, below Xsin(2qex+ 6, )cosd,,  cos, 1}, (14

which the perturbative RG analysis breaks down. Inset: The ratio,

p»/p; as a function of 2T/wg . The numbers(1)-(4), express the where 0;,=0;5(x.7), 0j5=0;5(X.7'), ¢;5=¢j5(x,7), and

same cases as the main figure. ¢j’5= ®;js(x,7"). It should be noted that the interaction pro-

cesses generated from the equal-time component in(Egjs.
. . . and(14) are disregarded. The results given in the following
independent of the scattering strength. For typical nanotubeg, ot qualitatively changed even when the such processes

with K, =0.2, the resistivity is enhanced compared to that, ¢ incjyded because such operators are less divergent than

without the Coulomb interaction and shows a temperatures : ; : :
%ﬁ . By calculating the various correlation functions to the
dependence gs<T®Ko+~D2=T-04 17| the presence of the ™P" Y g

. . . lowest order oD, andD,, we have the following RG equa-
long-range Coulomb interaction, the phase expressing thﬁ ! 2 g q

- . - fons:
symmetric charge fluctuatio,, , , becomes rigid compared

to the noninteracting case, which is expressed by the fact of Dy ={3—(K,+ +K,+ +K,_+K,)/2}D;, (15
K,+ less than unity. Such a rigid phase is easily pinned by

the impurity potential. Thus, the long-range Coulomb inter- D,’ ={3—(|<p++ K,i+ K;_1+ K;E)/Z}Dz, (16)
action enhances the resistivity. From the asymptotic behavior

of Eq. (10) for >T, the optical conductivity for high fre- Kj+'=—(D1/X1+ Dy /%) KE Uy, (17
quencies is calculated as(w)ox e+ =52~ =24 which

decays faster than that for the noninteracting casgy) U =— (D1 /X + D2/X2)Kj+uj2+, (18
w2, | note that the above two results of the resistivity and

the optical conductivity do not depend on the fillimg,. The Ki_'= —(Dlsz_lxl—Dz/Xz)uj_ , (19
umklapp scattering has been known to be another origin of

resistivity. The umklapp scattering leads pocT(ZXp+~1) Uj_' == (D1Kj_ IXy+ DK X u? (20)

=T70689 for T>voqr and o(w)xw e+ "= 26 for , . , .
w>0v,qe . Though the powers due to the umklapp scatteringVhere ' denotesd/dl with dIK: %Ir?((é E‘)K(é,z > the new
are similar to those given by the impurity scattering, it isCUtoff —parameter  Xy=u o*"u 7" u »~"u 77", X,
possible to separate them by tuning the gate voltage. =uK{;+/2 (ff/ZUl/fKP*ui/fK”*, and j=p or o. The initial
Next | take into account of the effects of localization by conditions for p’[he above RG equations are as follows,
the renormalization-groufRG) method. Following Giamar- Di(o):DiEI(WU%)- K +(o)zu-j:K ., and K,.(0)
chi and Schul28 averaging over the random fieldg(x) and  —k _(0)= KJ_(O)ZUPM(O):J _(o)pz u,_(0)=1. The
£(x), | obtain the actionSim, corresponding to the impu- above equations together with the initial conditions indicate
rity potential as follows: thatK,_=K,_ andu,_=u,_. In addition, the RG equa-
tions are invariant under the transformatid, < D, and
2 P KJ-,<—>KJ-11. Therefore, | can discuss the case Bf(0)
J dXJ' dr d7’ >D,(0) without loss of generality.
0 By solving the RG equations numerically and using Eg.
(12), the resistivity is obtained as a function of
temperaturé® | show the results forD;(0)=1/300 and
X co 20X+ 0;+)C0501’7+5in 0’70050(’77 D,(0)=1/600 and those forD,(0)=1/300 and D,(0)
=1/3000 in Fig. 1. Surely, the resistivity is enhanced by the
+sin(2gex+ 6, )sin 6, cosd, _sind, effects of the localization for low temperature. The inset

D,/ 4
Sime= "7 | 7

x{cog2qgx+ 6,,)cosb, sing, cos,
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shows the ratiop,/p;, as a function of temperature, where FZ[(KP+ 1)/2]/IT(K,+ 1)>F2[(Kp++3)/4]/F[(K,,+i 3)/
p1 (p2) is the resistivity due to the intravallejntervalley ~ 2]>1 andK,—1<(K,, —1)/2<0 as a function of/(0),
scattering. In the present case where the intravalley scattethe effects of the Coulomb interaction are stronger in the 1
ing is stronger than the intervalley on®,/p, decreases with state than in the 2 state. From these results, it is expected
decreasing temperature. For the opposite casép, de-  that the resistivityoptical conductivity of multiwall carbon
creases. The result is not obtained by the perturbation theoryanotubes, in which both the metallic and insulating carbon
(dotted lines in the inset in Fig)land then characteristic for nanotubes exist, shows different temperaitirequency de-
the localized regime. It indicates that the two kinds of thependence in cases without parallel magnetic flux and with
backward scattering cannot coexist for this regime. As ighat ofhc/(3e).
seen in Eqs(6) and(7), the intravalley(intervalley) scatter- In conclusion, | investigated the transport properties of
ing pins the phases,f,., 0,., 6,., and 6, the disordered SWNT’s with Coulomb interaction. | found
(6,4, 05+, ¢,—, and ¢,_). Since the conjugate vari- thatthe interaction enhances the resistivity, leads to a power-
ables,¢,_ and¢,_, or §,_ and ¢,_ cannot be pinned at law dependence of the resistivity as a function of tempera-
the same time, the localization due to the two kinds of thgure, and modifies the power of the frequency of the optical
scattering cannot happen simultaneously. In the presemonductivity. In addition, it is shown that the intravalley and
analysis, the gquantitative discussion on the localized regim#he intervalley backward scattering cannot coexist in the lo-
and crossover towards it have not been done. Therefor€alized regime. Differences between the and v state
more detailed investigation are needed for understanding ofiere also discussed. For away from half-filling, the gaps
disordered SWNT'’s with the Coulomb interaction. induced by the Coulomb interaction, are given as\/wg

The above results of the metallic state with two valleys~e~Y,"8 with u~a/(27R) and c~0O(1), andthus very
(2v state are compared to the transport properties of thesmall for typical SWNT's. Therefore, the results obtained in
metallic state with one valleglv state, which is realized by this paper will be well observed for away from half filling
applying the parallel magnetic flux of £ 1/3)hc/e (icinte-  with T<voQqr or w<voQe. The increase of the resistance
gen to the insulating tubé&’ In this case, the intervalley scat- with decreasing temperature observed in SWNRsf. 21)
tering is neglected. In addition, the exponent of the chargénay be due to the impurity scattering because the difference
mode is given byK,J=1/~/1+_2V(0)/(7Tv0). Note that the in the work f_unction of the me;allic electr.ode and the nano-
difference in the coefficient 0#(0)/(mrv,) betweerK ,, and tube results in a downward shift of Fermi level of the nano-
K, results from that in the number of conducting bands. Orfube by a few tenths of an et

the other handK,= 1. The resistivityp and the optical con- The author would like to thank T. Ando, G. E. W. Bauer,
ductivity o(w) for high frequencies are, respectively, given yy, v, Nazarov, A. A. Odintsov, Y. Tokura, A. Furusaki, H.
by p=pes(27T/wg) e T (K,+1)/2]/T(K,+1) and  Suzuura, and A. Khaetskii for stimulating discussions. This
o(w)~ o3, with pgy= /1, being the resistivity for the work was supported by a Grant-In-Aid for Scientific Re-
lv state by the Born approxmation. Thus the behaviors irsearch(11740196 from the Ministry of Education, Science,
the v state are different from those in the Ztate. Since Sports and Culture, Japan.
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