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Electronic Transport Through a Quantum Wire with a Side-Coupled Quantum Dot
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We describe the Kondo resonance in quantum dots employing the atomic model. We calculate approximate
Green'’s functions of the impurity Anderson model employing the exact solution of the system with a conduc-
tion band with zero width, and we use the completeness condition to choose the position of that band. At low
temperatures, there are two solutions close to the chemical potgrgitisfying this condition, and we choose
the one with minimum Helmholtz free energy, considering that this corresponds to the Kondo solution. At high
temperatures, this solution no longer exist, corresponding to the disappearance of the Kondo peak. We present
curves of density of states that characterize the Kondo peak structure problem. As a simple application we cal-
culate the conductance of a side-coupled quantum dot and we obtain good agreement with recent experimental
results.

Keywords: Electronic transport; Side-coupled quantum dot; Kondo resonance

I. CONDUCTANCE OF A SIDE-COUPLED QUANTUM Kondo channel (QD)
DOT

The Kondo effect explains the increased resistivity shown
by a metal with magnetic impurities at low temperatures. The
Kondo effect in quantum dots has been theoretically predicted
sincel988[1], and recent experiments confirmed its presence
[2]. These systems can be modelled by the Anderson impurity
model, and in this paper we apply the impurity atomic model
to study the electronic transport through a quantum wire with
a side-coupled quantum dot (QD). This system has been stud- 0
ied, from the theoretical point of view, [3, 4] and has been Ballistic channel
recently studied experimentally [5, 6].

In Fig. 1 we present a pictorial view of a simple one-
dimensional quantum wire with a side-coupled Anderson imFIG. 1: Pictorial view of the quantum wire with a side-coupled quan

purity with infinite Coulomb repulsiobl at site0. The Hamil- tum dot. The quantum wire is considered to be an impurity free on
tonian of the system can be written as dimensional metal and the quantum dot is modelled by an Anderst
impurity.

H = Z Ek,ocl‘gck.o‘ﬁ‘ Z Ef 6Xt.00
K G

vy (XfT 00Ckot Cl,cxf.Ocr) ; (1 Xt .00+ Xf 00 + Xt oo =1, 2
k,o

where@ = —0o, and the threeXs 55 are the projectors into
the stateg f,a). The occupation numbers on the impurity
N a =< Xt aa > should then satisfy the “completeness” rela-

where the first term represents the noninteracting wire, cha
acterized by free conduction electromselectrons), the sec-
ond describes the QD described by a localiZelével Es g,
(we employ the f letter to indicate localized electrons at the

impurity site) and the last one corresponds to the tunneling, Nfo+Nfg+Nig=L1. (3)
where the hybridizatioV denotes the tunneling matrix ele- " ' ’
ment between the QD level and the dtef the quantumwire, At low temperature and bias voltage electron transport |

and for simplicity we consider a constant hybridizatibriWe  coherent, and a linear-response conductance is given by |
employ the Hubbard operators [7, 8] to project out the doublg andauer-type formula [3]

occupation statéf,2), from the local states on the impurity.

As theX Hubbard operators do not satisfy the usual fermion 7

commutation relations, the diagrammatic methods based on G g _6& S(00)do )
Wick’s theorem are not applicable, and one has to use the TR 0w ’

product rules [8Xs ap. Xt cd = Op cXf ad, t0 derive a cumulant

expansion. The identity decomposition in the reduced spaceherens is the Fermi function an&(w) is the transmission
of local states at the impurity is given by probability of an electron with energyw. This probability is
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given by From this equation we then obtain an explicit expression fc
S(w) = 2| G |2 5) M2';(2) in terms of G ;(2)
wherel” corresponds to the coupling strength of the site 0 to G (2
the wire (which is proportional to the kinetic energy of th M50 (2) = i 2 )
e wire (which is proportional to the kinetic energy of the : 1+ 6%, |V 25, G24(K.2)

electrons in the wire).Gg, can be calculated by the Dyson

equation withV = [0)V (1| +|1)V (0| being the hybridization. To decrease the contribution of toeelectrons, whose effect
The dressed Green'’s functions at the site 0 can be written ifyas overestimated by concentrating them at a single ener
terms of the undressed Green'’s functions localized at the QDeve| we shall replac¥’2 by A2, whereA = 1iv2/2D is of the
011, and the undressed Green's functions of the conductiogrder of the Kondo peak’s width. The atomic approximatior

electronsgoo consists in substitutiny3; () in Eq. (10) by the approxi-

G3o = 930+ 950V Gl + 951V G, (6)  mateM3' (2) given by Eq. (12). A3’ (2) is k independent,
we can easily obtain the exact local Green function for th
GJo= 03+ 90V G+ 071V Goo- (7)  Anderson impurity for a square band of bandwigth
Solving this system of equations, and considegipg= 0 and , MZ(2)
go1 = 0, we can write G'{?%(Z) = ‘\’/Tz o
o 1+ Mg}c(z)fln (z—D-&-ﬁ)
Glo= oz (8)
(1—dgoV7gt) and in the same way we obtain the conductiGg)@nd mixed
where (Gt¢) Green’s functions. The difference between the exas
1 24D+ and the approximate quantity is that different enerdigs
030 = (E) In (ﬁ) ;0= Mgfc(z). (9) appear in the c-electron propagators of the effective cumula

Mzelfof(z), while these energies are all equalEgin M3 (2).
The goo is the free Green function of the quantum ballistic AlthoughM3!,(2) is only an approximation, it contains all the
channel, withu being the chemical potential and3';(2) the  diagrams that should be present, and one would expect that
approximate cumulant of the QD, obtained through the atomigorresponding GF would have fairly realistic features. On
model calculated in Sec. II. still has to decide what value & = Eq should be taken. As
the most important region of the conduction electrons is th
Fermi energy, we shall udg = u— 0Ey, leaving the freedom
of small changes8Ey to adjust the results in such way that the
completeness relation given by Eqg. (2) should be satisfied.

Il. THE ATOMIC MODEL

To obtain the exacf Green functionGst ¢(ji,2) in real
space for the impurity at sitg, one can follow a procedure
similar to the one used in [9] within the chain approxima- Ill. RESULTS AND CONCLUSIONS
tion, but considering all the possible cumulants in the expan-
sion as it was done in [10] for the Anderson lattice. As with |, Fig. 2 we represent the completenegs- 2n; as func-
the Feynmann diagrams, one can rearrange all those that cojfn of the position of the atomic conduction bakg. We
tribute to the exacB+ ¢(ji, 2) by defining an effective cumu-  ¢can see that at very low temperatures, there are two solutio
IantMgfof (i, ), that is given by all the diagrams Gt ¢ ¢ (ji, 2) close to the chemical potentialsatisfying this condition, and
that can not be separated by cutting a single edge (usuallye choose the one with minimum Helmholtz free energy, s
called “proper” or “irreducible” diagrams). We shall consider we consider that this corresponds to the Kondo solution. |
that the impurity is at the origin, and drop the indeXrom  the same figure we can see that if we increase the temperat
all the quantities. The exact GFs (z) is then given by re-  this solution disappears, and this corresponds to the vanishi
placing the bare cumulaM$ ;(z) = —D3/(z—&¢) by the ef-  of the Kondo peak in the density of states.
fective cumulanMS';f(z) at all the filled vertices of the chain In F'g'. 3 we plot the density of states corresponding to |
diagrams in [9]. The exact GF for the f electron is then WrittenKonGIO S|tuat|o!’1.. We can see the two structures characteris
as of Kondo densities of states: one non-resonant peak locatec
o the E? position and the Kondo peak located on the chemic:
Mza (2) (10) potential. In the inset we represent a detail of the Kondc
2 0 ’ peak.
@V I* 2 &Rolk 2 In Fig. 4 we represent the conductance of a side-couple
whereG2 ;(k,z) = —1/(z—¢(k)). The exact GF in the atomic quantum dot. In this geometry there is an anti-Kondo resc
limit G ;(2) has the same form of Eq. (10 and can be calcunance at very low temperatures, in the K_onc_jo region. Th
lated exactly. It is given in the Appendix (cf. Eg. 15): Kondo effect at the dot produce a destructive interference b
at tween the electrons that follow the ballistic channel and th
M3s(2) (11) electrons that go to the dot. The result is that in the Kond
1-M3'(2) |V |2 3k Gs(k2) region and at low temperatures the conductaB¢6&,, goes

Gtto(2) =
o= Ty

G?tf,o(z) =
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FIG. 4: Conductance of a side-coupled quantum dot.
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8 1 TABLE I: States of the Anderson lattice in the lin®D =V = 0.
0= E=-5.0A 2 a0l - m,o > E n s
T=0.0001A | 0,0 > 0 0l O
i 13.0> g |1 1/2
i —30>[ & [1]-1R2
0.01
0,7> &g |1 12
] 0,]> €q 1|-1/2
i 31> ler+eq2] 1
121> [erteq2[ 0
1 |—2.1> |er+&q[2] O
\ ‘ —3.1> [er+eq[2[ 1
o 0.05 01 011> 2 [2] O
13.11>  |er+2eq[3[ 112
| — 3.11>]es +2eq[3[-112

FIG. 3: Density of states foF = 0.0001A with E = —5.0. Detail of
the Kondo peak formation.

. . . BLE II: Energies of the twelve statds,r) of 4. The columns
to zero as we can see in the Fig. 4. This result agrees Wefye the number of electrons in the stater, the spin component

with recent experimental results [5]. S anden; = Eny — Ny, whereEn, is the energy of the stafen,r),

A=/(Eo—Er)*+4v2andd’ = \/(Eo—Er)® +8V2.
Apendix: Atomic solution nir|S Enr = Enr —nU
0[1]0 e

We assume a zero width conduction baii= 0, so that 1 ]2 [+1/2[1/2(es +€q—4)
the hoping contributions are eliminated from the Hamiltonian. 13 [~1/2[1/2(er +eq—4)
In this case we have a Fock space with twelve states charac- i g fig igng j:qiﬁg
terized bym,o > as can be seen in table 1 ACRES I +8f J

There is now an independent system at each site, with the 717 -1 E: +£2
Anderson impurity at one of them, and the system Hamil- 5 18 10 £f + £
tonian can be diagonalized exactly. There are four possible 219 10 1/2(e1 +3eq—A)
states at each normal sité0,T,],1]), while there are only 2 [10/0 1/2 (g +3eq + &)
threem extra state0,+3, —3) at the impurity site ( with- 3 (11 11/2)er + 24
out a doubly occupied state becallse~ ). At the impurity 3 [12[-1/2[et + 24

we then have a Fock space with the twelve states > de-
scribed in Table 1. To obtain the atomic Greens functions we
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use the Zubarev’s equation where the poles of the Green’s functions are given by
—Ea—FE1—FEa—Ec=—E —E, = 1 —A):
Gl (o) = 82 Z Z (e—BEnj +efBEn,1j/) y u=E-Ei=E-EB=E-E= 2 (Etq A)j
™ 1] U=Es—E1=Eg—Es=Er—Ex=35(€tq+4);

Ug = E1p—E10= 3 (€1q—4);

Us = E1p— Eg = 1 (g1q+A);
<=L X[ nj> 2 e e 2t

1/p/ .

: ; (14) Us=Eo—Ex =85 (&'~ A);

@ (Enj = En-ay) Us = Ero—E2 = &g+ 3 (&' +);

whereQ is the thermodynamical potential and the eigenval- U7 = Eg—Eq=gq— 3 (& +4);
uesEnj and eigenvectorfj > corresponds to the complete ug = Ejo—Es =gq+ 3 (& — ).

solution of the Hamiltonian. The final result is the followin . . . .
g and the residues are easily calculated employing Eq.(14) wi

8 m the exact eigenvectotaj > of the atomic Hamiltonian. We
G¥(w) = 2 Zl . (15)  have usedtq = & + &g
i= |
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