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Current characteristics of the single-electron transistor at the degeneracy point
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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 biag, the temperatupeis 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.
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[. INTRODUCTION ture by the strong electronic correlations of the multichannel
Kondo effect.

The single-electron transistor, a small metallic or semi- An alternative scenario was considered by Furusaki and
conducting quantum box connected to two separate leads, Matveev!! and later by Zanad et al!? and Le Hur and
among the basic elements of mesoscopic devices. Due to ti&eelig® Noting that elastic cotunneling is strongly sup-
finite energy barrier for charging the box with a single elec-pressed at temperatures above the level spdtitiese au-
tron, the so-called Coulomb blockatié,charge inside the thors omitted altogether coherent electron transport between
box is nearly quantized at low temperatures for weak tunnelthe leads, by coupling each lead to independent conduction-
ing between the box and the leads. As a result, transpoglectron modes within the box. For symmetric single-mode
through the box is strongly suppressed unless the two lowegtinctions, the resulting low-temperature physics is governed
lying charge configurations in the box are tuned to be degerat the degeneracy point by the four-channel Kondo effect,
erate. As a function of gate voltage, the conductance thus contrast to the two-channel Kondo effect that takes place
shows a sequence of narrow peaks, each corresponding to thaen electrons can propagate coherently between the leads.
crossing of the ground state fromto n+ 1 excess electrons Any asymmetry in the coupling to the two leads drives the
inside the box. system away from the four-channel fixed point to a two-

At the degeneracy points, the system is subject to stronghannel fixed point, where one lead is decoupled from the
charge fluctuations. The corresponding low-energy physics ibox. Consequently, the zero-temperature conductance van-
governed by the non-Fermi-liquid fixed point of the multi- ishes, as shown by Furusaki and Matveev in the limit of both
channel Kondo effect;® where the two degenerate charge a large asymmetry and strong tunneling to one feéice., a
configurations in the box play the role of the impurity spin. nearly open tunneling mogleA quantitative description of
Which multichannel Kondo effect is realized depends on mithe temperature and asymmetry dependence of the conduc-
croscopic details such as the number of transverse modes fance in this case remains lacking.
the junctions, and the nature of electron transport inside the Despite considerable efforts®!'~13the understanding of
box. Two opposing scenarios were considered to date for thie low-temperature transport at the degeneracy points is far
single-electron transistor, distinguished by whether or nofrom complete for either scenario. For weak single-mode
electrons can propagate coherently between the two tunnélnnel junctions, there is no quantitative theory for the tem-
junctions. Focusing on wide tunnel junctions, Mg et al®  perature dependence of the conductance in the Kondo re-
considered the case where electrons can propagate cohgime, while the nonequilibrium differential conductance is
ently between the two leadsee also Refs. 7 and.&xtend-  practically unexplored in this regime for either scendrio.
ing the work Grabeftto nonequilibrium transport, these au- The goal of this paper is to provide a detailed analysis of the
thors analyzed in detail all second-order contributions to théinear and nonlinear transport at resonance, for weak single-
current in the dimensionless tunneling conductance, obtainmode tunnel junctions. Both scenarios where electrons either
ing good agreement with experiméfitHowever, based on can or cannot propagate coherently between the two junc-
perturbation theory, this approach breaks down near the deions are considered. Our aim is to provide a host of signa-
generacy points, where transport is governed at low temperadres that can be used to experimentally discern the two pic-
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tures, and to detect which multichannel Kondo effect is t t
; . L R
realized in actual systeni8.

To this end, we employ the noncrossing approximation m m

(NCA). The NCA is a self-consistent perturbation theory

about the atomic limit. Originally designed to study dilute Quantum

magnetic alloys, this approach was successfully applied to

the out-of-equilibrium Kondo effect both for the Box
single-channéf~?° and two-channét Anderson impurity C C

model. Recently, the NCA was generalized to the multichan- L R

nel Kondo spin Hamiltonian with arbitrary spin-exchange —_ C

and potential-scattering couplingsSimilar to the NCA for- VL-- & VR--
mulation of the multichannel Anderson mod&khe Kondo- Vg g

NCA (KNCA) correctly describes the low-energy physics of l

the multichannel Kondo model, reproducing the exact non- — — —

Fermi-liquid power laws and logarithms of the multichannel

Kondo effect. This should be contrasted with the single- FIG. 1. Schematic description of the physical system. A quan-
channel case, where the NGAnd KNCA) fails to describe tum box is coupled capacitively to a gate, and connected by weak
the Fermi-liquid fixed point! Here we extend the KNCA tunneling ¢, andtg) to two metallic leads: a left lead and right
approach to the nonequilibrium case, and apply it to thdead. The charge i_nside the box is c_ontrolled_ by \_/a_rying the gate
single-electron transistor. voltageVy, which fixes the electrostatic potential within the box. A

Using the KNCA, we find that a zero-bias anomaly devel-dra'n's.ource. voltage biaé= V=V is app"‘.a’d across the transis-
. S - tor, which drives a current through the device.
ops in the current characteristics of the single-electron tran-

sistor, featuring the anomalous power laws of the corre-

N
sponding multichannel Kondo effect. The latter power laws Ho = e tuet ¢ 1

are manifest in the temperature and voltage dependences of teads a;,R ngl ;f (€akn™ ) CaknoCatnos (1)

the low-temperature, low-bias differential conductance. t ) ,

Similar to the case of two-channel Kondo scattering off non-WNereCein, Creates a conduction electron with wave number

magnetic two-level tunneling systerfi* these power laws K @nd spin projectiowr in thenth mode of lead, ande,,

are best revealed in a scaling plot of the differential conduc@'® the corresponding single-particle energies, measured
tance versugV/kgT, with V being the applied voltage bias. '€lative to the chemical potential on that lead. _
Such scaling plots are proposed as a distinct experimental FOr the guantum box, one has to consider also its charging

signature of the appropriate multichannel Kondo effect. In€N€rgy. Setting the Fermi energy of the box as our reference

the absence of electron propagation between the two leads ER€ray for the single-particle levels inside the box, the excess

crossover from four-channel to two-channel behavior isnumber of electrons on the metallic island is described by the

found in the differential conductance for asymmetric cou-OP€rator
plings, in accordance with the picture of Furusaki and M
Matveev'* o T o
The remainder of the paper is organized as follows. In NB_mZ:l qz,:, [CaamsCaam,~ 0(~ €Bqm)]- @

Sec. Il we present the single-electron transistor, and discuss

the two alternative models under consideration. The nonequiHere, similar to our notation for the |ead‘-£qm,, creates an

librium KNCA is then formulated in Sec. lIl, followed by the electron with wave numbeq and spin projectionr in the

derivation of the current in Sec. IV. Our results for the linearmth mode of the box ¥ independent conductance modes

and nonlinear transport are presented in Sec. V, and digwe taken within the box and egqy are the corresponding

cussed in Sec. VI. single-particle levels. The latter levels are assumed to be
sufficiently dense such that a continuum-limit description
can be used. The Hamiltonian of the isolated box is thus

Il. THE SINGLE-ELECTRON TRANSISTOR given by

A. Basic model M

The physical system under consideration is shown sche- Moo= m§=:1 qE; EquCEquCquU‘F Ec(Ns—No)*, (3)
matically in Fig. 1. A metallic island, or quantum box, is '
connected by narrow point contacts to two separate leads,whereEc is the charging energy of the box ait is the
left (L) lead and a rightR) lead. A drain-source voltage bias classical number of excess electrons inside the box. These
is applied across the device, which sets a chemical-potenti&vo quantities are related to the capacitances of the gate and
difference between the leagds —ur=eV. Here—e is the  of the left and right junctions througEC=e2/2(Cg+ C.
electron charge. Modeling each lead bl noninteracting +Cg) andN¢=(C4Vy+C V| +CgrVg)/e, whereVy, V,,
one-dimensional conduction modes, the Hamiltonian of theandV are the voltages applied to the gate and to the left and
two independent leads reads right leads, respectivel{see Fig. 1
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The quantum box is coupled to the leads by weak tunnelthis constraint can be conveniently relaxed. We therefore re-

ing, described by the tunneling Hamiltonian gard hereafter the isospBiand thec,,,,, operators as inde-
pendent entities.
_ a gat The Hamiltonian of Eq.8) has the form of a planner
+H.c.}. . . .
Fuunmer= a;g nEm k%g tan CaknoCoamo T H-CI () i channel Kondo Hamiltonian. Hete 2E:4N plays the

o ~role of a magnetic field, while the equivalence of the two
For simplicity, both thek andq dependences of the tunneling spin orientations guarantees the existence of at least two

matrix elements,, andt, have been neglected in E@).  identical conduction-electron channels. The total number of
The full Hamiltonian of the system read$=He.gst Hpox  independent conduction-electron channels depends, however,
+ Hiunnel- on the microscopic details of the , tunneling matrix ele-
ments. In this paper we consider two particular scenarios,
B. Mapping onto the multichannel Kondo problem corresponding to the two- and four-channel planner Kondo
Hamiltonian.

Our objective is a detailed quantitative description of the
linear and nonlinear transport at resonance, when two neigh- C. Coherent propagation versus no coherent propagation
boring charge configurations are degenerate within the box. between the two junctions

To this end, _Iet us foculs on the vicinity of a partlcplar de- For sufficiently narrow point contacts, only a single mode
generacy p9|nNC:n+§ with n an integer, separating the weakly couples each lead to the quantum box. Focusing on
Ng=n andNg=n+1 charge configurations. this case, we consider two different scenarios: one by which

As emphasized by MatveéV, the low-temperature, low- both leads couple to theamesingle mode within the box,
bias physics is governed at resonance by the intermediatend the other whereby each lead is coupled tdifferent
coupling fixed point of the multichannel Kondo effect. To mode within the box.
formulate the connection between the two problems, we pro- The former scenario is just a single-mode version of the
ceed along the lines laid out by Matvetlabeling the de-  model of Kinig et al.® whereby electrons can propagate co-
viation from the degeneracy point BYN=Nc—n—32, we  herently between the two leads. Its corresponding low-
concentrate ohdN|<1 ande|V| kgT<e?/Cg, such thatall energy effective Hamiltonian is obtained by settiNg= M
charge configurations in the box other thiig=n andNg =1 in Egs.(1)—(4), thus omitting the mode indicesandm.
=n+1 are energetically inaccessible. One can formally reThe resulting Hamiltonian takes the form
move all higher energy charge configurations in the box by
means of two projection operatoR, and P, ,, which Het= 2 D (€akt ta)ChioCokot > Ech’éqa_cho
project onto theNg=n and Ng=n+1 subspaces, respec- a=LR ko L4
tively. Alternatively, one can carry out the projection onto the
low-energy subspace by introducing a spifisospin opera- + 2 2 tfch,Cag,S THCI-hS, 9
tor S, and identifying amhRiao

wheret: —t, andtR —tg (both taken to be replare the

Phi1—Phe2S,, (5) tunneling matrix elements for the left and right junctions,
respectively.
PnCegmsPn+ 14 CagmeS (6) The second scenario is a straightforward adaptation to
weak single-mode tunnel junctions of the model introduced
Phi 1CE qme P ChqmeS - (7) by Furusaki and MatveeV, and later used by Zana et al*?

_and by Le Hur and Seelitf. In this model, electron propa-
the resultingyation between the two leads is excluded from the outset,
accounting thereby for the strong suppression of elastic co-
tunneling at temperatures above the level spatifithe cor-
Hop= 2, 2 (€aunT 1) ChynaCakne responding low-energy gffective Hamiltonian is obt_ained
a=L,Rkn,o from Egs.(1)—(4) by settingN=1 andM =2, and taking
tim—t Om1 andtf —tgdn,. Converting for convenience

Omitting an E-dependent reference energy,
low-energy Hamiltonian reads

+ > GquCJéququy—ZchSNSz from the channel label;x=1 andm=2 within the box to
am.o a=L and a=R, respectively, the resulting Hamiltonian is
given by

+ 2 >t eCeqmeS TH.C. (8

a=L.R k,g,n,mac Hetr= 2 k}: (€t ,ua)clkocak(r
Strictly speaking, Eqgs(5)—(8) are subject to the con- aTEm e
straintNB—SZ=n+ 1/2, reflecting the fact that the isospfm n Z e oo hs,
and the conduction-electron operato&ma are not indepen- SR G Bga“Bgao~Boao
dent degrees of freedom. However, since the isospin dynam-
ics in the Hamiltonian of Eq(8) is not sensitive to the pre- n E t {CT c S +Hc) (10
cise number of conduction electrons inside the quantum box, ST R G @ ko Blar o

165320-3



AMNON BUXBOIM AND AVRAHAM SCHILLER PHYSICAL REVIEW B 67, 165320 (2003

As in Eq. (9), the effective magnetic fieldh is equal to Ja=pa(0)pg(0)t2 (14)

2E6N.
(e=L,R), which differ from the expressions of E¢l2)

1. Coherent propagation between the leads only in the separate density of states for the left and right

The Hamiltonian of Eq(9) is equivalent in equilibrium to modes within the quantum box

the planner two-channel Kondo Hamiltonian in an applied
magnetic field. This is best seen by first converting to a pBa(E)=2 S(€— €gya)- (15
constant-energy-shell representation of the conduction- K

electron creation and annihilation operators in each of the For g, =gr=9, the low-energy physics of the transistor

5 governed by the non-Fermi-liquid fixed point of the four-

eralized “bonding” and “antibonding” combinations of the :
two leads. Upon doing so the “antibonding” band decoupIesicshSl:f\]/r:::r‘]I E)%]do effect. The corresponding Kondo temperature

from the isospirS, while the “bonding” band plays the role
of the single lead in Matveev’s original mapping onto the p{ - ]
planner two-channel Kondo Hamiltonidwt the degeneracy ksTk=(Dg)exg — ——|, (16)
point, the capacitance of the single-electron transistor di- 4\/5
verges logarithmically with decreasing temperature aCCOdehereD~2EC. Note that the exponent of EqL6) differs
ing to Coc(1/T)In(T,/T), where Ty is the two-channel y 4 factor of \2 from that of Eq.(11) under the same
Kondo temperatufé condition thatg, =gr=g. Any asymmetry in the left and
right tunneling conductanceg, # gr, drives the system to a
(11) two-channel fixed point with one of the leads effectively de-
coupled from the box.

T
kgTk=(D \/QL+9R)9XF{ -
4\gL+0r

Here D~2E( is the effective conduction-electron band-

width 11l. NONCROSSING APPROXIMATION
B 2 To obtain a reliable quantitative theory for the low-
9.=pa(0)pa(0)t; (12) temperature transport at resonance for each of the models of
(a=L,R) are the dimensionless tunneling conductances foEds. (9) and (10), we resort to a recent adaptation of the
the left and right junctions, and noncrossing approximatiaiNCA) to the Kondo spin Hamil-

tonian with arbitrary spin-exchange and potential-scattering
_S s 13 couplings®? In this section, we formulate the Kondo-NCA
py€)= - (=€) (13 (KNCA) for each of the models of Eq&9) and (10), gener-

alizing the KNCA to nonequilibrium.
are the underlying density of statesy£L,R, or B).

Throughout this paper we use the notation by which the ar-

gument ofp,(€) is measured relative to the corresponding R

chemical potential, i.ey; andug for y=L andR, respec- To handle the isospiB, which we refer to hereatfter as the

tively, and ug=0 for y=B. impurity spin, we employ Abrikosov’s slave-fermion
Away from equilibrium, it is still possible to construct representatioR’ In this representation, one assigns a pseudo-

“bonding” and “antibonding” combinations of the left and fermion to each impurity spin state according to

right leads, yet one can no longer dismiss the “antibonding” .

degrees of freedom as irrelevant. While the latter degrees of 110y |S,= +1/2), 17

freedom remain decoupled from the isosBion the level of 10 12 18
the Hamiltonian, they do couple ) through the effective =10y [S,=~1/2). (18)

density matrix, which assigns different chemical potentials toThis assignment corresponds to the replacement of the im-

the right and left leads. Hence both the “bonding” and “anti- purity spin operator by the bilinear pseudofermion operator
bonding” combinations must be retained when computing

the current for a finite bias.

A. Slave-fermion representation

é@% > fTosfs, (19)
2. No coherent propagation between the leads 70

Contrary to the Hamiltonian of Eq9), the Hamiltonian ~Whereo are the Pauli matrices. The physical subspace cor-
of Eq. (10) corresponds in equilibrium to the planner four- responds to the constraiﬁltf=2yf;fy=1, which represents
channel Kondo Hamiltonian with channel anisotropy. Spethe fact that we are working within an enlarged Hilbert
cifically, there are two distinct pairs of equivalent channels space. This constraint distinguishes the pseudofermions from
one pair for each tunnel junction. A channel-isotropic four-ordinary fermions.
channel Kondo Hamiltonian is recovered only for equal tun- The advantage of the slave-fermion representation stems
neling conductances for the left and right junctiogs  from the ability to use standard diagrammatic many-body
=ggr. The latter conductances are given by techniques to calculate physical observables. The difficulty
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lies in implementing the constraint, which necessitates the At ty, the tunneling terms are switched on adiabatically,
introduction of a fictitious “chemical potentialA for the and the system evolves according to the full Hamiltonian
pseudofermions. The latter is taken to minus infinity at theH g+ H,,, with

end of the calculation, as described below. For concreteness,

let us focus in the following on the case where coherent

propagation is allowed between the two junctions, i.e., the Huun= E E ta{ckuchUffernLH.c.}. (24
Hamiltonian of Eq.(9). The necessary modifications for the a=LR kg

model of Eq.(10) are detailed in Appendix A. ) _
In conventional perturbation theory for a nonequilibrium After all transients have decayed, a new nonequilibrium

problem, one starts with an unperturbed system in equilib§teady state is r(_aached, characterized by time-independent
rium. All processes that drive the system out of equilibrium@Verages of physical observables such as the current opera-
are then switched on adiabatically at some initial tigeFor tor. Within the enlargedA Hilbert space, the steady-state aver-
the problem at hand, one starts with two decoupled lead€ige of such an operat@ at timet=0 is given by

each with its own chemical potential. The unperturbed

E;mﬂtoman?—lo thus lacks the exchange term, and is given <O>”:t0i”_]w Tr{poUT(01,) OU(0o)}, (25)

whereU is the time-evolution operator corresponding to the
Ho= D (€akt 1a)ChioCakoT 2 €BoCHAC Honi ot - -
07 &, \CakT Ha/bakotake & ©Bd¥BgoBas full Hamiltonian. Projection onto the physical subspace is
Y ' carried out according to Eq22).

+ 2 (e,~Mff,. (20)
y==* B. Noncrossing approximation

Here e, is equal to— y3h, while \ is a fictitious chemical The key ingredients for f[he calculation qf physical ob_serv-
potential for the pseudoparticles. Note thég is bilinear and ables are the pseudofermion Green functions. These include

diagonal in the single-particle operatmbw andf;, which the retarded and advanced Green functions

makes it a suitable starting point for diagrammatic calcula-

tions. The initial density matrix of the system is also diago- GIM(t,t)=—igt—t" ){f (), f )y, (26
nal in the above single-particle operators, and has the form

e B(Ho— wNL— #gNR) G?,()\)(t,t/):i0(t'—t)<{fy(t),f-;(t’)}>)\, (27)

po= : (21)
o 1y {e~ Ao~ mNL= #RNR)L along with the lesser and greater Green functions

Due to the chemical potential that was added t#{,, the , ,

e , ot Blo GV (1) =(FI(t) (D), 29)
statistical weight of théN;=m subspace has an extra factor
of e in Eq. (21). This allows one to project out thig; -

\) N — Trgr

=1, physical subspace. Specifically, the average of any Gy () =(f, (D (t)y. (29

hysical rvabl® can Xpr .
physical observable® can be expressed as Here curly brackets denote the anticommutator, grd*.

Once steady state is reached, the above Green functions re-
gain time-translational invariance, and are solely dependent
on the time differenceAt=t—t’. It is therefore advanta-
geous to switch over to the energy domain, by introducing
Zimp=_lim e_mmf)}\_ 23) the Fourier transforms_with re_spectM/h. In equilibrium,
A== the lesser Green function is simply equal to the spectral part
Here subscripts. denote averages with respect to the en-Of the retarded Green function timesr2(e), wheref(e) is

larged Hilbert space. Since tihg =0 subspace does not con- the Fermi-Dirac distribution function. Away from equilib-

tribute to the averages of Eq&2) and (23 (other than rium, when the effective distribution function is not known,
th h th lizati 2 then the leadi q both the retarded and lesser Green functions are explicitly
rough the normalization opo), then the leading-order ,ooqeq in order to compute physical observables.

terms ine”* come from theN¢=1, physical subspace. The  |n practice, the pseudofermion Green functions enter the
latter terms are the only ones to survive the:—< limit.  calculation of physical observables in their projected forms,
Note that, in practice, one can drop tNe operator from the  which read

average of Eq(22) for those physical operatof3 that give

zero when acting on thil;=0 subspace, which greatly sim- G'Y(E)=)\|irT_1wGry(”)(e—7\), (30
plifies the calculations. We also note tlzg, corresponds in -
equilibrium to the “impurity contribution” to the partition
function (see, e.g., Ref. 17

~ 1 . _ A
(Odorys=7,— im_e”#(ONy),., (22

where

G3(e)=,lim_G5M(e—), (3D
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— i — B\ A
Gy (€)= lim e PGTM(e=1), (32 s
) ;B
>0 N >(\ a (e = ,
G ()= lim G;M(e-1). 3y @ e ‘\_:/
These projections are analogous to the ones used in equilit oko
rium, when G= coincides with the negative-frequency, or
“defect” spectral functiont’ Note that, unlikeG™ andG', ok'c oks  ok'o
the lesser Green functioB= has no contribution from the v e e ot v
N¢=0 subspace. Rather, its leading-order term comes fron{(b) TR T o +, \ >
< H JEE AN ? ,’I AN ”,’,
the Ny=1 subspace, which decays to zerce&8. The extra S SRR
e A\ exponent in Eq(32) is responsible for canceling this - - ¥
decay to zero when the limN— —o° is implemented.
The projected Green functions have standard forms in oko
terms of the projected self-energies. Specificﬂyf‘( €) and p
G} (e) are equal to ()
ete
5
Y
Gl O=—— (34
€— 67—2«/’ (€) FIG. 2. Diagrammatic representation of the KNCA approxima-
tion for the pseudofermion self-energies, for the Hamiltonian of Eq.
G;’>(e) :2?>(6)|ny( e)|2, (35) (9). Within the KNCA, the pseudofermion self-energies are ap-

proximated by a bubble with one bare conduction-electron propa-

where Eﬂy'a(e) and 27>(e) are obtained from their un- gator(full line) and_one Igdder_propagat@otted-dashed IineThg
projected counterparts according to the projection rules oftter propagator is defined itb). Full circles denote tunneling
Egs.(30)—(33). The KNCA (Ref. 22 consists of a particular Vertices. The ladder propagators are constructed from particle-hole
set of diagrams for the pseudofermion self-energies, depicte@HPbles(c) with one bare conduction-electron propagator and one
in Fig. 2. Figure 2c) shows the building block for the NCA fully dressed pse“dc’ff{)m'?” propagatoiashed ling There(x?re
self-energy diagrams of Fig.(@. It consists of a particle- tWo different bubblesPZ", in which y=— anda=B, andPZ",
hole bubble, with one fully dressed pseudofermion line and? Which y=+ ande is summed ovet andR. The same conven-
one bare conduction-electron line. The KNCA self-energyton for ¥ anda applies to the self-energy bubble @. Note that

. . : we include the matrix elements of the two edge vertices and a factor
features a ladder of such bubble diagrams, Fig) with . pe(0)/g in our definition of P | while P is defined without
vertices inserted in between. Each ladder has an odd numbegr

f bubbl the i . d outaoi dof . _the matrix elements of the edge vertices, yet with an extra factor of
of bubbles, as the incoming and outgoing pseucdorermio Ipg(0). Only particle-hole bubbles are included within the KNCA,
lines share the same isospin label. For the Hamiltonian o

. o hile all other noncrossing diagrame.g., the particle-particle
Eq. (9), the physical spin is conserved along the 'adderbubbleg are omitted. g diagrame.g P P

whereas both the physical spin and the lead index, «
=L,R) are conserved for the Hamiltonian of H4.0).

Focusing on the Hamiltonian of Eq9), there are two Pi(e)=— %J’m G(e)f(— € +etpuy)
separate ladder®™™ labeled by the index of the outgoing «*TR O )
and incoming pseudofermion lines. Projectib@) accord- o /
ing to the rules laid out in Eq$30)—(33), one obtains Xvo(€' - € pa)de’, (39
D" (e)= gP=(e) - Pf_(e)=—f_' G' (€ )f(e' —e€)vg(e' —e)de’, (40)
- 1-gP (e)P" (e)’
D<(e) 9P (e)+g°PL(e)|PL(e)|? a7 Pf(6)=—f GZ(e")f(— € +e)vg(e' —e)de’.
+(€)= , —x
) |1-gP% (e)P" (e)|? (42)

whereg, and gg are the dimensionless tunneling conduc-Herev (e)=p,(€)/p,(0) with y=L,R, or B is the reduced

tances for the left and right junction, defined in Efj2), g density of states.

=g, +gr is the sum of the two dimensionless conductances, In Egs.(36) and(37) we adopted the convention by which

and the D _ ladder includes the matrix elements of the two end-
point vertices, and is multiplied bgg(0). TheD, ladder

; 9. (* o , does not include the matrix elements of the two end-point
Pile)= _a;R EJOCGJG V(€' — €= pa) vertices, but is multiplied by/pg(0). We further restricted
' attention to the case of a zero physical magnetic fietd to
Xv,(€'—€e—pu,)de, (38)  be confused withh=2E:6N), in which case all depen-
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dences on the physical spin indexdrop. With these nota- with
tions the KNCA self-energies take the form

Fro(D) =Caio (DL (D). (49
9a (7 ’ ’
(o= _Za; . Ef_wDrJr(f JH(—et e’ +ua) In steady stateg ;,(t,t’) depends solely on the time dif-
' ferenceAt=t—t’. Switching over to the energy domain and
Xv,(e—€ —u,)de’, (42 applying standard perturbation theory one obtains the exact
relation
o [~ , ,
Sie)=-2 > —f Di(e)f(e—€ —ua) G aol =t [Ginp(e)T 5 (€= pa) + Gippl €T 5(€— 1a)],
a=LR § J-o (50)
Xvo(€e—€ —u,)de’, (43 whereGi,(e) is the Fourier transform of the response func-
tion
Er_(e)=—2f D" (e')f(—e+ € )vg(e—€')de, R R
- ’ Ginp(tit) = == 1im e (Bl ,(t")F (D),
(44) Zimp A 777 K
(51
o0 r i I r
S<(e)= _Zf D<(e')f(e— e )vg(e—e')de’, (45) Gimp(€) is its retarded counterpart, ahd (e) andI'! (€) are
—w equal to
where an extra factor of two comes from summation over the I'S(e)=2mp,(e)f(e), (52)
two equivalent spin orientations.
Equationg36)—(45) represent the complete summation of = p,(€)

the KNCA class of diagrams for the pseudofermion self- Ii(e)= %de’. (53

energies, in the case where coherent propagation is allowed —we—€' —id

between the two leads.e., the Hamiltonian of Eq9)]. For . . .
gva(€) =g, v (€) + grrr(e),?® these equations properly re- Phy§|cally,Taa(e)=tiG{mp(e) is the conductlon—elect.ron
duce in equilibrium to those of Ref. 22 for the planner | Malrix for scattering from lead to leada. HenceGiy, is

two-channel Kondo Hamiltonia®. The adaptation of Egs. 2nalogous fo the dressed impurity Green function in the
(36)—(45) to the Hamiltonian of Eq.(10) is specified in Anderson impurity model. Indeed, inserting E§O0) into Eq.

Appendix A. (47) yields

_ 2eg, (-
~ hipp(0))

IV. FORMULATION OF THE CURRENT (V) [27Aimp(€) f (€= o) = Ginp(€)]

Our next goal is to formulate the current in terms of the q
pseudofermion Green functions introduced in the previous Xvo(€= py)de, (54)

section. We begin our discussion with the model of 8).  which has the same structure as the expression for
the current through an Anderson impurity. Here
A. Coherent propagation between the two junctions Aimp(€) = — (1/7T)|m{Girmp( €)} is the spectral part (ﬁB{mp.
A - . . The energy integration in E@454) is restricted in practice
. The operatol,, describing _the eleqtrlcgl current flowing 1, 4 interval corresponding to the chemical-potential differ-
into lead , is given by the time derivative of the charge gnce perween the leads, broadened by the temperature. To the

Operator for that |ea©a . Within the slave-fermion repre- extent that one can neg|ect the energy dependenm(@»ﬁ

sentation of the Hamiltonian of E¢9) one obtains on that scale, it is possible to elimina®s,, from the expres-
o sion for the current by using the identity,=—Ig
Ta:i %takg {ClkrrCBk’ofif-%—_H'c'}' (46) :(gRIL_gLI R)/g, to obtain
e 2e (=
Applying the projection procedure of E¢22), the time- IL(V):FJ’ Ten(€)[f(e—p)—f(e—pnr)]de (55
averaged currerit, (V) reads o
with
e
(V)= =25t Im{G L, (L0}, (47) 4729, 0r

Teii(€)= ————Aimp( €). 56
_ . eﬁ( ) pB(O)g |mp( ) ( )
whereG , (t,t") is equal to
Equation(55) is exact in the wide-band limit, when the
< e Ly - B\ t INE energy dependence ¢f,(e) can be neglected. It has the
G ao(t,") imp )\I—I>mooe E, {Catero(t') o)y familiar form of an integral of an effective transmission co-
’ (48  efficient 7oi(€) times the difference of two Fermi functions.
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_+ ’ 1 . - - INE
Loy Gipa(tit)= 7= M e 83 (Fliy(t')FaielD),.
o ‘«,\ imp k,k’
I;/ 8 s ,,‘\—: (6 1)
A) (8) — i E Contrary to Eq.(54) for the Hamiltonian of Eq(9), each of
Gimp ' , ) the expressions fdr (V) andlg(V) involve then a different
. E+€ L’ Gimp,o function
s», -
—+ 2eq, o
= (V)= o [ (2l (€ 1) =i o]
FIG. 3. The KNCA diagram foy,. Within the KNCA, G “
reduces to a simple bubble, with one fully dressedpseudofer- Xv,(e—u,)de. (62
mion propagator(dashed ling and oneD. ladder propagator . . .
(dotted-dashed line Hereg, are the dimensionless tunneling conductances of Eq.

(14), andAyp, .(€) is the spectral part oﬁ-{mp,a.

Similar to the case of tunneling through an Anderson impu- _In general,Ginp and Gimp g are two distinct functions,
rity, Zo(€) depends strongly on the temperature and bias awith no simple relation. As a result, one can no longer ex-
low energies. Our main task is to evaluate this effectivePloit current conservation to elimina®p,, , from the ex-
transmission coefficient, which requires knowledge ofpression for the current, as was done in E8f). Hence,

Girmp(e) andGifnp(G)- We calculate the latter functions using there is no simple analog to the effective transmission coef-
the NCA class of diagrams. ficient of Eq.(56) when no coherent propagation is allowed

Figure 3 shows the KNCA diagram f@;,,. Similar to between the two leads. This is to be expected, as electrons do
the standard NCA formulation of the impurity Green func- Not truly propagate between the two leads in this case.
tion for the Anderson impurity modeél, G;,, is given by a As before,Gimp (€) andGimp r(€) are still given within
simple bubble diagram, which consists of one fully dressedn® KNCA by the bubble diagram of Fig. 3, which features,
f . pseudofermion propagator and dbe ladder propagator. however, a different ladder fox=L and a=R. Explicitly,
The resulting KNCA expressions fd®i,(¢) and Gy ,(¢) ~ ©ON€ has

read pea(0) .
Ba ’ ’
Gl = g | 165(e D8 (= 0
r ps(0) * </ I\Qa .t 27Tgaz|mp o
Gimp(e)zz 7. [G+(€ )D+(€ —6) _
79 Limp J -~ —G' (et+€')D,(€)]de, (63
—G' (e+€')D3(€')]de’, (57
< _ pBa(O) * < 2 r ’ '
Gimp,a(f)_ﬂ_gT Gi(ete)Im{D, (€')}de’.
0 © a%imp J -
Gipl€)= :gB(Z') G(et+e)Im{D',(e")}de’, (64)
" (58 In the following section, we present our numerical results for
the differential conductance as obtained from E&4) and
where (62) using the KNCA.
w de
Zop= | 16T+ 67 @]y (59) ¥ RESULTS
- We have computed the differential conductance for each
HenceG{mp(e) andGﬁnp(e) reduce within the KNCA to con- of the models of Eq¥9) and(10), by first solving the KNCA

equations for the pseudofermion Green functions and lad-
ders, and then evaluating the current using E§¢) and
(62), respectively. The differential conductande(T,V)
=dI/dV was obtained by numerically differentiating the cur-
B. No coherent propagation between the two junctions rent with respect tov, without resorting to the wide-band

Formulation of the current for the Hamiltonian of Eq0)  limit leading to Eq.(55). The most difficult step in the above
follows the same basic steps presented in the previous subrocedure is solution of the KNCA equations, which requires
section for the Hamiltonian of E9). The sole difference in simultaneous solution of the retarded and lesser pseudofer-
Eqgs.(46)—(49) enters through theg,, operators, which ac- mion and ladder functions. This was achieved by repeated

quire an additional lead index. The latter index carries Ove}teraﬂogs of_thel KNC'?] equation_sh until c_on\llerglen_ce isf
to Fy, and Gﬁnp(t,t’), whose definitions are modified ac- '€ached. As is always the case with numerical solutions o

cording to NCA-type equations, the key to high-precision numerics lies
in a well-designed grid of mesh points that scatter points

. more densely near the threshold and peaks of the relevant

F ako(t) = Caiao (DT (DT (1), (60)  functions. To this end, we have used a combination of linear

volutions of they=+ pseudofermion Green function and
the D, ladder.
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and logarithmic grids. As a critical test for the precision of ) ' ' '
our numerical code, we have checked in all our runs that the © g=0.01
pseudofermion spectral functions fulfilled the spectral sum 0 g=0.017
rule to within one part in one thousand (0.1%). Extreme A g=0.026
precision was required at very low temperatures and bias, “'g
whenkgT and|eV| were both much smaller than the corre- = 77 [0t 10 10
sponding Kondo temperatukg Ty . 'C_; |
Throughout this paper we focus our attention on the de- >" o =%
generacy poinh=0 and sefu, = — ur=eV/2.3 We further & 3 @ﬁ@@‘&w s °
] &
&
S

e . . . 04
use a semicircular conduction-electron density of states with f

half width D for the leads and the quantum bgx/e) I
=p7(0)\/1—(e/D)2. Here y is equal toL, R, or B for the 2l . ]
Hamiltonian of Eq(9), andL, R, BL, or BR for the Hamil- 0 . ! ‘ \ . .
tonian of Eq.(10). Note that we restrict ourselves for sim- 10
plicity to a single joint bandwidttD for the box and the /T,
leads. Although this need not be the case in real systems, the .
precise details of the band cutoffs should not affect the low- FIG- 4. Temperature dependence of the zero-bias conductance,
energy physics of interest hele. for the mod_el of Eq(9) with different values ofy, =ggr=g/2. The
corresponding Kondo temperatures are equalkidy/D=8.4
X108, 1.25¢1074, 7.25<1074, and 3.8%10 % for g=0.01,
0.017, 0.026, and 0.04, respectively. With decreasing temperature,
We begin our discussion with the case where cohererthe conductance monotonically increases according a universal
propagation is allowed between the leads, i.e., the Hamileurve (full line). Below Ty, the conductance crosses over tqR
tonian of Eq.(9). As discussed above, the latter Hamiltoniantemperature dependence, in accordance with the expected power-
reduces in equilibrium to the planner two-channel Kondolaw behavior of the two-channel Kondo effect. This is demonstrated
model WithPoJLZZ\/a- Thus, the low-energy physics of the in the_ inset, where a log-log plot cﬁfG(0,0)—G.(O,T)]/B versus
model is governed by the corresponding Kondo temperatur&/ Tk is shown and compared toT/T (dashed ling HereG(0,0)
T« , which we extract by fitting the slope of the W(diverg- andB were obtained separately for each curve from a fit to\ffie

A. Coherent propagation between the two junctions

ing term in the isospin susceptibility temperature dependence of E§7). All values of G(0, 0) andB so
obtained fall within the rangeG(0, 0)h/e?=1.225+0.005 and
IS, Bh/e?=0.68+0.015. The extracted values f&(0,0)h/e? all fall
Xisospm=&—h|h:0 (65  within 1% from the exact zero-temperature KNCA valuerd#8.
to the Bethe ansatz expression larger couplings, which may be due to the asymmetric line

shape of the imaginary part of the conduction-elecffana-
(66) trix within the KNCA (see, e.g., Fig. 12 of Ref. 22The
latter asymmetry is enhanced at high energies as the coupling
is increased.

1
Xisospirk T)~ m'n(TK/T)-

For g=g, +ggr=0.04, which corresponds tpyJ, =0.4 in
the planner two-channel Kondo representation, we obtain For over a decad_e of temperature arogﬁg:l,_th_e en-
KT, /D=3.85% 10 2. hancement inG(0,T) is approximately logarithmic in tem-

As discussed at length in Ref. 22, the KNCA estimate ofP€rature. BelowTy, the conductance crosses over QR ,
T, deviates from the correct value of EQ.1). However, as temperature dependence. As demonstrated in the inset of_F|g.
shown by comparison with the exact Bethe ansat? the low-temperature conductance can be successfully fit to
solution?23* the KNCA gives surprisingly accurate results the form
for the temperature and field dependence of the magnetic
susceptibility in the isotropic two-channel model, whén T
and ugg;H are rescaled with the extracted Kondo tempera- G(0,T)=G(0,0-B \/T:K (67)
ture. We expect a similar level of accuracy to hold for the

nonequilibrium current in each of the models under consids,;i, G(0,0)h/e?=1.225+0.005 andBh/e?=0.68+0.015.

eration. Such a square-root temperature dependence of the conduc-
tance is expected of the two-channel Kondo effect. It stems
from the square-root energy dependence of the imaginary
Figure 4 shows the temperature dependence of the zerpart of the zero-temperature, zero-bias conduction-eledtron
bias conductance for different values gf =gg. As ex-  matrix>* or Aj,,(€) in this context. A similar square-root
pected of Kondo-assisted tunneling, the conductance is ettemperature dependence of the conductance was also found
hanced with decreasing temperature according to a universr tunneling through a two-channel Anderson impufity,
curve. AlthoughTy is varied by nearly three orders of mag- and measured for zero-bias anomalies in ballistic metallic
nitude, all curves collapse onto a single line. Slight deviapoint contacts® Note that the extracted zero-temperature
tions from universality are seen abodéTy~10 for the conductance corresponds to a mostly open channel (61% of

1. Symmetric coupling
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FIG. 5. The differential conductanc&(V,T)=dl/dV versus
voltage bias, for the model of E¢9) with g, =gg=0.02 and dif-
ferent temperatures. The corresponding Kondo temperature is equ
to kg T /D=23.85x 10 3. With decreasing temperature, a zero-bias
anomaly develops iG(V,T). ForT<T, the anomaly acquires a
JV voltage dependence, which is rounded off for voltages on th
scale of the temperature. F6=0, a sharp cusp is left iG(V,0) at
zero bias.

FIG. 6. The function H=[G(0,T)—G(V,T)]/AT*? versus
qV/kBT)l’Z, for the model of Eq.(9) with symmetric coupling.
ereg, =gg=0.02, whileA is extracted from the leading square-

root temperature dependence of the conductdm@@T) = G(0,0)
—A\T. ForT<Ty, all curves collapse onto a single scaling curve.
eSignificant deviations from scaling are seen Toas low as 0.3 .

At higher temperatures the curves fan out, signaling departure from
the scaling regime of the two-channel Kondo effect. The dashed
line shows for comparison the corresponding scaling curve for a
the full conductance and falls within 1% from the exact noninteracting tunnel junction with a square-root energy-dependent
zero-temperature KNCA value doB(0,0)h/e®>=7?/8. The transmission coefficiensee text

latter figure is obtained by taking the zero-temperature limit

afartErﬂzﬁr(13t?pJ_e(4(§? aig?ys(%?e r?rr:)%lugie}]rgotrrrpemr%sﬁtsMo“fgox ential conductance witleV/kgT. Following Ralphet al,?*

and Ruckenstein for the NCA treatment of the multichannelWe plotted in Fig. 6 the scaling function
Anderson modef?

It should be emphasized that the above enhancement of H(V,T)= GON-GV,T)
the zero-bias conductance for single-mode junctions differs ' AVT
markedly from the case of wide tunnel junctions considered
by Schoeller and Scmd’ Omitting intermode mixing, these versusx=(eV/kgT)¥?, whereA is extracted from the lead-
authors found thaG(0,T) vanishes as 1/Ii) at low tem- ing temperature dependence of the conducta@G¢®,T)
peratures, in accordance with the vanishing-coupling fixed= G(0,0)— AT [i.e., A is related toB of Eq. (67) through
point of the infinite-channel Kondo Hamiltonian. However, A= B/ \/T_K]- For T<T,, all curves collapse onto a single
as recently shown by Zamd et al,** for realistic junctions  scaling curve, indicating tha#(V,T) reduces to a function
with intermode mixing there exists an exponentially smallof the single scaling variableV/kgT. The resulting scaling
crossover temperatufg”, below which two-channel Kondo curve features two qualitatively different regimes 1 and
behavior prevails also for wide junctions. Hence our resultscs-1. For x<1, the temperature cuts off the two-channel
should also apply to wide tunnel junctions at sufficiently low Kondo effect. Hence-{(x) is proportiona] t0(4, Correspond_
temperatures, provided electrons can propagate coherenilyg to a quadratic voltage dependence of the differential con-
between the two leads. ductance. By contrast, for=>1 the voltage bias serves as the

Figure 5 shows the differential conductance for the SyMm-utoff energy, andH (X) depends |inear|y oR. The crossover
metric couplingg, =gg=0.02 and different temperatures. petween these two regimes takes placexXerl. With in-
With decreasing temperature, a zero-bias anomaly develoRgeasingT there are deviations from scaling. These are sig-
in G(V,T), the height of which is plotted in Fig. 4. FA njficant for T as low as 0.3 . At higher temperatures the
<Tg, the anomaly acquires gV voltage dependence, curves fan out, signaling departure from the scaling regime
which is rounded off for voltages on the scale of the tem-of the two-channel Kondo effect.
perature. Folf <Ty, one is left with a sharp cusp @(V,T) Note that the scaling curve of Fig. 6 is quite similar to the
at zero bias. Similar to thgT temperature dependence of the one computed for tunneling through a two-channel Anderson
conductance, also th¢V voltage dependence of the differ- impurity?* and the one measured for zero-bias anomalies in
ential conductance stems from the anomalous square-root ehallistic metallic point contact& While not unexpected, this
ergy dependence of the imaginary part of the conductionresemblance of scaling curves is by no means obvious, since
electronT matrix in the two-channel Kondo effect. the voltage bias couples differently to the impurity within the

Perhaps the most distinctive signature of the two-channewo-channel Anderson model of Hettlest al?! and the
Kondo effect, though, lies in the scaling form of the differ- Hamiltonian of Eq.(9). In Ref. 21, the spin-up and spin-

(68)
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down conduction-electron sectors undergo the same
chemical-potential splitting, as the bias couples to the two
spin sectors in an identical manner. By contrast, only the lead
electrons (the isospin-up sectprexperience a chemical-
potential splitting within the Hamiltonian of Ed9), which
breaks the equivalence of the two isospin sectors. As indi-
cated by Fig. 6, this qualitative difference in the coupling to
the voltage bias has only a moderate effect on the scaling
curve, which is more shallow in Fig. 6 than in Ref. 21.

That the shape of the scaling curve depends only moder-
ately on the microscopic details of the system can be under-

0.1T )h/e’

G(V,T=

16

1.2

0.8

0.4

PHYSICAL REVIEW B 67, 165320 (2003
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[0.5

0.75

9:/(9,+9%)

01T )Gy

G(0,T=

stood from comparison to a simple toy model, consisting of a
noninteracting tunnel junction with a square-root energy-
dependent transmission coefficiefite) =7To— 7;| €| In

this case one can compute the scaling function of (E6)
exactly to obtairf

FIG. 7. The differential conductanc&(V,T)=dl/dV versus
voltage bias, for the model of Eq9) with different ratios of the
couplings to the right and left leads=gg/(gr+9g.). Hereg
=0.04 is kept fixed in all curves as to maintain the same Kondo
temperaturekg T, /D=3.85x10 3. The temperature is equal to
T/T¢=0.1, while Ggy,= 1.02e?/h is the conductance for symmet-
ric coupling atT/Tx=0.1. In going from up to downx takes the
valuesx=0.5,0.64,0.69,0.8, and 0.94. With increasing asymmetry,
G(V,T) is reduced. Reduction of the zero-bias conductance is ac-
DA . cording to the standard formulax@l —x) [left inset: circles are the
7,. As seen in Fig. 6, the scaling curve Of, E(GE_J) has the computed KNCA conductances, the dashed curve marks the pa-
same general structure as that of the Hamiltonian of(8q.  rapola 4(1—x)]. As a function of bias, an asymmetry develops in
despite the fact that the noninteracting model does not aGne differential conductance. This asymmetry is an artifact of the
count for the strong temperature and voltage dependence RNCA. It is emphasized in the right inset, where the scaling func-
the effective transmission coefficient of E§6). Thus, while  tion [G(0,T)-G(V,T)J/ATY2 with A extracted separately for
the precise shape of the scaling curve does depend on tl@ch curve, is plotted versed/KgT.
microscopic details of the system at hand, its general struc-

ture appears to be dictated by the square-root energy depeRamiltonian of Eq.(9) and the initial density matrix of Eq.
dence of the imaginary part of the conduction-elecffana-  (21) 39 since the current operator of E@i6) is antisymmet-
trix at zero temperature and zero bias. ric under this transformation, one has the identitfV)
=—1,(—V). Hence the differential conductance is a sym-
metric function of the bias, regardless of whetherandgg
Thus far we have focused on symmetric coupling to theare equal or not.
right and left leads. Below we consider the effect of an asym- It is easy to verify that the KNCA equations preserve this
metry in the coupling to the two leads. Specifically, we varysymmetry of the differential conductance in the case of sym-
x=9gr/(g.+9r) while keepingg=g, +gr fixed, as to metric coupling to the two leads. This stems from the fact
maintain the same Kondo temperatdrg. Our results are that, within the KNCA, the voltage bias enters the effective
summarized in Fig. 7. transmission coefficient of E§56) only through theX, , and
The most notable effect of asymmetric coupling is theP_. bubbles of Figs. @ and Zc), respectively. Since the
reduction in the differential conductance with increasingtwo leads enterX, and P, with equal weights forgg
asymmetry. As expected, the zero-bias conductance variesg, , and since inverting the sign &f simply corresponds
with x according to 4(1—x), which stems from the fact to interchanging the roles of the two leads, then the resulting
that, in equilibrium,A;,,(€) in Eq. (56) depends solely on bubbles, and thuSen(€), remain unchanged upon flipping
the sumg=g,+ggr, and not on the individuaf),’s. This  the sign ofV. This is no longer the case for asymmetric
effect is well captured by the KNCAFig. 7, left inse}, coupling, when the two leads enter eact®of andP_ with
which serves yet as another check for our numericabifferent weights. Indeed, as seen in Fig. 7, fr# g, the
procedure. KNCA differential conductance acquires an asymmetry that
However, the KNCA produces an artificial asymmetry in increases with increasing Note that similarthough more
the voltage dependence of the differential conductance. Tpronouncedl asymmetries in the differential conductance
see this we note that for a symmetric density of statesvere obtained within the NCA for tunneling through a two-
p(€)=p.(—€), the particle-hole transformatioe—c', channel Anderson impurif whereG(V,T)=G(—V,T) is
(5.S,.S)—(—S.S,,— S, convertsVto —V in both the  not guaranteed by symmetry.

_ F(eVikgT)

H(V,T)= F(0) , (69)

with

(70

o ex
F(Y):f_w m\/|X—y| dx.

Note that Eqs(69) and(70) are independent of botf, and

2. Asymmetric coupling
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FIG. 8. Schematic renormalization-gro(RG) flow diagram for T,

the Hamiltonian of Eq(10) in equilibrium. Depending on the ratio )
of g, to gr, the system flows to one of three fixed points. For FIG. 9. Temperature dependence of the zero-bias conductance

symmetric couplingg, =gr, the system flows to the four-channel G(V=0.T) for th?smodel of Eq(10) with g, =gr=0.017. Here
fixed point denoted by A. For any asymmetry in the couplings, thekeTo/D=4.7x107" is a characteristic energy scale of order the
system flows to one of two two-channel fixed poifsor C), at Kondo temperature. S{mllar .to the two-channel case of(Bg.the
which the initially weakerg,, vanishes, while the initially stronger conductance monotonically increases with decreasing temperature,
coupling renormalizes to the intermediate-coupling fixed-pointCrOSSing over from an approximate Iogel\rlthmlc temperature depen-
value of the two-channel Kondo effect. Thus, the box is stronglydence at intermediate temperatures @ d behavior at low tem-
coupled to one lead, but effectively decoupled from the other leagPeratures. The latter behavior is demonstrated in the inset, where a
The unstable weak-coupling fixed point is denoted by D. log-log plot of [G(0,0)~G(0,T)]/B versusT/T, is shown(open
circles and compared to T/To)Y® (dashed ling Here G(0,0)
=0.54%%/h andB=0.19%*h were extracted from a fit to tHe*
temperature dependence of E@l).

We proceed with the case where no coherent propagation
is allowed between the leads, i.e., the Hamiltonian of Eqture in the four-channel case, we use the sé@l€,=4.7
(10). For general couplings, this Hamiltonian reduces inx 10 °D as a rough estimate df. This estimate builds
equilibrium to the planner four-channel Kondo model with upon the fact that the KNCA four-channel Kondo tempera-
channel anisotropy. Specifically, within this mapping one hasure is proportional to eXp-2/pyJ,] rather than exp
podt =24/g, for the two channels associated with the left[—m/2p,J, ],%2 which translates td (NN cexd —1/g] in
junction, andpoJ®=2./gg for the two channels associated the notation of Eq(16). We expecfl, and the actual KNCA
with the right junction. Only foig, =gg is an isotropic plan- Kondo temperature to be related by a factor of order unity.
ner four-channel Kondo model recovered, which shows the In accordance with the onset of the four-channel Kondo
qualitative difference between symmetric and asymmetrieffect, the conductance is enhanced with decreasing tempera-
couplings. For symmetric coupling, the model flows in equi-ture, approaching the zero-temperature value G{f0,0)
librium to the four-channel Kondo fixed point, while for any =0.54%?/h. Somewhat belowl,, the conductance crosses
asymmetry it flows to a two-channel Kondo fixed point over from an approximate logarithmic temperature depen-
where one lead — that with the weaker baig— is effec-  dence to ar'”® power-law form. The latter behavior is dem-
tively decoupled. This renormalization-grotRG) flow dia-  onstrated in the inset to Fig. 9, where the Idvweonductance
gram of the model is illustrated in Fig. 8. As emphasized byis successfully fitted to
Furusaki and Matvee¥, the resulting conductance identi-
cally vanishes af =0 for anyg, #gg. 3

From the discussion above it is clear that, unlike in the G(O,T)=G(0,0)—B(—) (71
case of the Hamiltonian of E@9), there is no single energy Tk
scale that governs the low-temperature, low-bias transport _ ) _ )
properties of the system for all ratios gf to gg. If for ~ With G(0,0)—O.547el/éh andB=0.19%/h.
symmetric coupling,g, =gr=g, transport is governed at The anomalogé’ t_emperatgre dgpendenceilgf the con-
low energies by the four-channel Kondo temperature of Eqductance at lowr is again a manifestation of the| "~ energy
(16), for asymmetric coupling there is a new crossover scalé®pendence of the imaginary part of the zero-temperature

for the onset of two-channel behavior. Below we eXp|oreconduction-electronT matrix in the four-channel Kondo
both regimes. effect®>3° The same power law also characterizes the voltage

dependence of the zero-bias anomaly in the differential con-
ductance, which is plotted in Fig. 10.
Similar to the model of Eq(9), the differential conduc-
Figure 9 shows the temperature dependence of the zertance for the model of Eq.10) also displays scaling with
bias conductance fog, =gg=0.017. In the absence of a V/T, but with a different power law. Specifically, Fig. 11
precise procedure for extracting the KNCA Kondo temperashows a plot of the scaling function

B. No coherent propagation between the two junctions

1. Symmetric coupling
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G(V,T) h/e®

-25 | 0
eV/k,T,

50

FIG. 10. The differential conductandg(V,T)=dl/dV versus
voltage bias, for the model of Eq10) with g, =gg=0.017 and
different temperatures. Hekg T, /D is equal to 4. K 10~ 5. Similar
to the case of the Hamiltonian of E@9), a zero-bias anomaly

develops inG(V,T) with decreasing temperature. At low tempera-
ture, the anomaly acquiresvdt’® voltage dependence, in accordance

with the onset of the four-channel Kondo effect.

G(O,T)—G(V,T)

H(V'T): AT1/3

(72

versusx=(eV/kgT)¥3, whereA is extracted from the lead-

ing TY® temperature dependence of the conductance

G(0,T)=G(0,00-ATY [i.e., A is related toB of Eq. (71)
through A=B/TE?. For T<T,, all lines converge to a
single scaling curve, indicating th&t(V,T) indeed reduces
to a function of the single scaling variab&/kgT. How-
ever, the approach to scaling with decreasings well as

1.6 T
/// ooocs?
o T/T,=0.003 Vs
@ a _ / &
T 12t T/T,=0.01 J 0000
<\( < T/T,=0.03 / ooon”n
— [ sl ]
[t 4 T/T,=0.1 // OODD <1<1<1<1
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O . o ++++++++ wox
+
0
0 4

FIG. 11. The functionH=[G(0,T)—G(V,T)]//AT*® versus
(eV/IkgT) Y3, for the model of Eq(10) with g, =gr=0.017. HereA
is extracted from the leadin@*’® temperature dependence of the
conductances(0,T) =G(0,0)— ATY3, For T<T,, all curves con-
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the fanning out of the curves with increasifg is notably
slower than for the Hamiltonian of Eq9) (compare with
Fig. 6). The slower approach to scaling is consistent with the
fact that the subleading energy dependence of the imaginary
part of theT=0 conduction-electroil matrix, which breaks
scaling, is stronger for the four-channel Kondo effééi(of
order|e|?®). The slower fanning out at highdrstems from
the weakefT® temperature dependence of the denominator
in Eq. (72), as compared ta/T in Eq. (68). Thus, scaling
with V/T is a sharper diagnostic for the two-channel Kondo
effect that develops for the Hamiltonian of E§) than it is
for the four-channel Kondo effect that develops for the
Hamiltonian of Eq.(10) with g, =gg.

As in the case of the Hamiltonian of E(®), the general
shape of the scaling curve of E({2) is largely dictated by
the | €| energy dependence of the imaginary part of the
zero-temperature, zero-bias conduction-electbnmatrix
T,.(€) ztiG{mp’a(e). To see this, we plotted for comparison
in Fig. 11 the corresponding scaling function for a simple toy
model, consisting of a noninteracting tunnel junction with an
|| energy-dependent transmission coefficieff) =7,
—T,|e|*®. The exact scaling curve for this toy model re-
mains given by Eq.(69), but with a slightly modifiedF
functior’®

|x—y|Y3dx. (73

o0 ex
Fy) Jfoo (1+e)?
Clearly, the noninteracting model lacks the complicated tem-
perature and voltage dependencesGyf, , and Giﬁqp] L N
Eqg. (62). Nevertheless, the scaling curve of E¢89) and
(73) is quite similar to that of the Hamiltonian of E¢LO)
with g, =gg, as seen in Fig. 11. Hence the overall shape of
the scaling curve for the Hamiltonian of EQLO) is largely
dictated by thée|'* energy dependence &, .(€) at zero
bias and zero temperature.

2. Asymmetric coupling

As discussed above, one expects the zero-temperature
conductance to vanish for any asymmetry in the coupling to
the left and right leads. In the limit of both a large asymme-
try and strong tunneling to one leéck., a nearly open chan-
nel), this was indeed shown to be the case by Furusaki and
Matveev! For general couplings, one expects the system to
initially flow towards the four-channel fixed point denoted by
Ain Fig. 8, before curving towards one of the two-channel
fixed points, either B or C in Fig. 8. Depending on the degree
of asymmetry, this flow may result in a nonmonotonic tem-
perature and voltage dependence of the differential conduc-
tance. Below we explore this scenario within the KNCA.

Figure 12 shows the evolution of the differential conduc-
tance with increasing=ggr/(gr+9d,). Here we have fixed

verge to a single scaling curve. However, pronounced deviationd1€ coupling to the right lead ajr=0.04, and variedy,
from scaling persist down to much lower temperatures than for thdf0m g /gr=1 down tog, /gr=0.25. As a reference en-

Hamiltonian of Eq.(9) (compare with Fig. § The dashed line

ergy, we use the two-channel Kondo temperature corre-

shows for comparison the corresponding scaling curve for a noninsponding to sole coupling to the right lead, which is the only

teracting tunnel junction with ahe|'® energy-dependent transmis-
sion coefficient.

relevant low-energy scale fogg>g, . For gr=0.04 and
g.=0, this two-channel Kondo temperature is equal to
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FIG. 12. The differential conductand@(V,T)=dI/dV versus FIG. 13. Temperature dependence of the differential conduc-
voltage bias, for the model of Eq10) with different x=gg/(gr tance G(V,T)=dlI/dV, for the model of Eq.(10) with gs/(gr
+40.). Heregg=0.04 andT/T,.,=0.01 are fixed in all curves. As a +g,)=0.8. Hereg, =0.01 andgg=0.04.KkgT /D =3.85% 10 3
reference energy, we use the two-channel Kondo temperature oRs e tyyo-channel Kondo temperature obtained for sole coupling to
tained for sole cE);Jplln_g _to the_ right Iead_ W'tlgR:O_'OA': the right lead withgg=0.04. With decreasing temperature, a sharp
Kg Tzcn/D=3.85¢107". With increasingy, there is a reduction of dip develops in the differential conductanceVat 0. Specifically,

the overall differential-conductance signal, similar to the one seeré(o T) is reduced by a factor of 25 in going frofi T =3 down
. . . . . . . . ) o]
in Fig. 7. A qualitatively different behavior is found near zero blas,to T/T = 0.01, consistent with the flow to the two-channel fixed

where the peak for symmetric coupling<0.5) first splits with it \yhere the left lead is decoupled from the box. Inset: an en-
increasingx, _Igavmg only a broadene_d dip _f0(:0.8. For x _larged image of the dip at low bias.
=0.53, the initial enhancement of the differential conductance with
decreasingV is associated with an initial flow towards the four- . o ) .
channel fixed pointpoint A in Fig. 8. The dip atv=0 signals an  Steadily grows with increasing asymmetry, saturatind @
eventual flow towards the two-channel fixed point where the left™ T2ch fOr large asymmetriessee, e.g.x=0.8 in Figs. 12
lead is decoupledpoint C in Fig. §. At zero temperature, the and 13 In this limit, no traces are left of the smaller four-
conductance vanishes for alt>0.5. channel Kondo temperatufie,,. Due to the small tempera-
tures involved we are unable to systematically study the evo-
kgToen/D=3.85x1073. All curves presented were com- lution of Ty, for small asymmetries. Nevertheless, by going
puted forT/T,e,=0.01. An important point to notice is that to lower temperatures we can estimate fhgf for x=0.58
the KNCA respects the symmet@(V,T)=G(—V,T) for is at least tenfold smaller than far=0.8.

the Hamiltonian of Eq(10) with g, # g, in contrast to the Figure 12 was obtained for a finite temperature. At zero
Hamiltonian of Eq.(9). This is evident from the symmetric temperature, the conductance should vanish fox&D.5.
differential-conductance curves of Fig. 12. Although we are unable to directly access the zero-

The obvious effect of increasingin Fig. 12 is to reduce temperature limit, we can confirm this scenario by studying
the overall differential-conductance signal. This is to be exthe temperature dependence of the differential conductance.
pected, and is also seen in Fig. 7 for the Hamiltonian of EqFigures 13 and 14 show our results for-0.8. For such a
(9). A more dramatic effect takes place near zero bias. Herérge asymmetry, we are able to go down to temperatures
the peak that forms for symmetric coupling=0.5) first ~much smaller thaiy,. Upon going fromT/T 4= 10 down
splits with increasing, leaving only a broadened dip for the t0 T/T,=5%10"*, a 500-fold reduction is seen in the con-
larger values ok in Fig. 12. In particular, fox close to but ductance. The latter continues to drop steeply even for
larger than 0.5exemplified byx=0.53), a nonmonotonic T/Tzcn as low as 0.001, in accord with a vanishifig=0
voltage dependence of the differential conductance is seegpnductance. At low temperaturés(0, T) vanishes linearly
near zero bias. This behavior is consistent with the notion oWith T, in agreement with previous predictiotis:* How-
an initial flow towards the four-channel fixed point, before ever, the linear-ifF regime is restricted to extremely low
departing towards the two-channel fixed point with the lefttemperatures. Whild , is of the order ofT,,, the linear
lead decoupled. For larger asymmetries., largerx), the temperature dependence of the conductance only sets in at
system no longer flows close to the four-channel fixed pointT/Toe~0.01, i.e., two orders of magnitude beloW,.
leaving only a monotonic dip iG(V,T). Hence the linear-if- regime is unlikely to be accessible

The emergence of a new low-energy scale for asymmetriexperimentally, for weak single-mode junctions.
coupling is clearly seen in Fig. 12. For symmetric coupling,
x=0.5, the four-channel Kondo temperatdrg,, is the only
relevant low-energy scale. For small asymmetries, repre-
sented byx=0.53, a new low-energy scal@,;<Tscn In this paper, we studied the linear and nonlinear transport
emerges, corresponding to half the width of the zerojproperties of a single-electron transistor at the degeneracy
temperature dip that opens @(V,T). The new scal€l g, point. Focusing on weak single-mode junctions, two oppos-

VI. DISCUSSION
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100 T T aSG(V, T):G(O, T)—DV" fOI’ kBT<eV<kBTK.
g ] Scaling of the differential conductance wit\V/kgT is
perhaps the clearest fingerprint of the multichannel Kondo
107 effect that develop&?* As shown in Figs. 6 and 11, the
“o function
oy
=107 G(0, H-G(V, T)
i H(V, T)= (74)
% AT”
107 with kgT,eV<kgT reduces to a function of the single scal-
ing variablex=(eV/kgT)”. For|x|<1, H(x) is proportional
o to x?7, reflecting the quadratic voltage dependence of

G(V, T) for eV<kgT. By contrastH(x) is linear in|x| for
TT,,, [x|>1, which follows from theV” voltage dependence of
G(V, T) for eV>kgT. The crossover between these two
FIG. 14. Temperature dependence of the conductance, for thearkedly different regimes takes place fgf~1, i.e., when
model of Eq.(10) with g, =0.01 andgg=0.04. The conductance eV~KgT.
monotonically decreases with decreasing temperature, approaching As shown in the text, the shape of the resulting scaling
zero forT—0. BelowT/T,4~0.01, the conductance vanishes lin- curves can be largely understood within a simple toy model,
early with T, and is well approximated byG(0, T)h/e*>  consisting of a noninteracting tunnel junction with fh”
~0.77T/T,(dashed ling Note that the linear temperature depen- energy-dependent  transmission  coefficienf{e) =7,
dence only sets in at a temperature much lower than the character- T,|€|”. Although this simplified model lacks the the non-
istic width of the dip in the differential conductant@mpare with  trjvial voltage and temperature dependences of the

Fig. 13. conduction-electro matrix for the two Kondo problems of
interest, it does reproduce the general structure of the two
ing scenarios were considered: one by which electrons cascaling curves. Hence the latter structures are largely dictated
propagate coherently between the two leads and the othéy the|e|” energy dependence of the imaginary part of the
whereby no electron propagation is allowed between theonduction-electrom matrix at zero temperature and zero
leads. In the former scenario, both leads are assumed tmas. We note, however, that scaling wigM/kgT is a
couple to the same mode within the box. This amounts to gharper diagnostic for the two-channel Kondo effect that de-
single-mode version of the model used byrti@et al® to  velops in the presence of coherent electron propagation, as
describe wide tunnel junctions. In the second scenario, introcompared to the four-channel Kondo effect that develops for
duced by Furusaki and Matve&veach lead is coupled to a the Hamiltonian of Eq(10) with symmetric coupling.
separate mode within the box. At the degeneracy point, each The scaling curve of Fig. 6 is quite similar to the one
of these models corresponds to a different planner multicharebtained for tunneling through a two-channel Anderson
nel Kondo Hamiltonian — the two-channel Kondo Hamil- impurity,?* where a different coupling of the impurity to the
tonian in the case where electrons can propagate coherentipltage bias was considered. In the two-channel Anderson
between the leads, and the four-channel Kondo Hamiltoniamodel of Hettleret al,?! both the spin-up and the spin-down
with channel anisotropy in the case where electron propagaonduction electrons undergo the same chemical-potential
tion is excluded. splitting. By contrast, only the lead electrofike isospin-up
Generalizing the noncrossing approximation to these twgectoj experience a chemical-potential splitting within the
particular nonequilibrium Kondo-type Hamiltonians, distinct Hamiltonian of Eq.(9), which breaks the equivalence of the
signatures of the multichannel Kondo effect are seen in théwo isospin sectors. Despite this qualitative difference be-
differential conductance. Primarily, for symmetric coupling, tween the two models, the resulting scaling curves look
a zero-bias anomaly develops with decreasing temperaturgualitatively the same, reinforcing the moderate dependence
with a zero-temperature conductance of order unity. Specifief the shape of the scaling curve on the microscopic details
cally, within the KNCA we obtainG(0,0)=1.225e?h and  of the model.
G(0,0)=0.547€?/h, respectively, for the case where elec- A clear distinction between the two scenarios under con-
trons either can or cannot propagate coherently between thgderation is revealed when the coupling to the two leads is
leads. As a function of temperature, the conductance crossesymmetric. For the Hamiltonian of E¢R), the main effect
over from a characteristic IMj temperature dependence at of an asymmetry in the coupling is to reduce the zero-
intermediate T to a power-law dependences(0,T) temperature conductance by the conventional factor of
=G(0, 0)—AT”. Herey is the anomalous power law of the 4g,gr/(g, +9gr)2. By contrast, for the Hamiltonian of Eq.
leading energy dependence of the imaginary part of the zerd10), the zero-temperature conductance vanishes for any
temperature conduction-electrdnmatrix in the appropriate asymmetry in the couplings. As first argued by Furusaki and
multichannel Kondo effect;7=1/2 for the two-channel Matveev'!this unexpected result stems from the fact that the
Kondo effect and »=1/3 for the four-channel Kondo Hamiltonian of Eq.(10) flows for any asymmetry to a two-
effect®>3 The same anomalous power law also characterizeshannel Kondo fixed point where one lead is decoupled from
the low-temperature differential conductance, which varieshe box. Depending on the degree of asymmetry, one can
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obtain then .nonmonotonic diﬁerential-conduc_ta_nce curves, g P<:(€)+9ip<+(€)|PL:(€)|2
as seen in Fig. 12 fax=0.53. The nonmonotonicity reflects D;.(e)= - — > . (A2)
an initial flow towards the four-channel fixed point, before 11— g.Py (€)P,_(6)|

e o e B Yoo, hereg andge are the dmensioiess neing conduc

. & tances for the left and right junction, defined in Et4), and

ries). For large asymmetries, the system never flows close to

the four-channel fixed point, leaving only a dip in the low- o

bias differential conductance. In accordance with previous Pl (€)= f

predictions'!*? the zero-bias conductance vanishes linearly

with T However, as seen in Fig. 14, the Iinear'-ﬁr.regim_e is X, (e —e—p,)de, (A3)

restricted to extremely low temperatures, and is unlikely to

be accessible experimentally for weak single-mode junc- o

tions. P§+(e)=—f Gi(ef(—€ +etuy)
Throughout our discussion we have tactfully assumed that -

the level spacing inside the box is sufficiently small for a

continuum-limit description to be used. Indeed, there are two

prerequisites for observing a fully developed Kondo effect: w0

Pl (a-- |

Gl (e)f(e' — e py)

—o0

Xy (€ —e—p,)de, (A4)

(i) the charging energf: must be sufficiently large for an
experimentally accessible Kondo temperature to emerge and

G' (e)f(e' —€e)vg,le' —€)de’,

(i) the level spacing must be sufficiently small as not to cut (AS)
off the multichannel Kondo effect. As emphasized by Zara

et al,* it is difficult to simultaneously fulfill these two con- P< ()= fw GS(eN (=€ +€)vg, (€ — €)de’
ditions in present-day semiconductor devicaishough some “ —o Ba '
signatures of the two-channel Kondo effect were recently (AB)

observed in the charging of a semiconductor quantun’l%ox Here we have included the matrix elements of the two end-

It is our hope that the host of signatures provided by this oint vertices within theD . ladders, and multiplied,, .

paper will assist in discerning the two scenarios proposed i

the literature, once these experimental difficulties are overa"d Da- BY pa(0) and pg.(0), respectively. v.(e)

come = pa(e)/pa(o) and VBa(e) :pBa(E)/pBa(O) with a= L! R
' are the reduced density of states in the leads and in the box.

The resulting pseudofermion self-energies acquire the form
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APPENDIX: KNCA EQUATIONS IN THE ABSENCE OF
COHERENT PROPAGATION BETWEEN THE

LEADS Xv,(e—€ —pu,)de, (A8)
Equations(36)—(45) were derived for the Hamiltonian of ; = )
Eq. (9). In this appendix, we specify the corresponding 3 (e)=-2 _EL: . JimDa*(E i(—ete)
KNCA equations for the Hamiltonian of Eq10). o
The main modification to the KNCA equations for the Xvg,(e—€")de’, (A9)
Hamiltonian of Eq.(10) comes from the ladder propagators
DM, which carry an additional lead index=L, R. Indeed, _ =
contrary to the Hamiltonian of E@9), both the spin and lead 2i(e)=-2 ;L: ) ) D,-(e")f(e—€)
indices are conserved along each ladder for the Hamiltonian o
of Eq. (10). In the absence of an applied magnetic field, X vg,(e—€')de’, (A10)

when the two spin orientations are equivalent, the resulting ,
ladders are independent of the spin index, but do depend oihere the extra factor of two comes from summation over

the lead index. the two equivalent spin orientations.
The adaptation of Eq¥36)—(41) to the Hamiltonian of EquationsA1)—(A10) are the complete summation of the
Eq. (10) reads KNCA class of diagrams for the pseudofermion self-
energies, in the case where no coherent propagation is al-
9P~ (€) lowed between the leadse., the Hamiltonian of Eq(10)].
D' . (e)= = , (A1)  They are analogous to Eq86)—(45) for the Hamiltonian of
1-9g.P,.(e)P,_(e) Eq. (9).

165320-16



CURRENT CHARACTERISTICS OF THE SINGLE . .

1D. V. Averin and K. K. Likharev, inMesoscopic Phenomena in
Solids edited by B. Altshuler, P. A. Lee, and R. A. Webb
(Elsevier, Amsterdam, 1991

2Single Charge Tunneling/ol. 294 of NATO Advanced Study In-
stitute, Series B: Physicedited by H. Grabert and M. H. De-
voret (Plenum Press, New York, 1992

3K. A. Matveev, Zh. Ksp. Teor. Fiz99, 1598(1991) [Sov. Phys.
JETP72, 892(1991)].

4K. A. Matveev, Phys. Rev. 51, 1743(1995.

PHYSICAL REVIEW B 67, 165320 (2003

2IM. H. Hettler, J. Kroha, and S. Hershfield, Phys. Rev. L&8.

1967 (1994); M. H. Hettler, J. Kroha, and S. Hershfield, Phys.
Rev. B58, 5649(1998.

22E. Lebanon, A. Schiller, and V. Zevin, Phys. Rev6B, 245338

(2002).

2D, L. Cox and A. E. Ruckenstein, Phys. Rev. Lett, 1613

(1993.

24D, C. Ralph, A. W. W. Ludwig, J. von Delft, and R. A. Buhrman,

Phys. Rev. Lett72, 1064 (1994).

SFor a comprehensive review of the multichannel Kondo effect>®Equation (11) for Ty is obtained from Eq(63) of Ref. 3 by

see D. L. Cox and A. Zawadowski, Adv. Phyk/, 599 (1998.

6J. Konig, H. Schoeller, and G. SchpPhys. Rev. Lett78, 4482
(1997; J. Konig, H. Schoeller, and G. SchpPhys. Rev. B8,
7882(1999.

"H. Schoeller and G. Scho Phys. Rev. B0, 18 436(1994).

8D. S. Golubev, J. Knig, H. Schoeller, G. Scm and A. D.
Zaikin, Phys. Rev. B56, 15 782(1997).

9H. Grabert, Phys. Rev. BO, 17 364(1994).

settingN =2 for the two-channel case, and substitutifm + g

for vJy. The latter correspondence follows from the construction
of the appropriate “bonding” and “antibonding” combinations
referred to in the main text.

28Equation (16) for Ty is obtained from Eq(63) of Ref. 3 by

settingN=4 for the four-channel case, and substitutifg for
V-]().

27A. A. Abrikosov, PhysicgLong Island City, N.Y) 2, 5 (1965.

0p, Joyez, V. Bouchiat, D. Esteve, C. Urbina, and M. H. Devoret,?®Within the two-channel Kondo representation, the requirement

Phys. Rev. Lett79, 1349(1997.

1A, Furusaki and K. A. Matveev, Phys. Rev. Let6, 709(1995;
A. Furusaki and K. A. Matveev, Phys. Rev.32, 16 676(1995.

12G. zarad, G. Zimayi, and F. Wilhelm, Phys. Rev. B2, 8137
(2000.

13K, Le Hur and G. Seelig, Phys. Rev. &5, 165338(2002.

¥D. V. Averin and Yu. V. Nazarov, Phys. Rev. Le#5, 2446
(1990.

that gvg(€) =g, v (€) +grvr(€) amounts to the conventional
condition that the two isospin orientations share the same
conduction-electron density of states. tfvg(e) #g, v (€)
+grvr(€) then the two conduction-electron density of states
have different functional forms, which has the effect of generat-
ing an effective magnetic field. This in turn translates to a shift
in the position of the degeneracy point for the Coulomb block-

ade.

5The nonlinear differential conductance of the single-electron tran?°Explicitly, D", (e)=D" (¢) and P’ (e)=P" (¢) correspond in
sistor was considered, for example, in Ref. 6, for the case where this case to—poA(e+i6)/2 andll(e+id)/pg of Ref. 22.
electrons can propagate coherently between the two leads. How?Y. Meir and N. S. Wingreen, Phys. Rev. Lefi8, 2512(1992.

ever, neither of the approximations ugéalv-order perturbation
theory or the resonant-tunneling approximajiadequately de-

scribes the Kondo regime for weak single-mode tunnel junc-

tions.

31The general case wheye + ugr#0 is equivalent to setting,
=—ur=eV/2 andh—h+ (u + ug)/2 [i.e., uniformly shifting

ML, g, and—h by (u +ug)/2].
32Details of the band cutoffs will affect the location of the degen-

850me signatures of the two-channel Kondo effect were recently eracy point, as well as the value of the Kondo temperafigre
observed in the capacitance line shape of a single-electron trafi®P. D. Sacramento and P. Schlottmann, Phys. Letl4® 245

sistor with a semiconductor quantum box; See D. Berman, N. B.

Zhitenev, R. C. Ashoori, and M. Shayegan, Phys. Rev. 183t.
161(1999.

(1989.
34p. D. Sacramento and P. Schlottmann, Phys. Re®3B1329
(1991).

For a comprehensive review of the NCA, see N. E. Bickers, RevZ®l. Affleck and A. W. W. Ludwig, Nucl. PhysB360, 641 (1991).

Mod. Phys.59, 845(1987.
18N, s, Wingreen and Y. Meir, Phys. Rev.49, 11 040(1994).
19M. H. Hettler and H. Schoeller, Phys. Rev. Létt, 4907(1995.

20p. Nordlander, N. S. Wingreen, Y. Meir, and D. C. Langreth, Phys.

Rev. B61, 2146(2000; M. Plihal, D. C. Langreth, and P. Nor-
dlander,ibid. 61, 13 341(2000.

38D, C. Ralph and R. A. Buhrman, Phys. Rev. L8, 2118(1992.

37E. Muller-Hartmann, Z. Phys. B: Condens. Matfaf, 281(1984).

%As in the interacting models of Eq¢9) and (10), we take the
chemical potentials in the leads to beeV/2.

3%Here we made use of the fact that = — ug=eV/2 andh=0.
For nonzerah, the transformation also convetiso —h.

165320-17



