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Conductance renormalization and conductivity of a multisubband Tomonaga-Luttinger model
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We studied the conductance renormalization and conductivity of multisubband Tomonaga-Luttinger models
with intersubband interactions. We found that, as in single-band systems, the conductance of a multisubband
system with an arbitrary number of subbands is not renormalized due to interaction between electrons. We
derived a formula for the conductivity in multisubband models. We applied it to a simplified case and found
that intersubband interaction enhances the conductivity, which is contrary to the intrasubband repulsive inter-
action, and that the conductivity is further enhanced for a larger number of subbands.

DOI: 10.1103/PhysRevB.64.233306 PACS nuniber72.10—d, 72.20-i, 72.25-b

Recent studies of low-dimensional systems have brought For single-band TL models, both the conductance of clean
to light many important properties. For instance, one-system&’~?*and the conductivity of dirty systerf®s?have
dimensional(1D) electron systems, in a low-energy regime, been studied. The models in Refs. 21-24 include the effects
are described not by the Fermi liquid but by a Tomonagaof leading wires and show the absence of the conductance
Luttinger (TL) liquid.>~3 Tomonaga-Luttinger liquids that in- renormalization due to the electron-electron interaction,
clude the effects of the multiple degrees of freedom, such awhich is consistent with experimertSsHowever, it is not so
multi-chain TL models with the interchain hopping, have obvious whether the conductance renormalization of the
been extensively studied. In a bulk system, the interchaimultisubband model is absent or not. For example, Liang and
hopping between 1D TL chains is relevant, resulting in aco-workers® have experimentally found that, in a clean
strong-coupling regime that includes a spin gap and/or aguantum wire, the conductance is smaller than the quantized
enhanced superconducting correlatioh. The crossover conductance only in a high in-plane magnetic field, where
from TL to Fermi liquid has also been studied by including the two inequivallent spin subbands cross the Fermi level.
the interchain hopping.Regarding the transport properties, Hence, the conductance renormalization of a clean multisub-
for example, a perfect transmission has been suggested band TL model is also of interest.
two-chain system, reflecting the spin gajj.The interchain On the other hand, for a dirty single TL liquid, which can
conductivity* and the Hall effedf of a multichain system be realized in a long quantum wire where the wire length is
with the interchain hopping have also been discussed. longer than the mean-free path, a power-law temperature de-

TL liguids have been also studied in mesoscopic quantunpendence of the conductivity was observed in experirfient,
wires, especially with respect to the transport properties. Thwhich is consistent with the existing thedrz.?’ If we con-
1D Coulomb dra$~* has been studied on 1D two-chain sider a multisubband system, in a two-subband system, then,
models coupled in a finite regibh or at a finite as the author and co-workéfsheoretically found, the inter-
point(s).*>4%n these models, the interchain backward scat-subband interaction enhances the conductivity even if the
tering process between electrons, which results in a strongateraction is repulsive, contrary to the intrasubband repul-
coupling regime, is essential for the occurrence of a perfecsive interaction. In order to further clarify the multisubband
drag!® a zero-bias anomaly, or a power-law temperature effect, the conductivity of a TL model with larger number of
dependence of the transconductatite. subbands should be investigated.

Another TL system with multiple degrees of freedom is a  In this paper, we study the transport properties of the mul-
multisubband TL model with intersubband forward scatter-tisubband TL model with the intersubband forward scatter-
ing, where the intersubband single-particle hopping is forbiding, neglecting the large momentum transfer processes, such
den. Although this model is relevant to wide quantum wiresas backward scatterings. We found that, as in single-band
with multisubbands, it has not been well studied for thesystems, the conductance of a clean multisubband TL model
transport properties, such as conductance and conductivitwith an arbitrary number of subbands is not renormalized
In a quantum wire, the long-range Coulomb interaction is notue to the interaction between electrons. We derived a for-
sufficiently screened and the forward scattering processes bgula based on the Mori formalisth® for the conductivity
tween electrons with a small momentum transfer play arof dirty multisubband TL models. Applying the formula to a
important role, while the scattering processes with large momultisubband model, we found that the intersubband interac-
mentum transfers of the order of the Fermi wave nurfser tion enhances the conductivity for an arbitrary number of
such as the backward, Umklapp, or intersubband pair tunnesubbands, and that the conductivity is more enhanced for a
ing process, may be neglected. The ground state of the abol@&ger number of subbands.
multisubband model is in a weak coupling regime without Conductance of a clean TL modélet us start from a
the gapful excitation and is essentially different from theN-subband spinless TL model, which includes a spinful
multichain model with the interchain hopping or the back-model as a special case; i.e., a spinlessstibband model is
ward scattering, where the ground state is in a strong cowequivalent to a spinfulN-subband model. The spinless
pling regime. N-subband TL model can be represented as
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g'JJ in the low-energy regime. Thus, the chemical potential dif-
+ —[V. (x)VOL(X)]}. (1)  ference between the right-going electrons and the left-going

' electrons are obtained as
Herei or j show the subband inde®', is the phase variable

for the ith subband and®' is its dual variablevy=v S _E _E
+0,+0g,=v'/K" andvj=ve+g,—g,=v'K', wheregy, is K=H1™ ’uz_gN' FINA

the interaction parameter between electrons with the opposite

(same velocity direction in theth subbandv is the Fermi UJJ + 2 g (forall i), ®)

velocity of theith subband and'(K') is the velocity of the L
excitation (critical exponent of the ith subband. The inter— o _ .
subband forward scatterings are included throggeglj ~ Where the subband indexfor u=pu,—u, is omitted be-

+g‘ and g”—g —gl, Wheregi (g ) is the interaction Cause bothu, andu, must be the same for all subbanda

parameter between electrons with the oppasigene veloc- should equal the experimentally-observed chemical potential
ity direction in theith and jth subbands. The uni?=4 difference because both ends of the 1D system are connected

—ks=1 is assumed throughout this paper. to reservoirs(see Ref. 24 for details The conductance is

The conductance in the ballistic regime can be calculate&€adily obtained by usingy,=(2v3J;+ (493 J))/2L (the
by extending Ref. 24 for the single-band system. Followingeigenvalue of ) as
the usual mannér the local current operator of théh sub-
band is determined from the continuity equation for local S i
densityp! (X) = V@' (x)/(\27) as Im

G= )

=-——xN
N . i ou 2
aj'(x)  dp'(X) 1 d0.,(x)
o 2 Frar (2)  Hence, the renormalization of the current and the chemical
™ potential difference is completely canceled out as in a single-
band systen?>?*and hence the conductance of multisubband
systems with an arbitrary number of subbands is not renor-

1J,L N malized due to the interaction between electrons and equals
dxj'(x)

The dc mean current operatﬂq; is then given by

the quantized conductancaote thati=e?=1). From the

present result, it is found that the abovementioned

experimert’ in a magnetic field cannot be explained only by
_ f dxf dxX'[H,V.0/(x)] clean TL models, and the remaining possibilitfe® should

\/— 27l be investigated.
Formula for the conductivity of a dirty TL modeHere,
1 34 2 3 e calculate the conductivity following @ze and Wifle®?
v i&h 2 for the Mori formalism®* We can calculate the subband-
o dependent relaxation time in the second order of the impurity
whereL is the system length, anj=N’ — N is the operator  scattering. As a result, we obtain the conductivitfT) as
for the difference between total number of particles of right-
going electrons ;) and left-going ones N5).2* On the o(M=S o(T), o(T)=0ioF(wp)/E(T),
other hand, the Hamiltonian can be rewritten as i

N

o 1 (o _ _
_ PRitRiL T _ = iy PP
H_k(%),i b bt —— 5L E [UNN +UJJ ] F(T)_Tj,deka'F(X O’t)ka'F(X ot 0)>, (8)
N .
o WNiNG+ 943, L 0=Wl ()W,
tar & (9NN 33, @ Py O=T LW 500+ He

o . o Here, o(T) is the conductivity ofith subbandgjy=o(T
whereN;=N’+ N} andb, is the annihilation operator of the =wg)=nTo/m* that of the free electrons, 7

boson with eigenenergw}( with some diagonalized indeix =vkL/(n; |u(2k )|?), o a high-frequency cutoffn* the ef-
=1,... N. Letn, N;, andJ; be the eigenvalues df,'b},  fective masski (n;) the Fermi wave vectofthe density of
N;, andJ;, respectively. The energy eigenvalue is given aselectrons of theith subband, and(k) the impurity potential

233306-2



BRIEF REPORTS PHYSICAL REVIEW B 64 233306

in momentum space¥;, ) is the annihilation operator of =gL{Em)Fg’/2, andviTszilFEvF for all i,j), whereas the
right (left)-going electrons in théth subband. The Hamil- Fermi wave numbek; and the density of electroms natu-

tonian of Eq.(1) is written as rally depend ori. The Hamiltonian can be written as
1 N . _
=] @3 i1yl eovel o H-o= | de {1+ Q)Y 8, (0 TP+[V -0 1)
H[VOL(IVOL(1}, 9

, N
e A A Rt)

whereH; (D =v}, 5 andH (7 =g}l ;,/2 for (i#]). Itis not
so straightforward to find a linear transformatiSnwhich
diagonalizes botlh-IT andHj; , although we can diagonalize UF i 2 2
the Hamiltonian in principle, keeping the commutation rela- + 47 dXEi Ve, 0"+ [V (). (12
tion [@ (x), d@)J (y)/dy]=—=2ms;;6(x—y). However, if .

g4=gy (e, g§=0), Hj is already diagonal and can be Here 6, (¢'.) is the phase variable for the chargepin

transformed to a matridH —vjéij by a transformation degree of freedom of theth subband, and'_ (¢') is its
dual variable. The Hamiltonian matrbdIJ (Hi = 1+g,HIJ

O, = v /vie is i e :
0, =\v;/v;0,, whereas the®, part is simultaneously —g’ for i#]) has eigenvectors, such thatuy

transformed a®' —\/UJI/UJ@)‘,, Hii =H\vphvj. By — (11, ... DAN, Uy=(1,-10,... 0k2. ... u=(11,

using & unitary matrik);;=(Uy Uz, .. . Uy), wheretisthe " 1-i(i-th),0,... 0)AT(i—1), ... uy=(L11,...L1
ith eigenvector oHIJ with the eigenvalueyy, we can di- —N)/{JN(N—1), whereu; has the eigenvalue 4g+ (N
agonalizeHﬁ’ as ﬁﬁ:zkmu&lH;r;Umj:;m” by a uni- —1)g' and the other eigenvectors _ have the same ei-

. ' . envalue *-g—g’. One can perform a unitary transforma-
tary transformatiom®', ==;U;; 0+, whereasH;; remains 9 2979 P : y .
tion by using the eigenvectors to dlagonaliitfq' and finally
unchanged by the transformation becallﬂ;@ |s Propor-  optain the conductivity as
tional to the unit matrix. Here, we should note that the con-
dition gl =g/ is physically natural, because it holds when- T \2(1-K)
ever we assume an effective Hamiltonian where only the ai(T)=0oig ,
total charge density is coupléd.Since the Hamiltonian is
now diagonalized, the density-density correlation functions

can be calculated as K= 1 ! +( )
| | rdo N Ji+g+(N-1)g’ N/Ji+g-g’
<p|2ki (O,t)p;kl (O,O)>O<exl{_22 RJUﬁf jeiw/wlz (13)
F F ] 0

For N=2, one can reproduce the result of Ref. 28. Some
® interesting properties of the conductivity can be found in Eq.
X tanl‘(ﬁ)(l—COS(wT)) (13). First, as in the single-band caséi{/dg<0 always
holds, where the repulsive interaction enhances the 2
charge density waveCDW) correlation, resulting in the re-
duction of the conductivity. More interestinglyK/d|g’|
~ >0 always holds for arbitrary subband numbers. This means
1+iwet T _ZKjUiZj that the intersubband interaction, being independent of its
p— srni( Tt” ; sign, enhances the conductivity. This is not so trivial but may
be understood by the discordance between the wave numbers
(100  of the CDW correlations of different subbands. Namely, the
- = N - intersubband interaction disturbs the CDW correlation of
whereK;=\vj/v; is the critical exponent 08", . Finally,  each subband because of the discordance, and the effect of
the formula for the conductivity ofth subband is obtained the disturbance should naturally be independent of the sign
by performing the time integral in E¢8) as of the intersubband interaction. On the other hafid/oN
>0 also always holds, and thus the conductivity is mono-
i .,) tonically enhanced as a function of the number of subbands.
' (1D This is because the intersubband interaction, which enhances
the conductivity, works more significantly for a larger num-
Conductivity of an N-subband TL mod#&le apply the ber of subband. If we consider the larjet2D-like) behav-
above formula for a simplified case witthspin-full electron ior, which can be examined only whegi>0, the critical
subbands, where the calculation can be analytically perexponentK tends to (+1/N)/\1+g—g'+O(N"*? and
formed for arbitraryN. We assume the intrasubband or inter-the resulting conductivity is the same as in the single band
subband spin-independent interactions and the Fermi Ve|OCSyStem with a renormalized intra-subband interacteng’.
ties are independent of the subbargi:é gy=mveg/2, g4 If one compares our result with that of Ref. 37 based on the

+Hi sin(wT)]

«[]

i

2(1-3.K

-
O'i(T):O'iO( o
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Fermi liquid (o(T) < TYN), there is a qualitative consistency observed in future experiments on wide and long quantum
in the sense that the conductivity is an increasing functiorwires that have multi-1D subbands.

of N. Note added in proofAfter the present work was com-

In conclusion, we found that the conductance of clearpleted, the author became aware of Ref. 38. Their results for
systems with an arbitrary number of subbands is not renorconductance of a two-subband model agree with our result
malized due to the interaction between electrons. We als@yr conductance.
found that the conductivity of a dirty multisubband model is
enhanced by the intersubband interacti@gontrary to the The author deeply acknowledges Professor Kazuhiko
intrasubband repulsive interactiomdependent of its sign Kuroki for useful suggestions and Professor Hideo Aoki for
and the number of subbands and that it is more enhanced foaluable discussions. He also thanks Dr. Hideaki Takayanagi

a larger number of subbands. The present results may Her his encouragement.
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