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Quantum dot spin effect on the conductance of a quantum wire
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A numerically exact calculation of thE=0 transport properties of a quantum wire interacting with a lateral
two-level quantum dot is presented. The wire conductance is calculated for all different states of charge and
spin of the quantum dot. For a dot with two electrons we obtain an enhancement of the Kondo temperature at
the singlet-triplet transition and a nonuniversal scaling law for its dependence upon the dot energy spacing. We
find that the Kondo correlation is stronger for a dot sgiy> 1 than forSy~1/2. In both cases the wire current
is totally quenched by the Kondo effect. When the dot is in the mixed-valence regime an8g#2L the wire
conductance is partially quenched except in a very small region of gate potential where it reaches the maximum
valuee?/h.
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In recent years an important experimental and theoretical The system we consider consists of a dot laterally con-
effort has been dedicated to the understanding of the physicakcted to a conducting wire. This is a very interesting con-
properties of a system constituted by a dot connected to twguration as it mimics the situation of a metal doped by
leads under the effect of an external poterttidThis system  magnetic impurities, where the localized spins belong to an
has shown to be a versatile device to study the Kondo effe{jecironic state outside the conduction b&héh this con-
for a variety of regimes that can be accessed by changingy ration, as shown in a recent theoretical wonlestricted
continuously the values of the parameters that define the sygs"y o6 level dot, the Kondo correlation among the dot spin
tem. For temperatures beloW, in the Kondo regime, the ¢ _ 15 4nq jts neighboring conducting spins provides a
electrons circulate along the system through a channel at the? tteri hanism for the elect that hes the cir-
Fermi level that disappears as the temperature is increased 2 -.c1Nd Mechanism for the electrons that guenches the cir

Recently, in a very interesting experimérnhe measure- culatlng current. This peha_\nor was explalneq using th_e

&nean—ﬁeld slave boson infinite Coulomb repulsion approxi-

by the application of an external magnetic field has demon,[nation’ assuming that the system is a Fermi liquid that sat-

strated that the current through an even-charged dot corsfies the Friedel-Langreth sum rule.
nected to two leads is controlled by the Kondo correlation N our calculations we use parameter values that are com-
between theSy=1 spin of the dot triplet state and the Patible with the experimental situation. In particular, as we
conduction-electron spins. This correlation gets stronger atke the Coulomb interaction to be finite we have the appro-
the magnetic-field energy splitting is increased, and reachdgiate energy scale for the Kondo temperature. Since we use
its maximum value when the system is in the singlet-tripleta Lanczos diagonalization our analysis is restricted o0.
transition, beyond which the Kondo effect dies out veryFor the dot with a fixed number of two electrons and total
rapidly. spin Sp~1, we obtain an enhancement of the Kondo effect
This problem was theoretically studied by using poorwhen the dot energy spacing is equal to the exchange inter-
man’s scaling arguments and the mapping of a generic modeilction, at the singlet-triplet transition. In this case, the wire
of a dot undergoing a singlet-triplet transition onto the twoconductance is canceled due to strong interference effects.
impurity Kondo modeP:° These theoretical works focus their As the number of particles and spin of the dot are varied, the
attention on the middle of the Coulomb blockade valley, aconductance goes from zero&&h, according to the differ-
situation where the dot has an integer well-defined number ofént regimes of the dot. We find stronger correlation for the
electrons, so that all mixed-valence regimes are eliminated5=1 Kondo regime than for the usu&=1/2. Our results
Assuming that the system is in the immediate vicinity of theare compatible with experimental observations of a system
singlet-triplet transition with an even number of electrons inwhere the current goes through the dot.
the dot, they show that the Kondo effect is enhanced by the In order to be able to incorporate the physics associated
competition between the triplet and the singlet states. with the singlet-triplet transition the dot is described by two
In this paper we report the results of a numerically exaclevels. We allow it to have different states of charge, as it
solution for a two-level quantum dé®D) interacting with a  occurs in any experiment where the gate potential is varied.
wire, atT=0, for the whole range of parameters that permitsPart of the system, consisting of a cluster which includes the
the investigation of all possible regimes and states of chargavo-level dot, is exactly solved using a Lanczos algorithm
and spin of the system. By varying the gate potential applied@nd then embedded into the rest of the wire. We show that,
to the dot and the dot level energy spacing we are able téor reasonably reduced cluster sizes, due to the way in which
study the wire conductance for the dot in the mixed-valencéhe embedding is done, the results are independent of the
regime and in the triplet§=1), doublet §=1/2), and sin- cluster sizé® As the diagonalization of an infinite cluster
glet (5=0) spin states. would give an exact result for the Hamiltonian taken, con-
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vergence for the cluster sizes we use implies a numerically ok ' ' ' 1o
exact result for our model. We calculate the states of charge Cerene
and spin at the dot, the density of stal@0S) projected . _ | 2electrons
onto the QD, and the current circulating through the wire, as o T . atthe @D %8
a function of the gate potential applied to the QD and of its = .
energy-level energy spacing. 8 o6l Jos
The system is represented by an Anderson impurity first- = .
neighbor tight-binding Hamiltonian. In a cluster of M( E —#g +U+A-lT1 « v
+1) sites(the number is taken to be even to maintain the S M T . ~H»sa+U‘ 04
cluster symmetry the two states of the QD are denoteddy S=1 $=0
andp and the other 1+ 1 sites belonging to the wire num- 02| '. do2
bered from—M to M. The QD is connected to site 0. The R
total Hamiltonian can be written as
0.0 : ! L doo
U 0.0 05 1.0 15 2.0
H= 2 (Vg+fr)nra+§ 2 nronr;+uz NooNpor A/'JI
r=a,B r=a,p oo’
7 7 FIG. 1. Conductance in units @?/h (continuous ling and QD
, . total spin(squaresas a function ofA/|J|, for two electrons at the
+3(S.Sp) +t ; [(CagtCps)CostC.Cl dot. The singlet-triplet transition correspondsA|J|=1.
+ ;¢ Cios (1) We discuss first the transport properties in the wire as a
io function of the QD energy spacinly, maintaining fixed the

whereU, J, andV are, respectively, the Coulomb repulsion number of electrons at the got; then, for a fixed vaIungf
in the dot, the exchange energy, and the gate potential af/e vary the number of particles at the QD b}/zchangubg
plied to the two dot states with energies and e;. The Al energies are in units o). We takel'=t"/W=0.08,
hopping matrix elements between the dot states and the witéhere W is the wire bandwidth, a value compatible with
state at site 0, taken for simplicity to be equal, are given byexperlmenté"- _ . N _
t’, and thet;;=t are the nearest-neighbor hopping elements In order to analyze the singlet-triplet transition we fix the
within the wire. The Fermi energy is taken to be=0. The  gate potential such that the dot is charged with two particles.
dot levels, with energy spacing= e, — €4, interact through The results for the current in the wire and for the total spin at
the exchange coupling and can be changed continuously bjie dot are presented in Fig. 1 as a functionAdfJ|. As A
varying the gate potential applied to the QD. increases, the QD spin goes from a triplet to a singlet state.
To obtain the properties of the system we calculate thd’he conductance is a function which interpolates between
one-particle Green functior;; . They are made to satisfy a the value for a perfect insulatéior Sp~1) and for a perfect

Dyson equatior3=g+gTG whereg is the cluster Green- conductor(for Sy~0). The transition from one behavior to
function matrix andT is the matrix of the counling Hamil- the other is reflected in a rapid increase of the current for
pling A/]J|>1 due to the weakening of the Kondo effect and the

tonian between the cluster and the rest of the system. Thgonsequent decrease of the scattering of the conduction elec-

undressed Green functiog is calculated using the cluster ons. This result is the counterpart obtained by the poor
ground state obtained by the Lanczos method. In order tghan's scaling calculation in the case of a system in which the
guarantee consistency the charge of the dressed and Ufyrrent goes through the dot itséff To incorporate the tem-
dressed clusters is imposed to be the same. We cal@ikde perature in the calculation would require a huge computa-
a combination of the Green function nfandn+ 1 electrons tional effort, outside our capabilities. However, it is possible
with weight 1-p and p.g=(1—p)g,+ pg,.1. The charge to obtain the Kondo temperature as a functionAofin an

of the undressed cluster §.=(1—p)n+p(n+1)2* The approximate way from the density of states of the system.

charge of the cluster when linked to the leads can be exWe find that the imaginary part of the many-body contribu-
pressed a®.=2/F 3,ImGii(w)dw, wherei runs over all  tion to the self-energy of the Green function at the dot, in the

vicinity of the Fermi level, is proportional tow—E;)?, a
fgharacteristic of a Fermi liquid. The density of states around
E¢, depicted in the lower inset of Fig. 2, can be well repre-
sented by a LorentzianZ(T,)/E—ez+iT,, where the
Kondo weightZ(T,) is a function of the Kondo temperature
2¢2 and the width coincides witfi, .1® Based on these consider-
G:T|GOO|2[I)(6F)]2: (2)  ations we obtain the curve of Fig. 2 showing thg¢ in-
creases with\, has its maximum at the singlet-triplet transi-
whereG, is the Green function of the wire site connected totion, and decreases rapidly far|J|>1. This is compatible
the dot, whilep(eg) is the density of states at the Fermi level with experimental results for the conductance through a dot
at the first neighbors of site 0, when disconnected from it. embedded into a wire as a function of the magnetic-field

the cluster sites. This equation plus the conditop Q.
constitute a system of two equations which requires a sel
consistent solution to obtaip and n. Using the Keldyst
formalism the conductance can be written as
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FIG. 2. Kondo temperature, normalized to one at the singlet- ) fg
triplet transition, as a function ak/|J|. In the upper inset the ex- 08
ponenty is obtained from the logarithm of the equatidmx(5)
=Tk(0)[Tk(0)/8]”,6=|3|—A; the lower inset shows the Kondo
peak in the DOS, foA/|J|=0.5, 1.0, and 1.3. 000

energy splitting, where the Kondo effect is strong and only
clearly observed near the singlet-triplet transition.

For the limit T, (0)< 46, where 6=|J|—A, we have ob-
tained a power-law dependence of the Kondo temperature FIG. 3. Conductance, spin, charge, and spin correlation as a
on 4, function of v, for A/|J|=1. (a) Conductancécontinuous lingin

units of e2/h and QD total spin(dash-dotted ling (b) charge in
Y statea (continuous lingand in state3 (dash-dotted lingin units of
() the electronic chargdr) Kondo spin correlatiofSpS,) (continu-

ous line and spin correlation between the two states of the QD

In the upper inset of Fig. 2 we show this relation in a(S.Ss) (dash-dotted ling
logarithmic scale from which we obtain an exponent

=0.19. We have found that this value is not universal ancergy e,=0, for V4>0 both dot levels are above the Fermi
depends ori’. A similar power law has been obtained for a |evel and the charge at the dot is approximately zeroV4s
different geometry where the current goes through the doteduces, charge enters into the dot and the system goes
although the Kondo temperature has been defined in a diffethrough a charge fluctuation regime up\g~ — 0.4 where
ent way>® the dot has nearly one electron and a total sfin-0.4. At
With the purpose of studying other experimentally accesthis point the Kondo correlation has a local maximum. This
sible regimes we fix the dot level energy spacing and calcusjtyation corresponds to the usu@t1/2 Kondo regime,
late the current in the wire for all possible states of chargguhich is reflected in the cancellation of the conductance due
and spin of the dot by varying continuously the number oftg strong scattering of the conduction electrons \Ascon-
electrons in the QD. In this way we are able to study thejnyes to decrease the system goes again into a mixed-
mixed-valence regime and the evolution of the spin state ofzlence regime—the lowest level rearranges its charge be-
the QD from the doublet§= 1/2), when the dot has an odd tween spin up and down and extra charge enters into the
number of electrons, to the tripleB& 1) or the singlet §  second dot level. The Kondo correlation diminishes and has
=0), when the number of electrons in the dot is even.  a minimum around/,=—0.75, where the current circulating
The results as a function o are displayed in Fig. 3, for  along the wire acquires its maximum value. As charge keeps
A/[J[=1. The wire conductance and the total spin andentering into the dot the Kondo correlation begins to increase
charge at the QD are shown in Fig¢aand 3b); the Kondo  again, reaching an absolute maximum valuevgt- — 1.9,
correlation, between the dot total spin and the spin of theyhen there are just two electrons at the dot and the singlet
conduction electrons at the neighboring s{8;S;), as well  and triplet states are degenerate. At this point the total dot

as the spin correlation of the two states of the Q§a§5>, spin as well as the dot spin-spin correlati()§a§ﬁ> have
are shown in Fig. ). Since we choose the lowest dot en- maximum values, and the current cancels again. $hel

Tk(O
TK<6)=TK(0)[ Kfs )
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Kondo regime is responsible for this strong scattering effectnetic field. In the special case where the dot has an integer
As reflected on the curve for conductance as a functionof number of electrons equal to two, the wire conductance
the system has electron-hole symmetry with respecvdo shows a crossover behavior from a perfect insulator to a
=-1.9. perfect conductor for values of the energy spacing such that
Notice the strong correlation between the behavior of theéhe dot singlet and triplet spin states are nearly degenerate.
current and of the Kondo spin correlation ¥g is varied. ~ Our results show a maximum Kondo temperature at this
The bigger the Kondo correlation, the stronger the interfersinglet-triplet transition and a nonuniversal power-law de-
ence effects which cause the degradation of the currenpendence offx with the dot energy splitting. We have also
Moreover, the Kondo correlation is stronger for the dot withexplored the intermediate-valence regime by varying the gate
two electrons and a maximum total spf#,~1, in the potential applied to the dot. We study the influence of the
singlet-triplet transition, than for the usual caseSgf~1/2,  different states of charge and spin of the dot upon the wire
as shown in Fig. @). This result is compatible with the conductance. As the dot occupation is changed the Kondo
measurementof the conductance as a function of gate volt- correlation is found to be stronger when the dot Bgs-1
age in a system with the dot embedded into the wire, wherand is in the singlet-triplet transition than for the us&gl
the S=1/2 Kondo effect is much weaker, and almost not~1/2 Kondo regime. The dependence of the conductance on
observable, than th8=1 Kondo effect in the singlet-triplet the gate potential as well as on the dot level splitting is in
transition. Notice, also, the way in which the charge entersigreement with the experimehtone in a system where the
into the dot, continuously rather than in steps as in the Coueurrent goes through the dot. We hope that our results stimu-
lomb blockade regime, reflecting the gradual way the Konddate measurements of the transport properties in a wire with
peak moves through the Fermi level ég is varied. the dot in a lateral configuration, as discussed in this work.
In summary, we present numerically exact results for the
transport properties of a system consisting of a two-level We acknowledge CNPq, CAPES, FAPERJ, Antorchas/
quantum dot laterally coupled to a wire, where the dot enVitae/Andes Grant No. B-11487/9B003, CONICET, and
ergy spacing is varied in order to mimic the effect of a mag-Fundacion Antorchas for financial support.
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