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Kondo effect in crossed Luttinger liquids

Karyn Le Hur
Theoretische Physik, ETH-Ho¨nggerberg, CH-8093 Zu¨rich, Switzerland
~Received 29 March 1999; revised manuscript received 28 July 1999!

We present results for the Kondo effect in twocrossedLuttinger liquids by using boundary conformal field
theory. We predict two types of critical behaviors: either a two-channel Kondo fixed point with a nonuniversal
Wilson ratio or a theory with an anomalous reponse that is identical to that found by Furusaki and Nagaosa for
the Kondo effect in a single Luttinger liquid. Moreover, we discuss the relevance of perturbations like channel
anisotropy in restoring a Fermi-liquid-like Kondo fixed point, and compare our results with the Kondo effect
in a two-band Hubbard system modeled by a channel-dependent Luttinger Hamiltonian. The suppression of
backscattering off the impurity produces a model similar to the four-channel Kondo theory. Consequences are
discussed.
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I. INTRODUCTION

The one dimensional~1D! conductors differ fundamen
tally from those in three dimensions, where the low-ene
properties can be described very well by Landau’s Fe
liquid theory. In 1D, the resulting state is often of the Lu
tinger liquid ~LL ! type.1,2 The physics of such low-
dimensional systems has received much attention lat
mainly due to advances in nanofabrication3 and the discov-
ery of novel 1D materials such as carbon nanotubes.4 The
study of magnetic impurities in 1D unconventional corr
lated hosts has attracted great interest in the last few ye
The Kondo effect in a LL yields two possible fixed points5–7.
Either the system behaves rather like a Fermi liquid@with a
nonuniversal Wilson ratio and anSU(2)k52 spin symmetry7#
or it indeed has the non-Fermi-liquid properties predicted
Furusaki and Nagaosa.8

In this paper, we study the Kondo effect in twocrossed
Luttinger liquids,9 i.e., two correlated 1D metals coupled in
pointlike manner via a magnetic impurity. An importa
question is examined: are the two fixed points cited ab
stable when several conducting channels interact throug
pointlike Kondo coupling? The geometry of our system
shown in Fig. 1. The authors of Ref. 10 have studied
Kondo effect in a two-band Hubbard chain modeled by
channel-dependent Luttinger Hamiltonian. On the ot
hand, for the most general two-band problem investigate
Ref. 11, a prominent repulsive Hubbard interaction norma
destroys the LL phase producing a metallic spin-gap
phase with a leading d-wave order parameter. The resu
Kondo problem becomes very difficult to handle.

In our case, the two Luttinger liquids are supposed to
noninteracting@except at the impurity site#. In particular, we
do not include an electron-electron interaction for two p
ticles that belong to different conducting channels. Furt
experiments on magnetic impurities implanted in 1D qu
tum wires or carbon nanotubes9 could provide impetus for
studying this model.

II. MODEL

As long as the angleG @that is depicted in Fig. 1# does not
tend to zero, we can separate the two degenerate Lutti
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liquids and can neglect the electron-electron interaction
tween channels with differenti ( i 51,2). As in Ref. 9, we
consider thatx measures deviations from the magnetic imp
rity in both conducting channels. In such sense, we have o
one coordinate left.

The Hamiltonian

H5Ho1HU1HK ~1!

for this two-channel Kondo model@with left ~L! and right
~R! moving electrons per channel# consists of the term for
free electrons

Ho5vFH c iRs
† i

d

dx
c iRs2c iLs

† i
d

dx
c iLsJ , ~2!

with vF being the Fermi velocity andi 51,2 channel index;
an electron-electron~e-e! interaction term

HU5U j p
i j p8

i , j L(R)
i 5:c iL (R)a

† c iL (R)a :, ~3!

with U.0;12 and forward and backward scatterings off t
impurity:

HK5lFc iL (R)a
† ~0!sabc iL (R)b~0!•S

1lBc iL (R)a
† ~0!sabc iR(L)b~0!•S, ~4!

wheres are the usual spin-1/2 matrices. For the physica
relevant case, we havelF5lB5lK ~the usual Kondo inter-
action!.

Conduction electrons of one liquid respond to a spin fl
of the impurity caused by the interactions with electrons

FIG. 1. Two Luttinger liquids coupled only atx50 via the
Kondo effect. The angleG is assumed to remain finite.
1853 ©2000 The American Physical Society
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1854 PRB 61KARYN LE HUR
the other liquid. In this way, there is aninducedinteraction
between the liquids. We could also include another inter
tion of the form:

lme i j @c iL (R)a
† sabc jL (R)b1c iL (R)a

† sabc jR(L)b#S, ~5!

where e i j 51 for i 51, j 52 and zero otherwise. First, w
neglect the term in Eq.~5!.

We subsequently study this problem by using bound
conformal field theory~BCFT!. The heart of the method
pioneered by Affleck and Ludwig,13,14 is to replace the im-
purity by a scale invariant boundary condition. It was su
cessfully applied to study the low-temperature properties
spin-1/2 magnetic impurity coupled to a LL,5–7 and to solve
the Kondo effect in the particular two-band Hubbard chain
Ref. 10.

Below, we shall precisely discuss how the geometry
Fig. 1 influences the two fixed points found in Ref. 10.

III. ONLY FORWARD SCATTERING OFF THE IMPURITY

We first study the case of onlyforward scattering off the
impurity, i.e. lB50. Let us start with afree electron gas
whereU50.

A. Four-channel Kondo model with free electrons

To solve this case using BCFT, it is convenient to defi
right and left movers on the half-planex>0 ~see Fig. 1!, so
that

c iRa~ t,x![c iLa~ t,2x!, ~6!

with i 51,2, and to confine the system to the finite interv
xP@2 l ,l #. Fields areleft movers only and it is useful to
rename x1a(x)5c1La(x), x2a(x)5c1La(2x), x3a(x)
5c2La(x), and x4a(x)5c2La(2x). Keeping onlylFÞ0
~forward scattering off the impurity! in Eq. ~3!, it follows:

HF5lFJ~0!•S. ~7!

Here, J is the electron spin current density:J(x)
5( i 51

k x ia
† (x)sabx ib(x) and k54. Note that the informa-

tion about the number of channels is contained in the co
mutation rules satisfied by these currents,14 indicating that
Ja(x) form anSU(2)k Kac-Moody algebra.

Generally, we must also introduce,

J~x!5(
i 51

k

x ia
† ~x!x ia~x!,JA~x!5(

i j a
x ia

† ~x!T i j
Ax j a~x!,

~8!

whereT i j
A are the generators of theSU(k) group. Thus, the

free HamiltonianHo can be rewritten in a suitable Sugawa
form,

Ho5
vF

2pE dx
J~x!J~x!

4k
1

J~x!J~x!

k12
1

JA~x!JA~x!

k12
• ~9!

This allows one to formulate the problem entirely in terms
the electron spin current,J(x). It leads to an effective four-
channel~left-handed! Kondo theory.14 Briefly, we summa-
rize the arguments below.
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The unperturbed problem organizes into a product
three conformal towers labeled by the quantum numb
(Q, j , j f), respectively the charge, the spin, and the flavor
the system. Starting with an even number of particles
high-temperature physics is described by the set (Q50,j
50,flavor singlet). For the special value:

lF* 5
vF

k12
, ~10!

@the unique solvable point in the isotropic region, which
commonly identified as the fixed point of the model15#, we
can absorb the impurity spin by redefining the spin curren
that of electrons and impurity:

J~x!→J~x!12pSd~x!. ~11!

For the overscreening Kondo effect, the absorption of
impurity spin takes place in the weak-coupling limit and th
the groundstate degeneracyg is not exactly 1 as in the com
pletely screened situation,14 but it takes anonintegervalue
smaller than 2~the groundstate degeneracy at high tempe
tures!. Then, some extranonmagneticdegrees of freedom
occur at the impurity site.

Near the fixed point, the Hamiltonian can be written
the fixed point Hamiltonian plus possible perturbations

H5HF1(
i

g iOi~0!. ~12!

We can classify all the possible perturbationsOi in the
physical problem according to the representation theory
the underlying Kac-Moody algebra at the fixed point.

For the overscreening case, nontrivial boundary opera
may appear that do not occur in the bulk theory. The trip
operatorF always occurs.14 This selection rule describes
new content of boundary scaling operators. The lo
temperature properties are now governed by theleading-
correction-to-scaling boundary operator~LCBO!. This must
preserve all the symmetries ofHo1HF* . We obtain aunique
LCBO: J21

•Fd(x), which has the scaling dimensionDS
5112/(k12) for a left-handed theory. Then, adding

dH5g1J21
•F~0!, ~13!

to the total Hamiltonian, the leading contribution to low
temperature thermodynamics is second order ing1. For k
54, we have14

Cimp;T2/31•••,x imp;T21/31•••T→0. ~14!

As pointed out by Fabrizio and Gogolin, the same conclus
holds at a particular anisotropic Kondo limit, namely th
so-called Toulouse point.16

B. Role of repulsive interactions in each channel

WhenUÞ0, the bulk HamiltonianHTL can also be writ-
ten on a Sugawara form, using the redefinitions5

JL(R)
i ~x!5 coshh:c iL (R)a

† ~x!c iL (R)a~x!:

1 sinhh:c iR(L)a
† ~x!c iR(L)a~x!: ~15!
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JL(R)
i ~x!5:c iL (R)a

† ~x!sabc iL (R)b~x!:,

where the currentsJp
i (x) and Jp

i (x) ~where i 51,2 and p
5L,R) satisfy theU(1) and~level-1! SU(2)1 Kac-Moody
algebras, respectively and

tanh2h5U/~vF1U !. ~16!

They generate the critical Luttinger bulk Hamiltonian

HTL5E
0

l

dx
vc

8p
:Jp

i ~x!Jp
i ~x!:1

vF

8p
:Jp

i ~x!Jp
i ~x!:. ~17!

Note that HTL is invariant under the chiral symmetryG
5$U(1)L3U(1)R3SU(2)1,L3SU(2)1,R%2. The model
yields separation of spin and charge and the velocity
charge zero sound modes is given by

vc5vFA112U/vF5vFK21. ~18!

The parameterK5e22h can be identified as the usual Lu
tinger exponent. At high temperatures, the spin quasipa
cles, from the SU~2!, level-1 Wess-Zumino-Witten confor
mal field theory, are the usual spin-1/2 doublets nam
spinons@which bring fractional spins#.

By analytic continuation, the theory in Eq.~17! is equiva-
lent to a chiral~left-handed! theory on@2 l ,l #. As the four
currents are coupled viaS, the forward Kondo exchang
breaks$SU(2)1,L3SU(2)1,L%2 of G down to the diagona
level-4 subalgebraSU(2)4. For conformal theories with an
SU(2)k symmetry, the free energy is proportional to t
‘‘central charge’’ defined as17

C5
3k

k12
• ~19!

Thus, we can decompose a 43SU(2)1 Sugawara Hamil-
tonian ~with C54) onto anSU(2)4 one ~with C52) and a
remainder describing the flavor sector@here, anSU(2)4 criti-
cal theory withC52, as well#. This analysis can be route
via the so-calledcosetconstruction18. Then, since only the
spin sectorSU(2)4 is coupled to the impurity, we predict th
sameuniqueLCBO as for the case without electron-electr
interaction@a boundary operator coming from the charge s
tor or the flavor one~only! is characterized by a couplin
constant which goes to zero when the ultraviolet cutoff g
to infinity#. Using the general formula of Ref. 7, we obtain
Wilson ratio

RW5
x impC

xCimp
54~11K !, ~20!

where,C and x are the bulk quantities. It should be note
that RW is universal only for a perfect isotropic Kond
exchange19 and in the limit U→0: it takes the valueRW
58.14

To conclude, the presence of the electron-electron in
action makes the Kondo crossover highly nonuniversal. T
impurity screening leads to a new symmetry for the b
Hamiltonian, and then to newN-body excitations in the in-
frared limit @coming from theSU(2)43SU(2)4 ~flavor-spin!
sectors#. However, note that charge quasiparticles w
chargesQ51e, are still the usual ‘‘holons’’ of the LL.
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On the other hand, the low-temperature thermodynam
due to the impurity screening is still the same as the o
found in the noninteracting case, because the impurity s
couples only toindividual electrons.

IV. BACKSCATTERING EFFECTS

Let us now includelB5lFÞ0. First, to confirm that the
presence of backward scattering off the impurity leads t
newfixed point, we start withU50. With no e-e interaction,
it is convenient to use the so-called Weyl basis10

c6
i ~x!5@cL,s

i ~x!6cR,s
i ~2x!#/A2. ~21!

Then, (Ho1HK) transforms into a four-channel Kond
theory, but with the impurity coupled to the electrons in on
the two positive parity channels, namelyc1

1 andc1
2 . Thus,

we obtain an effective two-channel20 ~left-handed! Kondo
Hamiltonian.10

Here, it is well-known that the forward Kondo scatterin
term breaks theSU(2)13SU(2)1 subgroup ofHo down to
SU(2)23Z2, where Z2 is a critical theory with a centra
charge C51/2 equivalent to anIsing model.5,7 The model
renormalizes to a marginal non-Fermi liquid withlogarith-
mic corrections. It can be simply obtained by takingg1 as the
unique LCBO ~note that DS53/2 for k52). The low-
temperature thermodynamics at the impurity site is giv
by14

Cimp}T lnS TK

T D1•••,x imp} lnS TK

T D1•••T→0 . ~22!

WhenUÞ0, the e-e interaction mixes left- and right-movin
fields, and hence becomes highlynonlocalin the Weyl-basis.
Although efforts have been made to handle consistently
non-local terms appearing from the interaction,21 in our
problem it is very difficult to describe the Kondo fixed poi
in the (c1

1 ,c1
2 ) basis.

However, demanding that any associated LCBO must c
rectly reproduce the noninteracting limit asU→0, the pos-
sible critical theories can be deduced:

~a! From the spin sector only LCBO with the scaling d
mensionDS53/2 can occur. The only contribution from th
SU(2)4 sector is then the identity and its descendants.This
implies a recombination of conformal towers in the spin s
tor.

~b! A LCBO including a charge or a flavor field unam
biguously must be characterized by a scaling dimensionDT
→1 asU→0 @producing no boundary correction in the no
interacting limitU→0].

A. Two-channel Kondo physics whenUÞ0

To guess the precise symmetry of the Hamiltonian in
critical region, we can use the following points.

First, we can exploit the expectation that the full Kond
interactionHK can be described as arenormalizedboundary
condition ~selection rule! on HTL , analogous to the forward
interaction obtained forU50. In particular,lF should scale
towards thesolvablepoint lF* 5vF/4 ~with k52! although
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lB goes to strong couplings whenUÞ0 or KÞ1 @see be-
low#. Second, the full Hamiltonian must also contain an Is
sector.

As an important consequence, whenUÞ0 we must write
the fixed-point HamiltonianH01HF* as a C52 critical
theory with L and R movers having anSU(2)2,L
3SU(2)2,R3Z2 symmetry. The presence of backward sc
tering off the impurity breaksSU(2)2,L3SU(2)2,R down to
SU(2)2.

Let us now precisely describe the content of scal
boundary operators. IfJL(R)

1 and JL(R)
2 @given by Eq.~15!#

satisfy the level-1 Kac-Moody algebra, then the diago
currents given by

JL(R)5JL(R)
1 1JL(R)

2 , ~23!

satisfy the level-2 one. Thus, we can write the Hamilton
as a sum of anSU(2)2,L3SU(2)2,R Sugawara Hamiltonian
and an Ising model. Such procedure, for example, has b
successfully applied to treat the two-leg spin ladd
problem.22 We can easily complete the ‘‘square’’ at the sol
able point lF* 5vF/4 via the use of the transformation
JL(R)(x)→JL(R)(x)12pSd(x). The Kac-Moody algebras
for channels L and R are no longer independent. As for
noninteractingU-limit, lF* 5vF/4 will be identified as the
true fixed point of the model. However, it should be not
that the recursion law forlF

dlF

d ln L
5

lF
2

2pvF
1

lB
2

2pvF
2

k

2

lF
3

~2pvF!2
1•••, ~24!

does not allow to find the precise forward Kondo exchan
infrared value, namelylF* . We can only assume that, as f
U50, the presence of the last term that occurs with aminus
sign should preventlF to flow to strong couplings.

The eigenstates in theSU(2)2,L3SU(2)2,R sector appear
in conformal towers labeled by the spin quantum numb
j 50,1/2,1. The corresponding primary fields are the iden
1, the fundamental fieldg, and the triplet operator~a 333
matrix! F5( i , jFLiFR j . They have the scaling dimension
DS5 1

2 j ( j 11). Similarly, there are three primary fields in th
Ising sector given byf51,s,e with scaling dimensionsD I

given by 0,18 ,1, respectively.
In respect to the noninteracting caseU→0, the absorption

of the impurity must give for forward scattering (j ,f)
5(0 or 1,1).14 Simply, through the examination of spin sin
glets fromSU(2)2,L3SU(2)2,R , one obtains the following
LCBO:

dH5g1$JL
21FL~0!1JR

21FR~0!%. ~25!

By construction,FL andFR have the halved dimension 1/2
Thus, we can easily check thatdH produces a two-channe
like Kondo fixed point with transport properties given in E
~22!. We like to point out the following remark. AlthoughJL
andJR are coupled through the impurity screening, the sy
metry SU(2)2,L3SU(2)2,R of the total Hamiltonian canno
be broken at the fixed point because a descendant fieldJp

21

with p5L,R acts only on a primary field from thep sector.
The same fixed point has been found for the overscree
Kondo effect in a two-band Hubbard chain,10meaning that
-
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the geometry of the system does not affect spin propertie
the infrared limit. We can check that the Wilson ratio i
universal only whenU→0; it takes the value 8/3.14

B. Generalized tunneling process a` la Furusaki-Nagaosa

Neglecting thelm term, for each LL the charge eigen-
states organize into a product of twoU(1) conformal towers,
labeled by the two quantum numbers (Qi ,DQi), the sum and
difference of net charge in the left and right channels. Int
ducing the usual charge variables (i 51,2),

~JL
i 1JR

i !5
1

A2pK
]xfci , ~JL

i 2JR
i !5A K

2p
Pci ,

~26!

the charge part of the free Hamiltonian can be identified
two independent Luttinger models.1,2

Now, we must carefully treat backward scattering off t
impurity. Indeed, the corresponding term in Eq.~4! breaks
the chiral U(1) invariance ofHTL . The selection rule for
combining the twoU(1) conformal towers may change
Thus, DQi is no longer restricted to zero, and the char
sector should make nontrivial contributions to the content
scaling operators leading to another possible fixed poin
the critical region.

The backscattering term~4! is usually expressed in th
so-called spinon basis as6,7

HB5lB (
i 51,2

$Tr~gis!cosA2pfci~0!%•S, ~27!

and the spin operatorsgiPSU(2)1,L3SU(2)1,R . Using
simple scaling arguments~with L[1/T!

dlB

d ln L
5

1

2
~12K !lB1OS lBlF

pvF
D , ~28!

we find that prominent backscattering off the impurity su
ports a Kondo effect for ferromagnetic as well as antifer
magnetic Kondo exchanges.23 The Kondo temperature yield
the same power-law dependence on the exchange cou
TK}lB

2/(12K) as for the single LL case.8,24 To summarize,
when KÞ1 the flow of lBÞ0 goes to infinity whereas the
forward Kondo scattering exchange scales to the precise
termediate value given by Eq.~8!, with k52.

When T!TK , we have the formation of a bound sta
~with spin S50! between any electron near the Fermi lev
and the impurity spin. However, a nonmagnetic extra deg
of freedom remains at the impurity site becauselF* is not too
strong@let us remind that only the forward Kondo exchan
can really absorb or screen the impurity spin#. Precisely, for
k52, the groundstate degeneracy is exactlyg5A2,14 and it
can be interpreted as a residual Majorana fermion at
origin.25

On the other hand, the fact thatlB→1` can be inter-
preted as follows. In the infra-red region, the cosine terms
Eq. ~27! become pinned at the origin and^cosA2pfci(0)&
5 constant orfci(0)5Ap/2.7 Simply, it means that the
charge quasiparticles~holons! move completely away from
the origin @despite the relatively weak value of the forwa
Kondo exchange at the fixed point#, due to the concrete spin
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TABLE I. Different fixed points and physical behaviors reported in this paper, for the Kondo effe
crossed Luttinger liquids. Notations are explained in the text and* is from Ref. 14.

Impurity Susceptibility Specific heat Conductance/Resistivity Fixed point

lFÞ0 andlB50 T21/3 T2/3 r}T1/3* 4-channel-like

lF5lBÞ0 1- const.1T1/K T(1/K)21 G}T(1/K)21 Furusaki-Nagaosa
2- ln T T ln T r}AT* 2-channel-like, Or

If d,lmÞ0 const.* T* r}T2* 1-channel-like
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charge separation occurring in a 1D metallic wire forKÞ1:
only spin degrees of freedom couple to the impurity in t
infrared region. Finally, since a bound state between an e
tron of the Fermi sea and the impurity spin acts as a str
nonmagnetic barrier atx50 and sincelB→1`, exotic tun-
neling phenomena can take place. In the infrared limit,
must decompose the backscattering termlB ~written via g1
and g2) in the (Ising)̂ g basis ~which has been used t
absorb the impurity spin!. After some complicated algebra
the result is22

Tr~g1s!1Tr~g2s!5A2Tr~gs!•s. ~29!

The lowest dimension operator withDQiÞ0 allowed by the
forward selection rule is obtained from (Qi ,DQi , j ,f)5(0,
62,0,1), has the scaling dimension 1/2K and can be written
as: cosA2pf̃ci(0). Then, possible couplings ofSU(2)2 and
Ising towers to theU(1) towers yield the following candi-
date LCBO:

dH5g2Tr~gs!•s (
i 51,2

cosA2pf̃ci~0!, ~30!

and g2}1/lB . Such term describes a collective tunneli
process of two electrons~one in each LL!, which breaks the
spin singlet at the impurity site.

Since there is no Hubbard coupling between channe
and 2, a tunneling phenomenon including a renormali
~channel-dependent! LL charge parameter cannot occur. Th
is the main difference with the Kondo effect in a two-ba
Hubbard chain.10 Here, physical properties exhibit an exa
duality between high- and low-temperature fixed points,
placingK→1/K.7 We can check that such an operator w
scaling dimensionDT5 1

2 (1/K11) @which goes to 1 asU
goes to zero# shows the same anomalous scaling in tempe
ture as the one predicted by Furusaki and Nagaosa for
Kondo effect in a LL.8 Thus, the impurity specific heat an
the conductance also exhibit the same anomalous temp
ture dependence with a leading term~at T→0)

Gimp~T!}T(1/K)21,Cimp~T!}T(1/K)21, ~31!

which vanishes whenK→1,5,7,8 i.e., for the noninteracting
case. The current-voltage curve associated with this tun
ing process obeys

G~V![
dI

dV
}uVu(1/K)21, ~32!

@thermal energy has been replaced by electric energy#. When
K51 a linear I-V curve is predicted, consistent with expe
c-
g

e

1
d
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-
he
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-

tations for non-interacting electrons, which are partia
transmitted through a nonmagnetic barrier. ForKÞ1, we
obtain

I}uVu1/K, ~33!

and then the linear conductance is strictly zero. This i
simple reflection of the suppressed density of states in a

V. CONCLUSIONS AND DISCUSSIONS ON
RELEVANT PERTURBATIONS

Summarizing, we have studied the low-temperature pr
erties of a spin-1/2 magnetic impurity coupled to two cross
conducting channels, each described by a Luttinger mo
Using boundary conformal field theory, we have reached
important conclusion that the problem still admits two po
sible fixed points: either the theory remains a marginal n
Fermi liquid with logarithmic corrections in the presence
electron-electron interactions, or electron correlations dr
the system to another non-Fermi liquid fixed point obtain
originally by Furusaki and Nagaosa for the Kondo effect in
LL.

However, as in the case without e-e interaction,26 the pre-
vious marginal non-Fermi liquid is unstable in presence o
small channel anisotropyd5(lF

12lF
2). Adding the corre-

sponding term

HA5d~JL
12JL

21JR
12JR

2 !S5d~eLFL1eRFR!S, ~34!

to the Hamiltonian destabilizes the symmetric forward sc
tering fixed point. As in the Kondo effect in a LL~Ref. 7! or
the famous two-impurity model in a three dimension
Fermi-liquid environment,27 the LCBO Jp

21Fp (p5L,R) is
excluded by parity conservation. We have used the notatio
e5eLeR . Here,ep enters as an allowed boundary operator
scaling dimensionD I51, producing a one-channel~Fermi-
liquid-like! fixed point, ruled by the new selection ruled*
→1`. There are now three irrelevant leading operators
dimension 2, namelyJL

1JL
1 , JR

1JR
1 , JL

1JR
17. To conclude, either

Fermi-liquid-like@with anSU(2)k52 spin symmetry# or non-
Fermi liquid à la Furusaki-Nagaosa could be still realize
experimentally in multichannel 1D quantum wires or carb
nanotubes satisfying the geometry presented here.

Note also that the suppression of backscattering off
impurity produces a low-energy physics identical to that
the four-channel Kondo model.

Finally, lm5lF5lBÞ0 seems also to be a relevant@but
not very realistic# perturbation. Indeed, passing to an od
even parity basis, (a,b)51/A2(c16c2) @when U→0] the
impurity couples only to the fermionic channela. This also
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leads to a Fermi-liquid-like fixed point or to the Furusak
Nagaosa non-Fermi-liquid one.

A summary of various physical behaviors is given
Table I.
r,
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