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Current characteristics of the single-electron transistor at the degeneracy point

Amnon Buxboim and Avraham Schiller
Racah Institute of Physics, The Hebrew University, Jerusalem 91904, Israel

~Received 21 August 2002; published 28 April 2003!

The linear and nonlinear transport properties of the single-electron transistor at the degeneracy point are
investigated for the case of weak single-mode tunnel junctions. Two opposing scenarios are considered, dis-
tinguished by whether or not electrons can propagate coherently between the two tunnel junctions. Each of
these two scenarios corresponds to the realization of a different multichannel Kondo effect — the two-channel
Kondo effect in the case where coherent propagation is allowed, and the four-channel Kondo effect in the
absence of coherent propagation. A detailed analysis of the linear and nonlinear conductance is presented for
each of these scenarios, within a generalized noncrossing approximation for the nonequilibrium multichannel
Kondo Hamiltonian. A zero-bias anomaly is shown to develop with decreasing temperature, characterized by
the anomalous power laws of the multichannel Kondo effect. A scaling function of the differential conductance
with V/T (V being the applied voltage bias,T the temperature! is proposed as a distinctive experimental
signature for each of these two scenarios. In the absence of coherent propagation between the leads, and for
asymmetric couplings to the two leads, a crossover from four-channel to two-channel behavior is manifested in
a vanishing zero-temperature conductance, and in a nonmonotonic voltage dependence of the differential
conductance for small asymmetries.

DOI: 10.1103/PhysRevB.67.165320 PACS number~s!: 73.40.Gk, 73.23.Hk, 72.15.Qm
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I. INTRODUCTION

The single-electron transistor, a small metallic or sem
conducting quantum box connected to two separate lead
among the basic elements of mesoscopic devices. Due to
finite energy barrier for charging the box with a single ele
tron, the so-called Coulomb blockade,1,2 charge inside the
box is nearly quantized at low temperatures for weak tunn
ing between the box and the leads. As a result, trans
through the box is strongly suppressed unless the two low
lying charge configurations in the box are tuned to be deg
erate. As a function of gate voltage, the conductance t
shows a sequence of narrow peaks, each corresponding t
crossing of the ground state fromn to n11 excess electron
inside the box.

At the degeneracy points, the system is subject to str
charge fluctuations. The corresponding low-energy physic
governed by the non-Fermi-liquid fixed point of the mul
channel Kondo effect,3–5 where the two degenerate char
configurations in the box play the role of the impurity sp
Which multichannel Kondo effect is realized depends on
croscopic details such as the number of transverse mod
the junctions, and the nature of electron transport inside
box. Two opposing scenarios were considered to date for
single-electron transistor, distinguished by whether or
electrons can propagate coherently between the two tu
junctions. Focusing on wide tunnel junctions, Ko¨nig et al.6

considered the case where electrons can propagate c
ently between the two leads~see also Refs. 7 and 8!. Extend-
ing the work Grabert9 to nonequilibrium transport, these au
thors analyzed in detail all second-order contributions to
current in the dimensionless tunneling conductance, obt
ing good agreement with experiment.10 However, based on
perturbation theory, this approach breaks down near the
generacy points, where transport is governed at low temp
0163-1829/2003/67~16!/165320~17!/$20.00 67 1653
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ture by the strong electronic correlations of the multichan
Kondo effect.

An alternative scenario was considered by Furusaki
Matveev,11 and later by Zara´nd et al.12 and Le Hur and
Seelig.13 Noting that elastic cotunneling is strongly su
pressed at temperatures above the level spacing,14 these au-
thors omitted altogether coherent electron transport betw
the leads, by coupling each lead to independent conduct
electron modes within the box. For symmetric single-mo
junctions, the resulting low-temperature physics is govern
at the degeneracy point by the four-channel Kondo effec11

in contrast to the two-channel Kondo effect that takes pl
when electrons can propagate coherently between the le
Any asymmetry in the coupling to the two leads drives t
system away from the four-channel fixed point to a tw
channel fixed point, where one lead is decoupled from
box. Consequently, the zero-temperature conductance
ishes, as shown by Furusaki and Matveev in the limit of b
a large asymmetry and strong tunneling to one lead11 ~i.e., a
nearly open tunneling mode!. A quantitative description of
the temperature and asymmetry dependence of the con
tance in this case remains lacking.

Despite considerable efforts,6–8,11–13the understanding o
the low-temperature transport at the degeneracy points is
from complete for either scenario. For weak single-mo
tunnel junctions, there is no quantitative theory for the te
perature dependence of the conductance in the Kondo
gime, while the nonequilibrium differential conductance
practically unexplored in this regime for either scenario15

The goal of this paper is to provide a detailed analysis of
linear and nonlinear transport at resonance, for weak sin
mode tunnel junctions. Both scenarios where electrons ei
can or cannot propagate coherently between the two ju
tions are considered. Our aim is to provide a host of sig
tures that can be used to experimentally discern the two
©2003 The American Physical Society20-1
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tures, and to detect which multichannel Kondo effect
realized in actual systems.16

To this end, we employ the noncrossing approximatio17

~NCA!. The NCA is a self-consistent perturbation theo
about the atomic limit. Originally designed to study dilu
magnetic alloys, this approach was successfully applied
the out-of-equilibrium Kondo effect both for th
single-channel18–20 and two-channel21 Anderson impurity
model. Recently, the NCA was generalized to the multich
nel Kondo spin Hamiltonian with arbitrary spin-exchan
and potential-scattering couplings.22 Similar to the NCA for-
mulation of the multichannel Anderson model,23 the Kondo-
NCA ~KNCA! correctly describes the low-energy physics
the multichannel Kondo model, reproducing the exact n
Fermi-liquid power laws and logarithms of the multichann
Kondo effect. This should be contrasted with the sing
channel case, where the NCA~and KNCA! fails to describe
the Fermi-liquid fixed point.17 Here we extend the KNCA
approach to the nonequilibrium case, and apply it to
single-electron transistor.

Using the KNCA, we find that a zero-bias anomaly dev
ops in the current characteristics of the single-electron tr
sistor, featuring the anomalous power laws of the cor
sponding multichannel Kondo effect. The latter power la
are manifest in the temperature and voltage dependenc
the low-temperature, low-bias differential conductan
Similar to the case of two-channel Kondo scattering off no
magnetic two-level tunneling systems,21,24 these power laws
are best revealed in a scaling plot of the differential cond
tance versuseV/kBT, with V being the applied voltage bias
Such scaling plots are proposed as a distinct experime
signature of the appropriate multichannel Kondo effect.
the absence of electron propagation between the two lea
crossover from four-channel to two-channel behavior
found in the differential conductance for asymmetric co
plings, in accordance with the picture of Furusaki a
Matveev.11

The remainder of the paper is organized as follows.
Sec. II we present the single-electron transistor, and dis
the two alternative models under consideration. The none
librium KNCA is then formulated in Sec. III, followed by th
derivation of the current in Sec. IV. Our results for the line
and nonlinear transport are presented in Sec. V, and
cussed in Sec. VI.

II. THE SINGLE-ELECTRON TRANSISTOR

A. Basic model

The physical system under consideration is shown sc
matically in Fig. 1. A metallic island, or quantum box,
connected by narrow point contacts to two separate lead
left (L) lead and a right (R) lead. A drain-source voltage bia
is applied across the device, which sets a chemical-pote
difference between the leadsmL2mR5eV. Here2e is the
electron charge. Modeling each lead byN noninteracting
one-dimensional conduction modes, the Hamiltonian of
two independent leads reads
16532
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Hleads5 (
a5L,R

(
n51

N

(
k,s

~eakn1ma!cakns
† cakns , ~1!

wherecakns
† creates a conduction electron with wave numb

k and spin projections in thenth mode of leada, andeakn
are the corresponding single-particle energies, meas
relative to the chemical potential on that lead.

For the quantum box, one has to consider also its charg
energy. Setting the Fermi energy of the box as our refere
energy for the single-particle levels inside the box, the exc
number of electrons on the metallic island is described by
operator

N̂B5 (
m51

M

(
q,s

@cBqms
† cBqms2u~2eBqm!#. ~2!

Here, similar to our notation for the leads,cBqms
† creates an

electron with wave numberq and spin projections in the
mth mode of the box (M independent conductance mod
are taken within the box!, and eBqm are the corresponding
single-particle levels. The latter levels are assumed to
sufficiently dense such that a continuum-limit descripti
can be used. The Hamiltonian of the isolated box is th
given by

Hbox5 (
m51

M

(
q,s

eBqmcBqms
† cBqms1EC~N̂B2NC!2, ~3!

whereEC is the charging energy of the box andNC is the
classical number of excess electrons inside the box. Th
two quantities are related to the capacitances of the gate
of the left and right junctions throughEC5e2/2(Cg1CL
1CR) and NC5(CgVg1CLVL1CRVR)/e, whereVg , VL ,
andVR are the voltages applied to the gate and to the left
right leads, respectively~see Fig. 1!.

FIG. 1. Schematic description of the physical system. A qu
tum box is coupled capacitively to a gate, and connected by w
tunneling (tL and tR) to two metallic leads: a left lead and righ
lead. The charge inside the box is controlled by varying the g
voltageVg , which fixes the electrostatic potential within the box.
drain-source voltage biasV5VR2VL is applied across the transis
tor, which drives a current through the device.
0-2
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The quantum box is coupled to the leads by weak tunn
ing, described by the tunneling Hamiltonian

Htunnel5 (
a5L,R

(
n,m

(
k,q,s

tnm
a $cakns

† cBqms1H.c.%. ~4!

For simplicity, both thek andq dependences of the tunnelin
matrix elementstnm

L and tnm
R have been neglected in Eq.~4!.

The full Hamiltonian of the system readsH5Hleads1Hbox
1Htunnel.

B. Mapping onto the multichannel Kondo problem

Our objective is a detailed quantitative description of t
linear and nonlinear transport at resonance, when two ne
boring charge configurations are degenerate within the b
To this end, let us focus on the vicinity of a particular d
generacy pointNC5n1 1

2 with n an integer, separating th
N̂B5n and N̂B5n11 charge configurations.

As emphasized by Matveev,3,4 the low-temperature, low-
bias physics is governed at resonance by the intermed
coupling fixed point of the multichannel Kondo effect. T
formulate the connection between the two problems, we p
ceed along the lines laid out by Matveev.3 Labeling the de-
viation from the degeneracy point bydN5NC2n2 1

2 , we
concentrate onudNu!1 andeuVu,kBT!e2/CB , such that all
charge configurations in the box other thanN̂B5n and N̂B
5n11 are energetically inaccessible. One can formally
move all higher energy charge configurations in the box
means of two projection operatorsPn and Pn11, which
project onto theN̂B5n and N̂B5n11 subspaces, respec
tively. Alternatively, one can carry out the projection onto t
low-energy subspace by introducing a spin-1

2 isospin opera-
tor SW , and identifying

Pn112Pn↔2Sz , ~5!

PncBqmsPn11↔cBqmsS2, ~6!

Pn11cBqms
† Pn↔cBqms

† S1. ~7!

Omitting an EC-dependent reference energy, the result
low-energy Hamiltonian reads

Heff5 (
a5L,R

(
k,n,s

~eakn1ma!cakns
† cakns

1 (
q,m,s

eBqmcBqms
† cBqms22ECdNSz

1 (
a5L,R

(
k,q,n,m,s

$tnm
a cakns

† cBqmsS21H.c.%. ~8!

Strictly speaking, Eqs.~5!–~8! are subject to the con
straintN̂B2Sz5n11/2, reflecting the fact that the isospinSW

and the conduction-electron operatorscBqms
† are not indepen-

dent degrees of freedom. However, since the isospin dyn
ics in the Hamiltonian of Eq.~8! is not sensitive to the pre
cise number of conduction electrons inside the quantum b
16532
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this constraint can be conveniently relaxed. We therefore
gard hereafter the isospinSW and thecBqms

† operators as inde
pendent entities.

The Hamiltonian of Eq.~8! has the form of a planne
multichannel Kondo Hamiltonian. Hereh52ECdN plays the
role of a magnetic field, while the equivalence of the tw
spin orientations guarantees the existence of at least
identical conduction-electron channels. The total numbe
independent conduction-electron channels depends, how
on the microscopic details of thetnm

a tunneling matrix ele-
ments. In this paper we consider two particular scenar
corresponding to the two- and four-channel planner Kon
Hamiltonian.

C. Coherent propagation versus no coherent propagation
between the two junctions

For sufficiently narrow point contacts, only a single mo
weakly couples each lead to the quantum box. Focusing
this case, we consider two different scenarios: one by wh
both leads couple to thesamesingle mode within the box,
and the other whereby each lead is coupled to adifferent
mode within the box.

The former scenario is just a single-mode version of
model of König et al.,6 whereby electrons can propagate c
herently between the two leads. Its corresponding lo
energy effective Hamiltonian is obtained by settingN5M
51 in Eqs.~1!–~4!, thus omitting the mode indicesn andm.
The resulting Hamiltonian takes the form

Heff5 (
a5L,R

(
k,s

~eak1ma!caks
† caks1(

q,s
eBqcBqs

† cBqs

1 (
a5L,R

(
k,q,s

ta$caks
† cBqsS21H.c.%2hSz , ~9!

where tnm
L →tL and tnm

R →tR ~both taken to be real! are the
tunneling matrix elements for the left and right junction
respectively.

The second scenario is a straightforward adaptation
weak single-mode tunnel junctions of the model introduc
by Furusaki and Matveev,11 and later used by Zara´nd et al.12

and by Le Hur and Seelig.13 In this model, electron propa
gation between the two leads is excluded from the out
accounting thereby for the strong suppression of elastic
tunneling at temperatures above the level spacing.14 The cor-
responding low-energy effective Hamiltonian is obtain
from Eqs. ~1!–~4! by settingN51 and M52, and taking
t1m
L →tLdm,1 and t1m

R →tRdm,2 . Converting for convenience
from the channel labelsm51 andm52 within the box to
a5L and a5R, respectively, the resulting Hamiltonian
given by

Heff5 (
a5L,R

(
k,s

~eak1ma!caks
† caks

1 (
a5L,R

(
q,s

eBqacBqas
† cBqas2hSz

1 (
a5L,R

(
k,q,s

ta$caks
† cBqasS21H.c.%. ~10!
0-3
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As in Eq. ~9!, the effective magnetic fieldh is equal to
2ECdN.

1. Coherent propagation between the leads

The Hamiltonian of Eq.~9! is equivalent in equilibrium to
the planner two-channel Kondo Hamiltonian in an appl
magnetic field. This is best seen by first converting to
constant-energy-shell representation of the conduct
electron creation and annihilation operators in each of
two leads and the quantum box, and then constructing g
eralized ‘‘bonding’’ and ‘‘antibonding’’ combinations of the
two leads. Upon doing so the ‘‘antibonding’’ band decoup
from the isospinSW , while the ‘‘bonding’’ band plays the role
of the single lead in Matveev’s original mapping onto t
planner two-channel Kondo Hamiltonian.3 At the degeneracy
point, the capacitance of the single-electron transistor
verges logarithmically with decreasing temperature acco
ing to C}(1/TK)ln(TK /T), where TK is the two-channel
Kondo temperature25

kBTK5~DAgL1gR!expF2
p

4AgL1gR
G . ~11!

Here D;2EC is the effective conduction-electron ban
width,

ga5ra~0!rB~0!ta
2 ~12!

(a5L,R) are the dimensionless tunneling conductances
the left and right junctions, and

rg~e!5(
k

d~e2egk! ~13!

are the underlying density of states (g5L,R, or B).
Throughout this paper we use the notation by which the
gument ofrg(e) is measured relative to the correspondi
chemical potential, i.e.,mL andmR for g5L andR, respec-
tively, andmB50 for g5B.

Away from equilibrium, it is still possible to construc
‘‘bonding’’ and ‘‘antibonding’’ combinations of the left and
right leads, yet one can no longer dismiss the ‘‘antibondin
degrees of freedom as irrelevant. While the latter degree
freedom remain decoupled from the isospinSW on the level of
the Hamiltonian, they do couple toSW through the effective
density matrix, which assigns different chemical potentials
the right and left leads. Hence both the ‘‘bonding’’ and ‘‘an
bonding’’ combinations must be retained when comput
the current for a finite bias.

2. No coherent propagation between the leads

Contrary to the Hamiltonian of Eq.~9!, the Hamiltonian
of Eq. ~10! corresponds in equilibrium to the planner fou
channel Kondo Hamiltonian with channel anisotropy. Sp
cifically, there are two distinct pairs of equivalent channe
one pair for each tunnel junction. A channel-isotropic fo
channel Kondo Hamiltonian is recovered only for equal tu
neling conductances for the left and right junctionsgL
5gR . The latter conductances are given by
16532
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ga5ra~0!rBa~0!ta
2 ~14!

(a5L,R), which differ from the expressions of Eq.~12!
only in the separate density of states for the left and ri
modes within the quantum box

rBa~e!5(
k

d~e2eBka!. ~15!

For gL5gR5g, the low-energy physics of the transisto
is governed by the non-Fermi-liquid fixed point of the fou
channel Kondo effect. The corresponding Kondo tempera
is given by26

kBTK5~Dg!expF2
p

4Ag
G , ~16!

whereD;2EC . Note that the exponent of Eq.~16! differs
by a factor ofA2 from that of Eq.~11! under the same
condition thatgL5gR5g. Any asymmetry in the left and
right tunneling conductances,gLÞgR , drives the system to a
two-channel fixed point with one of the leads effectively d
coupled from the box.

III. NONCROSSING APPROXIMATION

To obtain a reliable quantitative theory for the low
temperature transport at resonance for each of the mode
Eqs. ~9! and ~10!, we resort to a recent adaptation of th
noncrossing approximation~NCA! to the Kondo spin Hamil-
tonian with arbitrary spin-exchange and potential-scatter
couplings.22 In this section, we formulate the Kondo-NC
~KNCA! for each of the models of Eqs.~9! and~10!, gener-
alizing the KNCA to nonequilibrium.

A. Slave-fermion representation

To handle the isospinSW , which we refer to hereafter as th
impurity spin, we employ Abrikosov’s slave-fermio
representation.27 In this representation, one assigns a pseu
fermion to each impurity spin state according to

f 1
† u0&↔uSz511/2&, ~17!

f 2
† u0&↔uSz521/2&. ~18!

This assignment corresponds to the replacement of the
purity spin operator by the bilinear pseudofermion opera

SW↔ 1

2 (
gd

f g
†sW gd f d , ~19!

wheresW are the Pauli matrices. The physical subspace c
responds to the constraintN̂f5(g f g

† f g51, which represents
the fact that we are working within an enlarged Hilbe
space. This constraint distinguishes the pseudofermions f
ordinary fermions.

The advantage of the slave-fermion representation st
from the ability to use standard diagrammatic many-bo
techniques to calculate physical observables. The difficu
0-4
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lies in implementing the constraint, which necessitates
introduction of a fictitious ‘‘chemical potential’’l for the
pseudofermions. The latter is taken to minus infinity at
end of the calculation, as described below. For concreten
let us focus in the following on the case where coher
propagation is allowed between the two junctions, i.e.,
Hamiltonian of Eq.~9!. The necessary modifications for th
model of Eq.~10! are detailed in Appendix A.

In conventional perturbation theory for a nonequilibriu
problem, one starts with an unperturbed system in equ
rium. All processes that drive the system out of equilibriu
are then switched on adiabatically at some initial timet0. For
the problem at hand, one starts with two decoupled lea
each with its own chemical potential. The unperturb
HamiltonianH0 thus lacks the exchange term, and is giv
by

H05 (
a5L,R

(
k,s

~eak1ma!caks
† caks1(

q,s
eBqcBqs

† cBqs

1 (
g56

~eg2l! f g
† f g . ~20!

Here eg is equal to2g 1
2 h, while l is a fictitious chemical

potential for the pseudoparticles. Note thatH0 is bilinear and
diagonal in the single-particle operatorscaks

† and f g
† , which

makes it a suitable starting point for diagrammatic calcu
tions. The initial density matrix of the system is also diag
nal in the above single-particle operators, and has the fo

r̂05
e2b(H02mLNL2mRNR)

Tr $e2b(H02mLNL2mRNR)%
. ~21!

Due to the chemical potentiall that was added toH0, the
statistical weight of theN̂f5m subspace has an extra fact
of eblm in Eq. ~21!. This allows one to project out theN̂f
51, physical subspace. Specifically, the average of
physical observableÔ can be expressed as

^Ô&phys5
1

Zimp
lim

l→2`
e2bl^ÔN̂f&l , ~22!

where

Zimp5 lim
l→2`

e2bl^N̂f&l . ~23!

Here subscriptsl denote averages with respect to the e
larged Hilbert space. Since theN̂f50 subspace does not con
tribute to the averages of Eqs.~22! and ~23! ~other than
through the normalization ofr̂0), then the leading-orde
terms inebl come from theN̂f51, physical subspace. Th
latter terms are the only ones to survive thel→2` limit.
Note that, in practice, one can drop theN̂f operator from the
average of Eq.~22! for those physical operatorsÔ that give
zero when acting on theN̂f50 subspace, which greatly sim
plifies the calculations. We also note thatZimp corresponds in
equilibrium to the ‘‘impurity contribution’’ to the partition
function ~see, e.g., Ref. 17!.
16532
e

e
ss,
t
e

-

s,
d

-
-

y

-

At t0, the tunneling terms are switched on adiabatica
and the system evolves according to the full Hamilton
H01Htun with

Htun5 (
a5L,R

(
k,q,s

ta$caks
† cBqs f 2

† f 11H.c.%. ~24!

After all transients have decayed, a new nonequilibriu
steady state is reached, characterized by time-indepen
averages of physical observables such as the current op
tor. Within the enlarged Hilbert space, the steady-state a
age of such an operatorÔ at time t50 is given by

^Ô&l5 lim
t0→2`

Tr$r̂0Û†~0,t0!ÔÛ~0,t0!%, ~25!

whereÛ is the time-evolution operator corresponding to t
full Hamiltonian. Projection onto the physical subspace
carried out according to Eq.~22!.

B. Noncrossing approximation

The key ingredients for the calculation of physical obse
ables are the pseudofermion Green functions. These inc
the retarded and advanced Green functions

Gg
r (l)~ t,t8!52 iu~ t2t8!^$ f g~ t !, f g

†~ t8!%&l , ~26!

Gg
a(l)~ t,t8!5 iu~ t82t !^$ f g~ t !, f g

†~ t8!%&l , ~27!

along with the lesser and greater Green functions

Gg
,(l)~ t,t8!5^ f g

†~ t8! f g~ t !&l , ~28!

Gg
.(l)~ t,t8!5^ f g~ t ! f g

†~ t8!&l . ~29!

Here curly brackets denote the anticommutator, andg56.
Once steady state is reached, the above Green function
gain time-translational invariance, and are solely depend
on the time differenceDt5t2t8. It is therefore advanta-
geous to switch over to the energy domain, by introduc
the Fourier transforms with respect toDt/\. In equilibrium,
the lesser Green function is simply equal to the spectral
of the retarded Green function times 2p f (e), wheref (e) is
the Fermi-Dirac distribution function. Away from equilib
rium, when the effective distribution function is not know
both the retarded and lesser Green functions are explic
needed in order to compute physical observables.

In practice, the pseudofermion Green functions enter
calculation of physical observables in their projected form
which read

Gg
r ~e!5 lim

l→2`
Gg

r (l)~e2l!, ~30!

Gg
a~e!5 lim

l→2`
Gg

a(l)~e2l!, ~31!
0-5
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Gg
,~e!5 lim

l→2`
e2blGg

,(l)~e2l!, ~32!

Gg
.~e!5 lim

l→2`
Gg

.(l)~e2l!. ~33!

These projections are analogous to the ones used in equ
rium, when G, coincides with the negative-frequency,
‘‘defect’’ spectral function.17 Note that, unlikeG. and Gr ,
the lesser Green functionG, has no contribution from the
N̂f50 subspace. Rather, its leading-order term comes f
the N̂f51 subspace, which decays to zero asebl. The extra
e2bl exponent in Eq.~32! is responsible for canceling thi
decay to zero when the limitl→2` is implemented.

The projected Green functions have standard forms
terms of the projected self-energies. Specifically,Gg

r ,a(e) and
Gg

,,.(e) are equal to

Gg
r ,a~e!5

1

e2eg2Sg
r ,a~e!

, ~34!

Gg
,,.~e!5Sg

,,.~e!uGg
r ~e!u2, ~35!

where Sg
r ,a(e) and Sg

,,.(e) are obtained from their un
projected counterparts according to the projection rules
Eqs.~30!–~33!. The KNCA ~Ref. 22! consists of a particula
set of diagrams for the pseudofermion self-energies, depi
in Fig. 2. Figure 2~c! shows the building block for the NCA
self-energy diagrams of Fig. 2~a!. It consists of a particle-
hole bubble, with one fully dressed pseudofermion line a
one bare conduction-electron line. The KNCA self-ene
features a ladder of such bubble diagrams, Fig. 2~b!, with
vertices inserted in between. Each ladder has an odd num
of bubbles, as the incoming and outgoing pseudoferm
lines share the same isospin label. For the Hamiltonian
Eq. ~9!, the physical spin is conserved along the ladd
whereas both the physical spin and the lead index~i.e., a
5L,R) are conserved for the Hamiltonian of Eq.~10!.

Focusing on the Hamiltonian of Eq.~9!, there are two
separate laddersD6

(l) labeled by the index of the outgoin
and incoming pseudofermion lines. ProjectingD6

(l) accord-
ing to the rules laid out in Eqs.~30!–~33!, one obtains

D6
r ~e!5

gP7
r ~e!

12gP1
r ~e!P2

r ~e!
, ~36!

D6
,~e!5

gP7
,~e!1g2P6

,~e!uP7
r ~e!u2

u12gP1
r ~e!P2

r ~e!u2
, ~37!

where gL and gR are the dimensionless tunneling condu
tances for the left and right junction, defined in Eq.~12!, g
5gL1gR is the sum of the two dimensionless conductanc
and

P1
r ~e!52 (

a5L,R

ga

g E
2`

`

G1
r ~e8! f ~e82e2ma!

3na~e82e2ma!de8, ~38!
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P1
,~e!52 (

a5L,R

ga

g E
2`

`

G1
,~e8! f ~2e81e1ma!

3na~e82e2ma!de8, ~39!

P2
r ~e!52E

2`

`

G2
r ~e8! f ~e82e!nB~e82e!de8, ~40!

P2
,~e!52E

2`

`

G2
,~e8! f ~2e81e!nB~e82e!de8.

~41!

Hereng(e)5rg(e)/rg(0) with g5L,R, or B is the reduced
density of states.

In Eqs.~36! and~37! we adopted the convention by whic
the D2 ladder includes the matrix elements of the two en
point vertices, and is multiplied byrB(0). The D1 ladder
does not include the matrix elements of the two end-po
vertices, but is multiplied byg/rB(0). We further restricted
attention to the case of a zero physical magnetic field~not to
be confused withh52ECdN), in which case all depen

FIG. 2. Diagrammatic representation of the KNCA approxim
tion for the pseudofermion self-energies, for the Hamiltonian of E
~9!. Within the KNCA, the pseudofermion self-energies~a! are ap-
proximated by a bubble with one bare conduction-electron pro
gator~full line! and one ladder propagator~dotted-dashed line!. The
latter propagator is defined in~b!. Full circles denote tunneling
vertices. The ladder propagators are constructed from particle-
bubbles~c! with one bare conduction-electron propagator and o
fully dressed pseudofermion propagator~dashed line!. There are
two different bubbles:P2

(l) , in which g52 anda5B, andP1
(l) ,

in which g51 anda is summed overL andR. The same conven-
tion for g anda applies to the self-energy bubble of~a!. Note that
we include the matrix elements of the two edge vertices and a fa
of rB(0)/g in our definition ofP1

(l) , while P2
(l) is defined without

the matrix elements of the edge vertices, yet with an extra facto
1/rB(0). Onlyparticle-hole bubbles are included within the KNCA
while all other noncrossing diagrams~e.g., the particle-particle
bubbles! are omitted.
0-6
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dences on the physical spin indexs drop. With these nota-
tions the KNCA self-energies take the form

S1
r ~e!522 (

a5L,R

ga

g E
2`

`

D1
r ~e8! f ~2e1e81ma!

3na~e2e82ma!de8, ~42!

S1
,~e!522 (

a5L,R

ga

g E
2`

`

D1
,~e8! f ~e2e82ma!

3na~e2e82ma!de8, ~43!

S2
r ~e!522E

2`

`

D2
r ~e8! f ~2e1e8!nB~e2e8!de8,

~44!

S2
,~e!522E

2`

`

D2
,~e8! f ~e2e8!nB~e2e8!de8, ~45!

where an extra factor of two comes from summation over
two equivalent spin orientations.

Equations~36!–~45! represent the complete summation
the KNCA class of diagrams for the pseudofermion se
energies, in the case where coherent propagation is allo
between the two leads@i.e., the Hamiltonian of Eq.~9!#. For
gnB(e)5gLnL(e)1gRnR(e),28 these equations properly re
duce in equilibrium to those of Ref. 22 for the plann
two-channel Kondo Hamiltonian.29 The adaptation of Eqs
~36!–~45! to the Hamiltonian of Eq.~10! is specified in
Appendix A.

IV. FORMULATION OF THE CURRENT

Our next goal is to formulate the current in terms of t
pseudofermion Green functions introduced in the previ
section. We begin our discussion with the model of Eq.~9!.

A. Coherent propagation between the two junctions

The operatorÎ a , describing the electrical current flowin
into lead a, is given by the time derivative of the charg
operator for that leadQ̂a . Within the slave-fermion repre
sentation of the Hamiltonian of Eq.~9! one obtains

Î a5 i
e

\
ta (

k,k8,s
$caks

† cBk8s f 2
† f 12H.c.%. ~46!

Applying the projection procedure of Eq.~22!, the time-
averaged currentI a(V) reads

I a~V!522
e

\
ta(

s
Im$G as

, ~ t,t !%, ~47!

whereG as
, (t,t8) is equal to

G as
, ~ t,t8!5

1
Zimp

lim
l→2`

e2bl(
k,k8

^cak8s
† ~ t8!F̂ks~ t !&l

~48!
16532
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with

F̂ks~ t !5cBks~ t ! f 2
† ~ t ! f 1~ t !. ~49!

In steady state,G as
, (t,t8) depends solely on the time dif

ferenceDt5t2t8. Switching over to the energy domain an
applying standard perturbation theory one obtains the e
relation

G as
, ~e!5ta@Gimp

r ~e!Ga
,~e2ma!1Gimp

, ~e!Ga
a~e2ma!#,

~50!

whereGimp
, (e) is the Fourier transform of the response fun

tion

Gimp
, ~ t,t8!5

1
Zimp

lim
l→2`

e2bl(
k,k8

^F̂k8s
† ~ t8!F̂ks~ t !&l ,

~51!

Gimp
r (e) is its retarded counterpart, andGa

,(e) andGa
r (e) are

equal to

Ga
,~e!52pra~e! f ~e!, ~52!

Ga
a~e!5E

2`

` ra~e8!

e2e82 id
de8. ~53!

Physically,Taa(e)5ta
2Gimp

r (e) is the conduction-electron
T matrix for scattering from leada to leada. HenceGimp is
analogous to the dressed impurity Green function in
Anderson impurity model. Indeed, inserting Eq.~50! into Eq.
~47! yields

I a~V!5
2ega

\rB~0!
E

2`

`

@2pAimp~e! f ~e2ma!2Gimp
, ~e!#

3na~e2ma!de, ~54!

which has the same structure as the expression
the current through an Anderson impurity.30 Here
Aimp(e)52(1/p)Im$Gimp

r (e)% is the spectral part ofGimp
r .

The energy integration in Eq.~54! is restricted in practice
to an interval corresponding to the chemical-potential diff
ence between the leads, broadened by the temperature. T
extent that one can neglect the energy dependence ofra(e)
on that scale, it is possible to eliminateGimp

, from the expres-
sion for the current by using the identityI L52I R
5(gRI L2gLI R)/g, to obtain

I L~V!5
2e

h E
2`

`

Teff~e!@ f ~e2mL!2 f ~e2mR!#de ~55!

with

Teff~e!5
4p2gLgR

rB~0!g
Aimp~e!. ~56!

Equation~55! is exact in the wide-band limit, when th
energy dependence ofra(e) can be neglected. It has th
familiar form of an integral of an effective transmission c
efficientTeff(e) times the difference of two Fermi functions
0-7
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Similar to the case of tunneling through an Anderson im
rity, Teff(e) depends strongly on the temperature and bia
low energies. Our main task is to evaluate this effect
transmission coefficient, which requires knowledge
Gimp

r (e) andGimp
, (e). We calculate the latter functions usin

the NCA class of diagrams.
Figure 3 shows the KNCA diagram forGimp . Similar to

the standard NCA formulation of the impurity Green fun
tion for the Anderson impurity model,17 Gimp is given by a
simple bubble diagram, which consists of one fully dress
f 1 pseudofermion propagator and oneD1 ladder propagator
The resulting KNCA expressions forGimp

r (e) and Gimp
, (e)

read

Gimp
r ~e!5

rB~0!

2pgZimp
E

2`

`

@G1
,~e8!D1

a ~e82e!

2G1
r ~e1e8!D1

,~e8!#de8, ~57!

Gimp
, ~e!5

rB~0!

pgZimp
E

2`

`

G1
,~e1e8!Im$D1

r ~e8!%de8,

~58!

where

Zimp5E
2`

`

@G1
,~e!1G2

,~e!#
de

2p
. ~59!

HenceGimp
r (e) andGimp

, (e) reduce within the KNCA to con-
volutions of theg51 pseudofermion Green function an
the D1 ladder.

B. No coherent propagation between the two junctions

Formulation of the current for the Hamiltonian of Eq.~10!
follows the same basic steps presented in the previous
section for the Hamiltonian of Eq.~9!. The sole difference in
Eqs.~46!–~49! enters through thecBk8s operators, which ac-
quire an additional lead index. The latter index carries o
to F̂ks and Gimp

, (t,t8), whose definitions are modified ac
cording to

F̂aks~ t !5cBkas~ t ! f 2
† ~ t ! f 1~ t !, ~60!

FIG. 3. The KNCA diagram forGimp . Within the KNCA, Gimp

reduces to a simple bubble, with one fully dressedf 1 pseudofer-
mion propagator~dashed line!, and oneD1 ladder propagator
~dotted-dashed line!.
16532
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Gimp,a
, ~ t,t8!5

1
Zimp

lim
l→2`

e2bl(
k,k8

^F̂ak8s
† ~ t8!F̂aks~ t !&l .

~61!

Contrary to Eq.~54! for the Hamiltonian of Eq.~9!, each of
the expressions forI L(V) andI R(V) involve then a different
Gimp,a function

I a~V!5
2ega

\rBa~0!
E

2`

`

@2pAimp,a~e! f ~e2ma!2Gimp,a
, ~e!#

3na~e2ma!de. ~62!

Herega are the dimensionless tunneling conductances of
~14!, andAimp,a(e) is the spectral part ofGimp,a

r .
In general,Gimp,L and Gimp,R are two distinct functions,

with no simple relation. As a result, one can no longer e
ploit current conservation to eliminateGimp,a

, from the ex-
pression for the current, as was done in Eq.~55!. Hence,
there is no simple analog to the effective transmission co
ficient of Eq.~56! when no coherent propagation is allowe
between the two leads. This is to be expected, as electron
not truly propagate between the two leads in this case.

As before,Gimp,L(e) andGimp,R(e) are still given within
the KNCA by the bubble diagram of Fig. 3, which feature
however, a different ladder fora5L and a5R. Explicitly,
one has

Gimp,a
r ~e!5

rBa~0!

2pgaZimp
E

2`

`

@G1
,~e8!Da1

a ~e82e!

2G1
r ~e1e8!Da1

, ~e8!#de8, ~63!

Gimp,a
, ~e!5

rBa~0!

pgaZimp
E

2`

`

G1
,~e1e8!Im$Da1

r ~e8!%de8.

~64!

In the following section, we present our numerical results
the differential conductance as obtained from Eqs.~54! and
~62! using the KNCA.

V. RESULTS

We have computed the differential conductance for e
of the models of Eqs.~9! and~10!, by first solving the KNCA
equations for the pseudofermion Green functions and
ders, and then evaluating the current using Eqs.~54! and
~62!, respectively. The differential conductanceG(T,V)
5dI/dV was obtained by numerically differentiating the cu
rent with respect toV, without resorting to the wide-band
limit leading to Eq.~55!. The most difficult step in the abov
procedure is solution of the KNCA equations, which requir
simultaneous solution of the retarded and lesser pseudo
mion and ladder functions. This was achieved by repea
iterations of the KNCA equations until convergence
reached. As is always the case with numerical solutions
NCA-type equations, the key to high-precision numerics l
in a well-designed grid of mesh points that scatter poi
more densely near the threshold and peaks of the rele
functions. To this end, we have used a combination of lin
0-8



o
th
um

e
ia
e-

de

i

-

, t
w

re
m
an
do
e
tu

ta

o

at
ts
e

ra
he
id

e

e
rs

g-
ia

ine

ling

-

Fig.
t to

duc-
ms
ary
n
t
ound
,
llic
re

of

nce,

ture,
rsal

wer-
ted

CURRENT CHARACTERISTICS OF THE SINGLE- . . . PHYSICAL REVIEW B 67, 165320 ~2003!
and logarithmic grids. As a critical test for the precision
our numerical code, we have checked in all our runs that
pseudofermion spectral functions fulfilled the spectral s
rule to within one part in one thousand (0.1%). Extrem
precision was required at very low temperatures and b
whenkBT and ueVu were both much smaller than the corr
sponding Kondo temperaturekBTK .

Throughout this paper we focus our attention on the
generacy pointh50 and setmL52mR5eV/2.31 We further
use a semicircular conduction-electron density of states w
half width D for the leads and the quantum boxrg(e)
5rg(0)A12(e/D)2. Hereg is equal toL, R, or B for the
Hamiltonian of Eq.~9!, andL, R, BL, or BR for the Hamil-
tonian of Eq.~10!. Note that we restrict ourselves for sim
plicity to a single joint bandwidthD for the box and the
leads. Although this need not be the case in real systems
precise details of the band cutoffs should not affect the lo
energy physics of interest here.32

A. Coherent propagation between the two junctions

We begin our discussion with the case where cohe
propagation is allowed between the leads, i.e., the Ha
tonian of Eq.~9!. As discussed above, the latter Hamiltoni
reduces in equilibrium to the planner two-channel Kon
model withr0J'52Ag. Thus, the low-energy physics of th
model is governed by the corresponding Kondo tempera
TK , which we extract by fitting the slope of the ln(T) diverg-
ing term in the isospin susceptibility

x isospin5
]^Sz&

]h
uh50 ~65!

to the Bethe ansatz expression33

x isospin~T!;
1

20kBTK
ln~TK /T!. ~66!

For g5gL1gR50.04, which corresponds tor0J'50.4 in
the planner two-channel Kondo representation, we ob
kBTK /D53.8531023.

As discussed at length in Ref. 22, the KNCA estimate
TK deviates from the correct value of Eq.~11!. However, as
shown by comparison with the exact Bethe ans
solution,22,34 the KNCA gives surprisingly accurate resul
for the temperature and field dependence of the magn
susceptibility in the isotropic two-channel model, whenT
andmBgJH are rescaled with the extracted Kondo tempe
ture. We expect a similar level of accuracy to hold for t
nonequilibrium current in each of the models under cons
eration.

1. Symmetric coupling

Figure 4 shows the temperature dependence of the z
bias conductance for different values ofgL5gR . As ex-
pected of Kondo-assisted tunneling, the conductance is
hanced with decreasing temperature according to a unive
curve. AlthoughTK is varied by nearly three orders of ma
nitude, all curves collapse onto a single line. Slight dev
tions from universality are seen aboveT/TK'10 for the
16532
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larger couplings, which may be due to the asymmetric l
shape of the imaginary part of the conduction-electronT ma-
trix within the KNCA ~see, e.g., Fig. 12 of Ref. 22!. The
latter asymmetry is enhanced at high energies as the coup
is increased.

For over a decade of temperature aroundTK , the en-
hancement inG(0,T) is approximately logarithmic in tem
perature. BelowTK , the conductance crosses over to aAT
temperature dependence. As demonstrated in the inset of
4, the low-temperature conductance can be successfully fi
the form

G~0,T!5G~0,0!2BA T

TK
~67!

with G(0,0)h/e251.22560.005 andBh/e250.6860.015.
Such a square-root temperature dependence of the con
tance is expected of the two-channel Kondo effect. It ste
from the square-root energy dependence of the imagin
part of the zero-temperature, zero-bias conduction-electroT
matrix,5,35 or Aimp(e) in this context. A similar square-roo
temperature dependence of the conductance was also f
for tunneling through a two-channel Anderson impurity21

and measured for zero-bias anomalies in ballistic meta
point contacts.36 Note that the extracted zero-temperatu
conductance corresponds to a mostly open channel (61%

FIG. 4. Temperature dependence of the zero-bias conducta
for the model of Eq.~9! with different values ofgL5gR5g/2. The
corresponding Kondo temperatures are equal tokBTK /D58.4
31026, 1.2531024, 7.2531024, and 3.8531023 for g50.01,
0.017, 0.026, and 0.04, respectively. With decreasing tempera
the conductance monotonically increases according a unive
curve ~full line!. Below TK , the conductance crosses over to aAT
temperature dependence, in accordance with the expected po
law behavior of the two-channel Kondo effect. This is demonstra
in the inset, where a log-log plot of@G(0,0)2G(0,T)#/B versus
T/TK is shown and compared toAT/TK ~dashed line!. HereG(0,0)
andB were obtained separately for each curve from a fit to theAT
temperature dependence of Eq.~67!. All values ofG(0, 0) andB so
obtained fall within the rangeG(0, 0)h/e251.22560.005 and
Bh/e250.6860.015. The extracted values forG(0,0)h/e2 all fall
within 1% from the exact zero-temperature KNCA value ofp2/8.
0-9
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the full conductance!, and falls within 1% from the exac
zero-temperature KNCA value ofG(0,0)h/e25p2/8. The
latter figure is obtained by taking the zero-temperature li
of Eqs. ~36!–~45! and ~57! and performing a Mu¨ller-
Hartmann type of analysis,37 reproducing the results of Co
and Ruckenstein for the NCA treatment of the multichan
Anderson model.23

It should be emphasized that the above enhancemen
the zero-bias conductance for single-mode junctions dif
markedly from the case of wide tunnel junctions conside
by Schoeller and Scho¨n.7 Omitting intermode mixing, these
authors found thatG(0,T) vanishes as 1/ln(T) at low tem-
peratures, in accordance with the vanishing-coupling fix
point of the infinite-channel Kondo Hamiltonian. Howeve
as recently shown by Zara´nd et al.,12 for realistic junctions
with intermode mixing there exists an exponentially sm
crossover temperatureT* , below which two-channel Kondo
behavior prevails also for wide junctions. Hence our resu
should also apply to wide tunnel junctions at sufficiently lo
temperatures, provided electrons can propagate coher
between the two leads.

Figure 5 shows the differential conductance for the sy
metric couplinggL5gR50.02 and different temperature
With decreasing temperature, a zero-bias anomaly deve
in G(V,T), the height of which is plotted in Fig. 4. ForT
,TK , the anomaly acquires aAV voltage dependence
which is rounded off for voltages on the scale of the te
perature. ForT!TK , one is left with a sharp cusp inG(V,T)
at zero bias. Similar to theAT temperature dependence of th
conductance, also theAV voltage dependence of the diffe
ential conductance stems from the anomalous square-roo
ergy dependence of the imaginary part of the conducti
electronT matrix in the two-channel Kondo effect.

Perhaps the most distinctive signature of the two-chan
Kondo effect, though, lies in the scaling form of the diffe

FIG. 5. The differential conductanceG(V,T)5dI/dV versus
voltage bias, for the model of Eq.~9! with gL5gR50.02 and dif-
ferent temperatures. The corresponding Kondo temperature is e
to kBTK /D53.8531023. With decreasing temperature, a zero-b
anomaly develops inG(V,T). For T,TK , the anomaly acquires a
AV voltage dependence, which is rounded off for voltages on
scale of the temperature. ForT50, a sharp cusp is left inG(V,0) at
zero bias.
16532
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we plotted in Fig. 6 the scaling function

H~V,T!5
G~0,T!2G~V,T!

AAT
~68!

versusx5(eV/kBT)1/2, whereA is extracted from the lead
ing temperature dependence of the conductanceG(0,T)
5G(0,0)2AAT @i.e., A is related toB of Eq. ~67! through
A5B/ATK]. For T!TK , all curves collapse onto a singl
scaling curve, indicating thatH(V,T) reduces to a function
of the single scaling variableeV/kBT. The resulting scaling
curve features two qualitatively different regimesx&1 and
x@1. For x&1, the temperature cuts off the two-chann
Kondo effect. HenceH(x) is proportional tox4, correspond-
ing to a quadratic voltage dependence of the differential c
ductance. By contrast, forx@1 the voltage bias serves as th
cutoff energy, andH(x) depends linearly onx. The crossover
between these two regimes takes place forx;1. With in-
creasingT there are deviations from scaling. These are s
nificant for T as low as 0.3TK . At higher temperatures the
curves fan out, signaling departure from the scaling regi
of the two-channel Kondo effect.

Note that the scaling curve of Fig. 6 is quite similar to t
one computed for tunneling through a two-channel Ander
impurity,21 and the one measured for zero-bias anomalie
ballistic metallic point contacts.24 While not unexpected, this
resemblance of scaling curves is by no means obvious, s
the voltage bias couples differently to the impurity within th
two-channel Anderson model of Hettleret al.21 and the
Hamiltonian of Eq.~9!. In Ref. 21, the spin-up and spin

ual

e

FIG. 6. The function H5@G(0,T)2G(V,T)#/AT1/2 versus
(eV/kBT)1/2, for the model of Eq.~9! with symmetric coupling.
HeregL5gR50.02, whileA is extracted from the leading square
root temperature dependence of the conductanceG(0,T)5G(0,0)
2AAT. ForT!TK , all curves collapse onto a single scaling curv
Significant deviations from scaling are seen forT as low as 0.3TK .
At higher temperatures the curves fan out, signaling departure f
the scaling regime of the two-channel Kondo effect. The das
line shows for comparison the corresponding scaling curve fo
noninteracting tunnel junction with a square-root energy-depend
transmission coefficient~see text!.
0-10
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down conduction-electron sectors undergo the sa
chemical-potential splitting, as the bias couples to the t
spin sectors in an identical manner. By contrast, only the l
electrons ~the isospin-up sector! experience a chemical
potential splitting within the Hamiltonian of Eq.~9!, which
breaks the equivalence of the two isospin sectors. As in
cated by Fig. 6, this qualitative difference in the coupling
the voltage bias has only a moderate effect on the sca
curve, which is more shallow in Fig. 6 than in Ref. 21.

That the shape of the scaling curve depends only mo
ately on the microscopic details of the system can be un
stood from comparison to a simple toy model, consisting o
noninteracting tunnel junction with a square-root ener
dependent transmission coefficientT(e)5T02T1ueu1/2. In
this case one can compute the scaling function of Eq.~68!
exactly to obtain38

H~V,T!5
F~eV/kBT!

F~0!
21, ~69!

with

F~y!5E
2`

` ex

~11ex!2
Aux2yu dx. ~70!

Note that Eqs.~69! and~70! are independent of bothT0 and
T1. As seen in Fig. 6, the scaling curve of Eq.~69! has the
same general structure as that of the Hamiltonian of Eq.~9!,
despite the fact that the noninteracting model does not
count for the strong temperature and voltage dependenc
the effective transmission coefficient of Eq.~56!. Thus, while
the precise shape of the scaling curve does depend on
microscopic details of the system at hand, its general st
ture appears to be dictated by the square-root energy de
dence of the imaginary part of the conduction-electronT ma-
trix at zero temperature and zero bias.

2. Asymmetric coupling

Thus far we have focused on symmetric coupling to
right and left leads. Below we consider the effect of an asy
metry in the coupling to the two leads. Specifically, we va
x5gR /(gL1gR) while keeping g5gL1gR fixed, as to
maintain the same Kondo temperatureTK . Our results are
summarized in Fig. 7.

The most notable effect of asymmetric coupling is t
reduction in the differential conductance with increasi
asymmetry. As expected, the zero-bias conductance va
with x according to 4x(12x), which stems from the fac
that, in equilibrium,Aimp(e) in Eq. ~56! depends solely on
the sumg5gL1gR , and not on the individualga’s. This
effect is well captured by the KNCA~Fig. 7, left inset!,
which serves yet as another check for our numer
procedure.

However, the KNCA produces an artificial asymmetry
the voltage dependence of the differential conductance
see this we note that for a symmetric density of sta
ra(e)5ra(2e), the particle-hole transformationc→c†,
(Sx ,Sy ,Sz)→(2Sx ,Sy ,2Sz) convertsV to 2V in both the
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Hamiltonian of Eq.~9! and the initial density matrix of Eq
~21!.39 Since the current operator of Eq.~46! is antisymmet-
ric under this transformation, one has the identityI a(V)
52I a(2V). Hence the differential conductance is a sym
metric function of the bias, regardless of whethergL andgR
are equal or not.

It is easy to verify that the KNCA equations preserve th
symmetry of the differential conductance in the case of sy
metric coupling to the two leads. This stems from the fa
that, within the KNCA, the voltage bias enters the effecti
transmission coefficient of Eq.~56! only through theS1 and
P1 bubbles of Figs. 2~a! and 2~c!, respectively. Since the
two leads enterS1 and P1 with equal weights forgR
5gL , and since inverting the sign ofV simply corresponds
to interchanging the roles of the two leads, then the resul
bubbles, and thusTeff(e), remain unchanged upon flippin
the sign of V. This is no longer the case for asymmetr
coupling, when the two leads enter each ofS1 andP1 with
different weights. Indeed, as seen in Fig. 7, forgRÞgL the
KNCA differential conductance acquires an asymmetry t
increases with increasingx. Note that similar~though more
pronounced! asymmetries in the differential conductan
were obtained within the NCA for tunneling through a tw
channel Anderson impurity,21 whereG(V,T)5G(2V,T) is
not guaranteed by symmetry.

FIG. 7. The differential conductanceG(V,T)5dI/dV versus
voltage bias, for the model of Eq.~9! with different ratios of the
couplings to the right and left leads,x5gR /(gR1gL). Here g
50.04 is kept fixed in all curves as to maintain the same Kon
temperaturekBTK /D53.8531023. The temperature is equal t
T/TK50.1, whileGsym51.01e2/h is the conductance for symme
ric coupling atT/TK50.1. In going from up to down,x takes the
valuesx50.5,0.64,0.69,0.8, and 0.94. With increasing asymme
G(V,T) is reduced. Reduction of the zero-bias conductance is
cording to the standard formula 4x(12x) @left inset: circles are the
computed KNCA conductances, the dashed curve marks the
rabola 4x(12x)]. As a function of bias, an asymmetry develops
the differential conductance. This asymmetry is an artifact of
KNCA. It is emphasized in the right inset, where the scaling fun
tion @G(0,T)2G(V,T)#/AT1/2, with A extracted separately fo
each curve, is plotted versuseV/KBT.
0-11
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B. No coherent propagation between the two junctions

We proceed with the case where no coherent propaga
is allowed between the leads, i.e., the Hamiltonian of E
~10!. For general couplings, this Hamiltonian reduces
equilibrium to the planner four-channel Kondo model w
channel anisotropy. Specifically, within this mapping one h
r0J'

L 52AgL for the two channels associated with the le
junction, andr0J'

R52AgR for the two channels associate
with the right junction. Only forgL5gR is an isotropic plan-
ner four-channel Kondo model recovered, which shows
qualitative difference between symmetric and asymme
couplings. For symmetric coupling, the model flows in eq
librium to the four-channel Kondo fixed point, while for an
asymmetry it flows to a two-channel Kondo fixed poi
where one lead — that with the weaker barega — is effec-
tively decoupled. This renormalization-group~RG! flow dia-
gram of the model is illustrated in Fig. 8. As emphasized
Furusaki and Matveev,11 the resulting conductance ident
cally vanishes atT50 for anygLÞgR .

From the discussion above it is clear that, unlike in t
case of the Hamiltonian of Eq.~9!, there is no single energ
scale that governs the low-temperature, low-bias trans
properties of the system for all ratios ofgL to gR . If for
symmetric coupling,gL5gR5g, transport is governed a
low energies by the four-channel Kondo temperature of
~16!, for asymmetric coupling there is a new crossover sc
for the onset of two-channel behavior. Below we explo
both regimes.

1. Symmetric coupling

Figure 9 shows the temperature dependence of the z
bias conductance forgL5gR50.017. In the absence of
precise procedure for extracting the KNCA Kondo tempe

FIG. 8. Schematic renormalization-group~RG! flow diagram for
the Hamiltonian of Eq.~10! in equilibrium. Depending on the ratio
of gL to gR , the system flows to one of three fixed points. F
symmetric coupling,gL5gR , the system flows to the four-chann
fixed point denoted by A. For any asymmetry in the couplings,
system flows to one of two two-channel fixed points~B or C!, at
which the initially weakerga vanishes, while the initially stronge
coupling renormalizes to the intermediate-coupling fixed-po
value of the two-channel Kondo effect. Thus, the box is stron
coupled to one lead, but effectively decoupled from the other le
The unstable weak-coupling fixed point is denoted by D.
16532
on
.

s

e
ic
-

y

e

rt

.
le

ro-

-

ture in the four-channel case, we use the scalekBT054.7
31025D as a rough estimate ofTK . This estimate builds
upon the fact that the KNCA four-channel Kondo tempe
ture is proportional to exp@22/r0J'# rather than exp
@2p/2r0J'#,22 which translates toTK

(KNCA)}exp@21/Ag# in
the notation of Eq.~16!. We expectT0 and the actual KNCA
Kondo temperature to be related by a factor of order uni

In accordance with the onset of the four-channel Kon
effect, the conductance is enhanced with decreasing temp
ture, approaching the zero-temperature value ofG(0,0)
50.547e2/h. Somewhat belowT0, the conductance crosse
over from an approximate logarithmic temperature dep
dence to aT1/3 power-law form. The latter behavior is dem
onstrated in the inset to Fig. 9, where the low-T conductance
is successfully fitted to

G~0,T!5G~0,0!2BS T

TK
D 1/3

~71!

with G(0,0)50.547e2/h andB50.195e2/h.
The anomalousT1/3 temperature dependence of the co

ductance at lowT is again a manifestation of theueu1/3 energy
dependence of the imaginary part of the zero-tempera
conduction-electronT matrix in the four-channel Kondo
effect.5,35 The same power law also characterizes the volt
dependence of the zero-bias anomaly in the differential c
ductance, which is plotted in Fig. 10.

Similar to the model of Eq.~9!, the differential conduc-
tance for the model of Eq.~10! also displays scaling with
V/T, but with a different power law. Specifically, Fig. 1
shows a plot of the scaling function

e

t
y
d.

FIG. 9. Temperature dependence of the zero-bias conduct
G(V50,T) for the model of Eq.~10! with gL5gR50.017. Here
kBT0 /D54.731025 is a characteristic energy scale of order t
Kondo temperature. Similar to the two-channel case of Eq.~9!, the
conductance monotonically increases with decreasing tempera
crossing over from an approximate logarithmic temperature dep
dence at intermediate temperatures to aT1/3 behavior at low tem-
peratures. The latter behavior is demonstrated in the inset, whe
log-log plot of @G(0,0)2G(0,T)#/B versusT/T0 is shown~open
circles! and compared to (T/T0)1/3 ~dashed line!. Here G(0,0)
50.547e2/h andB50.195e2/h were extracted from a fit to theT1/3

temperature dependence of Eq.~71!.
0-12
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H~V,T!5
G~0,T!2G~V,T!

AT1/3
~72!

versusx5(eV/kBT)1/3, whereA is extracted from the lead
ing T1/3 temperature dependence of the conducta
G(0,T)5G(0,0)2AT1/3 @i.e., A is related toB of Eq. ~71!
through A5B/TK

1/3]. For T!T0, all lines converge to a
single scaling curve, indicating thatH(V,T) indeed reduces
to a function of the single scaling variableeV/kBT. How-
ever, the approach to scaling with decreasingT, as well as

FIG. 10. The differential conductanceG(V,T)5dI/dV versus
voltage bias, for the model of Eq.~10! with gL5gR50.017 and
different temperatures. HerekBT0 /D is equal to 4.731025. Similar
to the case of the Hamiltonian of Eq.~9!, a zero-bias anomaly
develops inG(V,T) with decreasing temperature. At low temper
ture, the anomaly acquires aV1/3 voltage dependence, in accordan
with the onset of the four-channel Kondo effect.

FIG. 11. The functionH5@G(0,T)2G(V,T)#/AT1/3 versus
(eV/kBT)1/3, for the model of Eq.~10! with gL5gR50.017. HereA
is extracted from the leadingT1/3 temperature dependence of th
conductanceG(0,T)5G(0,0)2AT1/3. For T!T0, all curves con-
verge to a single scaling curve. However, pronounced deviat
from scaling persist down to much lower temperatures than for
Hamiltonian of Eq.~9! ~compare with Fig. 6!. The dashed line
shows for comparison the corresponding scaling curve for a no
teracting tunnel junction with anueu1/3 energy-dependent transmis
sion coefficient.
16532
e

the fanning out of the curves with increasingT, is notably
slower than for the Hamiltonian of Eq.~9! ~compare with
Fig. 6!. The slower approach to scaling is consistent with
fact that the subleading energy dependence of the imagi
part of theT50 conduction-electronT matrix, which breaks
scaling, is stronger for the four-channel Kondo effect5,35 ~of
order ueu2/3). The slower fanning out at higherT stems from
the weakerT1/3 temperature dependence of the denomina
in Eq. ~72!, as compared toAT in Eq. ~68!. Thus, scaling
with V/T is a sharper diagnostic for the two-channel Kon
effect that develops for the Hamiltonian of Eq.~9! than it is
for the four-channel Kondo effect that develops for t
Hamiltonian of Eq.~10! with gL5gR .

As in the case of the Hamiltonian of Eq.~9!, the general
shape of the scaling curve of Eq.~72! is largely dictated by
the ueu1/3 energy dependence of the imaginary part of t
zero-temperature, zero-bias conduction-electronT matrix
Taa(e)5ta

2Gimp,a
r (e). To see this, we plotted for compariso

in Fig. 11 the corresponding scaling function for a simple t
model, consisting of a noninteracting tunnel junction with
ueu1/3 energy-dependent transmission coefficientT(e)5T0
2T 1ueu1/3. The exact scaling curve for this toy model r
mains given by Eq.~69!, but with a slightly modifiedF
function38

F~y!5E
2`

` ex

~11ex!2
ux2yu1/3dx. ~73!

Clearly, the noninteracting model lacks the complicated te
perature and voltage dependences ofGimp, a

r and Gimp, a
, in

Eq. ~62!. Nevertheless, the scaling curve of Eqs.~69! and
~73! is quite similar to that of the Hamiltonian of Eq.~10!
with gL5gR , as seen in Fig. 11. Hence the overall shape
the scaling curve for the Hamiltonian of Eq.~10! is largely
dictated by theueu1/3 energy dependence ofAimp, a(e) at zero
bias and zero temperature.

2. Asymmetric coupling

As discussed above, one expects the zero-tempera
conductance to vanish for any asymmetry in the coupling
the left and right leads. In the limit of both a large asymm
try and strong tunneling to one lead~i.e., a nearly open chan
nel!, this was indeed shown to be the case by Furusaki
Matveev.11 For general couplings, one expects the system
initially flow towards the four-channel fixed point denoted b
A in Fig. 8, before curving towards one of the two-chann
fixed points, either B or C in Fig. 8. Depending on the deg
of asymmetry, this flow may result in a nonmonotonic te
perature and voltage dependence of the differential cond
tance. Below we explore this scenario within the KNCA.

Figure 12 shows the evolution of the differential condu
tance with increasingx5gR /(gR1gL). Here we have fixed
the coupling to the right lead atgR50.04, and variedgL
from gL /gR51 down to gL /gR50.25. As a reference en
ergy, we use the two-channel Kondo temperature co
sponding to sole coupling to the right lead, which is the on
relevant low-energy scale forgR@gL . For gR50.04 and
gL50, this two-channel Kondo temperature is equal

s
e

n-
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kBT2ch/D53.8531023. All curves presented were com
puted forT/T2ch50.01. An important point to notice is tha
the KNCA respects the symmetryG(V,T)5G(2V,T) for
the Hamiltonian of Eq.~10! with gLÞgR , in contrast to the
Hamiltonian of Eq.~9!. This is evident from the symmetri
differential-conductance curves of Fig. 12.

The obvious effect of increasingx in Fig. 12 is to reduce
the overall differential-conductance signal. This is to be
pected, and is also seen in Fig. 7 for the Hamiltonian of
~9!. A more dramatic effect takes place near zero bias. H
the peak that forms for symmetric coupling (x50.5) first
splits with increasingx, leaving only a broadened dip for th
larger values ofx in Fig. 12. In particular, forx close to but
larger than 0.5~exemplified byx50.53), a nonmonotonic
voltage dependence of the differential conductance is s
near zero bias. This behavior is consistent with the notion
an initial flow towards the four-channel fixed point, befo
departing towards the two-channel fixed point with the l
lead decoupled. For larger asymmetries~i.e., largerx), the
system no longer flows close to the four-channel fixed po
leaving only a monotonic dip inG(V,T).

The emergence of a new low-energy scale for asymme
coupling is clearly seen in Fig. 12. For symmetric couplin
x50.5, the four-channel Kondo temperatureT4ch is the only
relevant low-energy scale. For small asymmetries, rep
sented by x50.53, a new low-energy scaleTdip!T4ch
emerges, corresponding to half the width of the ze
temperature dip that opens inG(V,T). The new scaleTdip

FIG. 12. The differential conductanceG(V,T)5dI/dV versus
voltage bias, for the model of Eq.~10! with different x5gR /(gR

1gL). HeregR50.04 andT/T2ch50.01 are fixed in all curves. As a
reference energy, we use the two-channel Kondo temperature
tained for sole coupling to the right lead withgR50.04:
kBT2ch/D53.8531023. With increasingx, there is a reduction of
the overall differential-conductance signal, similar to the one s
in Fig. 7. A qualitatively different behavior is found near zero bia
where the peak for symmetric coupling (x50.5) first splits with
increasingx, leaving only a broadened dip forx50.8. For x
50.53, the initial enhancement of the differential conductance w
decreasingV is associated with an initial flow towards the fou
channel fixed point~point A in Fig. 8!. The dip atV50 signals an
eventual flow towards the two-channel fixed point where the
lead is decoupled~point C in Fig. 8!. At zero temperature, the
conductance vanishes for allx.0.5.
16532
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steadily grows with increasing asymmetry, saturating atTdip
;T2ch for large asymmetries~see, e.g.,x50.8 in Figs. 12
and 13!. In this limit, no traces are left of the smaller fou
channel Kondo temperatureT4ch. Due to the small tempera
tures involved we are unable to systematically study the e
lution of Tdip for small asymmetries. Nevertheless, by goi
to lower temperatures we can estimate thatTdip for x50.58
is at least tenfold smaller than forx50.8.

Figure 12 was obtained for a finite temperature. At ze
temperature, the conductance should vanish for allxÞ0.5.
Although we are unable to directly access the ze
temperature limit, we can confirm this scenario by study
the temperature dependence of the differential conducta
Figures 13 and 14 show our results forx50.8. For such a
large asymmetry, we are able to go down to temperatu
much smaller thanTdip . Upon going fromT/T2ch510 down
to T/T2ch5531024, a 500-fold reduction is seen in the con
ductance. The latter continues to drop steeply even
T/T2ch as low as 0.001, in accord with a vanishingT50
conductance. At low temperatures,G(0, T) vanishes linearly
with T, in agreement with previous predictions.11,12 How-
ever, the linear-in-T regime is restricted to extremely low
temperatures. WhileTdip is of the order ofT2ch, the linear
temperature dependence of the conductance only sets
T/T2ch;0.01, i.e., two orders of magnitude belowTdip .
Hence the linear-in-T regime is unlikely to be accessibl
experimentally, for weak single-mode junctions.

VI. DISCUSSION

In this paper, we studied the linear and nonlinear transp
properties of a single-electron transistor at the degene
point. Focusing on weak single-mode junctions, two opp

b-

n
,

h

ft

FIG. 13. Temperature dependence of the differential cond
tance G(V,T)5dI/dV, for the model of Eq.~10! with gR /(gR

1gL)50.8. HeregL50.01 andgR50.04.kBT2ch/D53.8531023

is the two-channel Kondo temperature obtained for sole couplin
the right lead withgR50.04. With decreasing temperature, a sha
dip develops in the differential conductance atV50. Specifically,
G(0, T) is reduced by a factor of 25 in going fromT/T2ch53 down
to T/T2ch50.01, consistent with the flow to the two-channel fixe
point where the left lead is decoupled from the box. Inset: an
larged image of the dip at low bias.
0-14
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ing scenarios were considered: one by which electrons
propagate coherently between the two leads and the o
whereby no electron propagation is allowed between
leads. In the former scenario, both leads are assume
couple to the same mode within the box. This amounts t
single-mode version of the model used by Ko¨nig et al.6 to
describe wide tunnel junctions. In the second scenario, in
duced by Furusaki and Matveev,11 each lead is coupled to
separate mode within the box. At the degeneracy point, e
of these models corresponds to a different planner multich
nel Kondo Hamiltonian — the two-channel Kondo Ham
tonian in the case where electrons can propagate coher
between the leads, and the four-channel Kondo Hamilton
with channel anisotropy in the case where electron propa
tion is excluded.

Generalizing the noncrossing approximation to these
particular nonequilibrium Kondo-type Hamiltonians, distin
signatures of the multichannel Kondo effect are seen in
differential conductance. Primarily, for symmetric couplin
a zero-bias anomaly develops with decreasing tempera
with a zero-temperature conductance of order unity. Spe
cally, within the KNCA we obtainG(0,0)51.225e2/h and
G(0,0)50.547e2/h, respectively, for the case where ele
trons either can or cannot propagate coherently between
leads. As a function of temperature, the conductance cro
over from a characteristic ln(T) temperature dependence
intermediate T to a power-law dependenceG(0,T)
5G(0, 0)2ATh. Hereh is the anomalous power law of th
leading energy dependence of the imaginary part of the z
temperature conduction-electronT matrix in the appropriate
multichannel Kondo effect;h51/2 for the two-channe
Kondo effect and h51/3 for the four-channel Kondo
effect.5,35 The same anomalous power law also character
the low-temperature differential conductance, which var

FIG. 14. Temperature dependence of the conductance, for
model of Eq.~10! with gL50.01 andgR50.04. The conductance
monotonically decreases with decreasing temperature, approa
zero forT→0. BelowT/T2ch;0.01, the conductance vanishes li
early with T, and is well approximated byG(0, T)h/e2

'0.77T/T2ch~dashed line!. Note that the linear temperature depe
dence only sets in at a temperature much lower than the chara
istic width of the dip in the differential conductance~compare with
Fig. 13!.
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asG(V, T)5G(0, T)2DVh for kBT,eV!kBTK .
Scaling of the differential conductance witheV/kBT is

perhaps the clearest fingerprint of the multichannel Kon
effect that develops.21,24 As shown in Figs. 6 and 11, th
function

H~V, T!5
G~0, T!2G~V, T!

ATh
~74!

with kBT,eV!kBTK reduces to a function of the single sca
ing variablex5(eV/kBT)h. For uxu,1, H(x) is proportional
to x2/h, reflecting the quadratic voltage dependence
G(V, T) for eV,kBT. By contrast,H(x) is linear inuxu for
uxu.1, which follows from theVh voltage dependence o
G(V, T) for eV.kBT. The crossover between these tw
markedly different regimes takes place foruxu;1, i.e., when
eV;kBT.

As shown in the text, the shape of the resulting scal
curves can be largely understood within a simple toy mod
consisting of a noninteracting tunnel junction with anueuh
energy-dependent transmission coefficientT(e)5T0
2T 1ueuh. Although this simplified model lacks the the non
trivial voltage and temperature dependences of
conduction-electronT matrix for the two Kondo problems o
interest, it does reproduce the general structure of the
scaling curves. Hence the latter structures are largely dict
by the ueuh energy dependence of the imaginary part of t
conduction-electronT matrix at zero temperature and ze
bias. We note, however, that scaling witheV/kBT is a
sharper diagnostic for the two-channel Kondo effect that
velops in the presence of coherent electron propagation
compared to the four-channel Kondo effect that develops
the Hamiltonian of Eq.~10! with symmetric coupling.

The scaling curve of Fig. 6 is quite similar to the on
obtained for tunneling through a two-channel Anders
impurity,21 where a different coupling of the impurity to th
voltage bias was considered. In the two-channel Ander
model of Hettleret al.,21 both the spin-up and the spin-dow
conduction electrons undergo the same chemical-pote
splitting. By contrast, only the lead electrons~the isospin-up
sector! experience a chemical-potential splitting within th
Hamiltonian of Eq.~9!, which breaks the equivalence of th
two isospin sectors. Despite this qualitative difference
tween the two models, the resulting scaling curves lo
qualitatively the same, reinforcing the moderate depende
of the shape of the scaling curve on the microscopic det
of the model.

A clear distinction between the two scenarios under c
sideration is revealed when the coupling to the two lead
asymmetric. For the Hamiltonian of Eq.~9!, the main effect
of an asymmetry in the coupling is to reduce the ze
temperature conductance by the conventional factor
4gLgR /(gL1gR)2. By contrast, for the Hamiltonian of Eq
~10!, the zero-temperature conductance vanishes for
asymmetry in the couplings. As first argued by Furusaki a
Matveev,11 this unexpected result stems from the fact that
Hamiltonian of Eq.~10! flows for any asymmetry to a two
channel Kondo fixed point where one lead is decoupled fr
the box. Depending on the degree of asymmetry, one
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AMNON BUXBOIM AND AVRAHAM SCHILLER PHYSICAL REVIEW B 67, 165320 ~2003!
obtain then nonmonotonic differential-conductance curv
as seen in Fig. 12 forx50.53. The nonmonotonicity reflect
an initial flow towards the four-channel fixed point, befo
curving towards the eventual two-channel fixed point wh
one lead is decoupled~see Fig. 8 for schematic RG trajecto
ries!. For large asymmetries, the system never flows clos
the four-channel fixed point, leaving only a dip in the low
bias differential conductance. In accordance with previo
predictions,11,12 the zero-bias conductance vanishes linea
with T. However, as seen in Fig. 14, the linear-in-T regime is
restricted to extremely low temperatures, and is unlikely
be accessible experimentally for weak single-mode ju
tions.

Throughout our discussion we have tactfully assumed
the level spacing inside the box is sufficiently small for
continuum-limit description to be used. Indeed, there are
prerequisites for observing a fully developed Kondo effe
~i! the charging energyEC must be sufficiently large for an
experimentally accessible Kondo temperature to emerge
~ii ! the level spacing must be sufficiently small as not to
off the multichannel Kondo effect. As emphasized by Zara´nd
et al.,12 it is difficult to simultaneously fulfill these two con
ditions in present-day semiconductor devices~although some
signatures of the two-channel Kondo effect were recen
observed in the charging of a semiconductor quantum box16!.
It is our hope that the host of signatures provided by t
paper will assist in discerning the two scenarios propose
the literature, once these experimental difficulties are ov
come.
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APPENDIX: KNCA EQUATIONS IN THE ABSENCE OF
COHERENT PROPAGATION BETWEEN THE

LEADS

Equations~36!–~45! were derived for the Hamiltonian o
Eq. ~9!. In this appendix, we specify the correspondi
KNCA equations for the Hamiltonian of Eq.~10!.

The main modification to the KNCA equations for th
Hamiltonian of Eq.~10! comes from the ladder propagato
D6

(l) , which carry an additional lead indexa5L, R. Indeed,
contrary to the Hamiltonian of Eq.~9!, both the spin and lead
indices are conserved along each ladder for the Hamilton
of Eq. ~10!. In the absence of an applied magnetic fie
when the two spin orientations are equivalent, the resul
ladders are independent of the spin index, but do depen
the lead index.

The adaptation of Eqs.~36!–~41! to the Hamiltonian of
Eq. ~10! reads

Da6
r ~e!5

gaPa7
r ~e!

12gaPa1
r ~e!Pa2

r ~e!
, ~A1!
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Da6
, ~e!5

gaPa7
, ~e!1ga

2 Pa6
, ~e!uPa7

r ~e!u2

u12gaPa1
r ~e!Pa2

r ~e!u2
, ~A2!

where gL and gR are the dimensionless tunneling condu
tances for the left and right junction, defined in Eq.~14!, and

Pa1
r ~e!52E

2`

`

G1
r ~e8! f ~e82e2ma!

3na~e82e2ma!de8, ~A3!

Pa1
, ~e!52E

2`

`

G1
,~e8! f ~2e81e1ma!

3na~e82e2ma!de8, ~A4!

Pa2
r ~e!52E

2`

`

G2
r ~e8! f ~e82e!nBa~e82e!de8,

~A5!

Pa2
, ~e!52E

2`

`

G2
,~e8! f ~2e81e!nBa~e82e!de8.

~A6!

Here we have included the matrix elements of the two e
point vertices within theDa6 ladders, and multipliedDa1

and Da2 by ra(0) and rBa(0), respectively. na(e)
5ra(e)/ra(0) andnBa(e)5rBa(e)/rBa(0) with a5L, R
are the reduced density of states in the leads and in the
The resulting pseudofermion self-energies acquire the fo

S1
r ~e!522 (

a5L, R
E

2`

`

Da1
r ~e8! f ~2e1e81ma!

3na~e2e82ma!de8, ~A7!

S1
,~e!522 (

a5L, R
E

2`

`

Da1
, ~e8! f ~e2e82ma!

3na~e2e82ma!de8, ~A8!

S2
r ~e!522 (

a5L, R
E

2`

`

Da2
r ~e8! f ~2e1e8!

3nBa~e2e8!de8, ~A9!

S2
,~e!522 (

a5L, R
E

2`

`

Da2
, ~e8! f ~e2e8!

3nBa~e2e8!de8, ~A10!

where the extra factor of two comes from summation o
the two equivalent spin orientations.

Equations~A1!–~A10! are the complete summation of th
KNCA class of diagrams for the pseudofermion se
energies, in the case where no coherent propagation is
lowed between the leads@i.e., the Hamiltonian of Eq.~10!#.
They are analogous to Eqs.~36!–~45! for the Hamiltonian of
Eq. ~9!.
0-16
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