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Fano resonance in electron transport through parallel double quantum dots in the Kondo regime
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Electron transport through parallel double quantum dot system with interdot tunneling and strong on-site
Coulomb interaction is studied in the Kondo regime by using the fldisdave boson technique. For a system
of quantum dots with degenerate energy levels, the linear conductance reaches the unité2g?limitdue to
the Kondo effect at low temperature when interdot tunneling is absent. As the interdot tunneling amplitude
increases, the conductance decreases in the singly occupied regime and a conductance plateau structure ap-
pears. In the crossover to the doubly occupied regime, the conductance increases to reach a maximum value of
G=2¢€?/h. For parallel double dots with different energy levels, we show that the interference effect plays an
important role in electron transport. The linear conductance is shown to have an asymmetric line shape of the
Fano resonance as a function of gate voltage.
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I. INTRODUCTION should play an important role. Thus, in order to understand

Due to the wave nature of electrons and the confined gell€ role of the Fano effect, it is essential to take into account
ometries in mesoscopic systems, the interplay between intef0® coherence of the whole system. A model of the electron
ference and interaction becomes one of the central issues ffRnNsport through a closed AB interferometer containing two
mesoscopic physics. Preservation of quantum coherence fingle-level quantum dots, which assumes the electron trans-
electron transport through an interacting regime has beeport through quantum dots is in full coherence, has been
manifested in the observed Kondo effect in semiconductoinvestigated in Ref. 15. Interesting phenomena, such as flux-
qguantum dot systemisand more explicitly in the conduc- dependent level attraction and interference-induced suppres-
tance Aharonov-Bohn{AB) oscillation in the interference sion of conductance, have been found. However, the effects
experiment with a quantum dot embedded in one arm of a®f on-site Coulomb interaction and the interdot tunneling
AB interferomete? Recently, the Fano resonance has at-have not been considered. Ghost Fano resonance has also
tracted much research interest as another important interfebeen observed in the study of electron transport through par-
ence effect in mesoscopic systems. The Fano effect was firgilel DQDs with interdot tunneling but no on-site Coulomb
proposed as a result of the interference between resonant aitderaction'®
nonresonant processes in the field of atomic physitss In this paper we shall investigate electron transport
found to be a ubiquitous phenomenon observed in a largthrough parallel DQDs$schematically plotted in Fig.)with
variety of experiments, including neutron scattering, atomignterdot tunneling and on-site Coulomb interaction using the
photoionization, Raman scattering, and optical absorptiorfinite-U slave boson mean field theof$BMFT) approach
There has been recent progress in the observation of the Fadeveloped by Kotliar and RuckenstéihThis formulation
resonances in condensed matter systems, including an impteproduces the results derived from the well known
rity atom on a metal surfacesingle-electron transisto$,  Gutzwiller variation wave function at zero temperature, and
and quantum dots in an AB interferometér. therefore is believed to be a powerful tool to study strong

In this paper we show that the Fano effect, which can beorrelation effect of electron systems. The finiteSBMFT
manifested by gate voltage dependence of the linear condubas already been applied to investigate electron transport
tance, is also important for electron transport through doubl¢hrough a single quantum d&t, DQDs in series in the
quantum dot$DQDs9) in parallel configuration. For electron Kondo regimé® and persistent current in a mesoscopic
tunneling through quantum dots, it is well known that thering,?® and was found to give good quantitative results for
strong on-site Coulomb interaction leads to the Kondo effecthe Kondo effect on linear conductance.
at low temperatures, so that the coexistence of the Fano reso-
nance with the Kondo effect is expected to yield interesting
transport phenomena. Electron transport through DQDs with Dot1
seried and parallel® configurations has been realized in ex- - Q\
periments, through which studies on the molecular states of // -~ t 7/
the double dots and also the interference effect are carried ) l ° 7
out. Most of theoretical studi€s'*are devoted to electron Lead L \Q < Lead R
transport through DQDs connected in series, while relatively Dot2
little attention is paid to the parallel configuration case, es-
pecially for the system in the Kondo regint&For the DQD FIG. 1. Parallel double quantum dots with interdot tunneling
system with a parallel coupling, the interference effectt..
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Il. THE FINITE- U SLAVE BOSON MEAN FIELD THEORY
OF PARALLEL COUPLED DQDS

Electron transport through parallel DQDs with interdot
tunneling and on-site Coulomb interation can be describe

by the following Anderson impurity model:

- t T
H=2 €knoCinoChno + > qd) b, + 2 Ungi;Nai
1

kno io

+ tCE (dIg—dZU + dgo-dlo' + E (UnidiTo-Ckrla' + HC) ’
T kyoi

1

Whereckm(clw) denote annihilatioricreatior) operators for
electrons in the leadén=L,R), and dig(drg) those of the
single-level state in théth dot (i=1,2). U is the intradot
Coulomb interaction between electrofsis the interdot tun-
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a completeness relation of the Hilbert space in each dot, and
the second one equates the two ways of counting the fermion
occupancy of a given spiti.In the framework of the finite-

éJ SBMFT, the slave boson operatas p;,,, d;, and the pa-
a

meterz, are replaced by rea numbers. In this paper, we
only consider the spin degenerate case without external mag-
netic field, so that all parameters are independent of the elec-
tron spin. We can neglect the spin indexn the parameters
hereafter. Thus in the mean field approximation, the effective
Hamiltonian is given as

Hgﬂf'f: == 2 Ek.”CI_”O_Can + E’Eifi‘ro—fia +T02 (fIa-f20'+ HC)

kno io
+ 2 @] Cipo + H.C) + Ey, (3)
knoi

wheret,=t.z;z, and v,i=v,Z represent the renormalized

nel coupling, ancv,; is the tunnel matrix element between tunnel coupling between quantum dots and the renormalized
lead » and doti. We consider the symmetric coupling case tunnel amplitude betweeith quantum dot and the leag,
with riL:riR:ri, Wheferi”:2772k\%,i|25(w—6kw) is the hy-  respectivelyz, andz, can be regarded as the wave function
bridization strength between thth dot and the lead,. renormalization factors in the quantum do&s= ei+)\éz) is

In the finiteU slave boson approacdh;®a set of auxiliary the renormalized dot energy level arﬁg:Ei[)\i@(Zpi +e?
bosonse, p;,, d; are introduced for each dot, which act as +di2—1)—2)\i(2)(pi2+di2)+udf] is an energy constant.
projection operators onto the empty, singly occupf@dth Within this mean field effective Hamiltoniaf3), the cur-

spin up and spin downand doubly occupied electron states rent formula through the DQDs is givenlas
on the quantum dot, respectively. The fermion operatkys

are replaced by, — f;,z,, with zi(,:e?pi,,+p;%di. In order | = 92 de[ﬂ,_(w) - (@) [T(w), (4)
to eliminate unphysical stg(ttes, thTe follgwing constre}rint con- h*;

iti [ =.p p,+tee+dd=1 fi fi
ditions are imposed:2,p P, rea+dd=1, and fi,f, where the transmission probability T(w)

=p! pi,+d'di(c=1,|). Therefore, the Hamiltoniafl) can - -
be rewritten as the following effective Hamiltonian in terms =Tr{GX()I'*G'(w)I'"], and

of the auxiliary bosore;, p;,, d;, and the pesudo-fermion ~ ==
operatorsf;,.: fL:fR:( Iy FlFZ)
I, T
Hetr= > Eknaclnackna‘* > GifiTafio+ > Uddei v z
kno io i

with 1~"i=;-21“i. The retarded/advanced Green’s functi¢B§)
G"3(w) have 2x 2 matrix structures, which account for the
double dot structure of the system. The matrix elements of
- the retarded GF are defined in time space Gigt-t')

+ 2 (UyZfl Cipo + H.C) =-ig(t—t"){f;,(t),f" (t")}). By applying the equation of mo-

+ tCE (ZIo'f Ia’fZO'ZZU' +H -C-)

i . o . ..
et tion methoc®! one can obtain the retarded GF explicitly as
+ >\ ! pio+eg+did -1 ~ ==\~
Ei: I (% PloPio ™ 66T A4 w-"&+ily T +iVII, '
Glo)=| _ — . : 5
+ 2 )\i(g')(fi‘rofit)’ - piTo'pia'_ ledl)l (2) - tC +i Flrz w— €&t IF2
io

The advanced GF is given i3 w)=[G'(w)]". Substituting
where the constraints are incorporated by the Lagrange muthe retarded/advanced GF to the formula of transmission
tipliers Afl) and)\i(?. The first constraint can be interpreted asprobability, one obtains

[Ti(w=2) + Ty(w=2) + AT,
[(0-2)(0 %) ~BP+[Ty(0-8) + Tolw-2) + FNTGTP

T(w) = (6)
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FIG. 2. (a) The transmission probability(w) and (b) the local FIG. 3. (@The linear conductance as a function of the dot level

density of state for the system with two identical quantum dots.at zero temperature. Parameters usedus&.0, andl'-=I"R=1.0,
Parameters used até=4.0,I'=T'R=1.0, ande;=-2.0. The inter-  and the interdot tunneling.=0.0 (solid line), 0.2 (dashed ling 0.5
dot tunnel coupling, are 0.0(solid line), 0.5 (dashed ling and 1.0  (dotted ling, and 1.0(dash-dotted line (b) The bonding state en-
(dotted ling. (We take the energy unit aB=1, andw=0 corre-  ergyéyonq (s0lid line), the antibonding state ener@ynipong (dashed

sponds to the Fermi energy of the leads. line), and the level broadening 2of the bonding statédotted ling
for t;=1.0.

The conductanc& at the absolute zero temperature in the

limit of zero bias voltage is given by I',=T,=T. Following Eq.(5), the transmission probability in
dl o2 this case has a Breit-Wigner resonance form, given by

G= — =—T(w=0). -
dv V=0 h 41'*2
- - . T(w) = - = (7
It is noticed that the formula for the transmission probability (w—"¢4— tc)2 + 412

and conductance is equivalent to that of the transport through
noninteracting DQD system, except that, in this case, the dofhe retarded GF on each dot is also explicitly given as

levels, the coupling strengtli’;, andt, are renormalized.

Therefore, electron transport through DQDs is characterized Gl(w) = 1 1 n 1
by the parametef&, I';, and.. However, it should be noted ! 2| 0-(&-T)+0" - (gg+T) +2T
that¥, I';, andt, show strong dependence on the gate voltage (8)

applied to the quantum dots; hence, the result of linear con-
ductance is quite different from the noninteracting model. InThe spectral density in thieh QD follows from the relation
the spin degenerate case, we have ten unknown parametgyw)=—-Im Gf,(w+i0%)/ 7. It shows that the spectral density
e, pi, )\i(l), M(Z)(izli) in total to determine. From the is the sum of one Lorentizan with the peak position located
constraints and the equation of motion of the slave bosomt %,,,=¢4+1. and one Diracé peak ate,nipond €4~ Lo
operators in the effective Hamiltonian, we obtain one set ofvhere, g ande,pinong COrrespond to energy of the bonding
self-consistent equations, which is a straightforward generaland the antibonding state of quantum dots, respectively. The
|zgd form of the.smgle dot. case, as discussed in Ref. 18. 'Bonding state of DQDs has level broadenirié Que to its
this set of equations, the distribution GF of the quantum dotghjing with the leads. Thé peak structure indicates that
Gjj (t=t") =i(fj,(t)fix(t)) is involved, and its Fourier trans- {he antibonding state is totally decoupled from the leads.
form is given byG~(w)=iG"(w)[I''n (w)+I'"nx(w)]G¥w).  Therefore, the electrons transport only through the channel
We have solved the self-consistent equations numerically. of the bonding state, which gives a Breit-Wigner resonance
In the following, we discuss the result of our calculation. form in the transmission.
First, we consider two identical QDs casg=e,=¢; and In Fig. 2 we study the effect of interdot tunneling on the
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FIG. 4. The linear conductance at zero temperature for parallel double quantum dots with different energy levels. Here we define
=(€;+€,)/2 andAe=¢, - €,. Parameters used ats=4.0, and’'-=I'R=1.0. The energy level differences ake=0.5 (solid ling), 1.0 (dashed
line). (a), (b), (c), and(d) correspond to the interdot tunneling=0.0,0.5,1.0, 1.5, respectively.

transmission probability and the local density of state of theé.=1. One can see that in the singly occupied regime with
QD in the singly occupied regime. Here we take the hybrid-decreasingsy, the antibonding state ener@ipong is fixed
ization strength as the energy uhit1, andey=-2. Figure  around the Fermi energy of the lea@s=0). This indicates

2(a) shows that with increasing the interdot coupligthe  thatz,~T, and the conductand/(2€?/h) =4T2/[(¢4+T,)?
line shape of Breit-Wigner resonance of transmission is pre- e ~1/('2/T’2 1), For this identical q
served, while the center of the resonance shifts to higheJrr =1/t r ). For this identica quantuLn ot case,
energy. Thus, the value of transmission probability at zerdhe value oft2/I'? is given by its bare valu&/I'?=t3/T'%
frequencyT(w=0) decreases, which, in turn, results in sup- Consequently, the conductance shows a plateau structure and

pression of the linear conductance at zero bias voltage. FGP€ ratio oft/I" determines the height of the conductance
the local density of state shown in Figlh2, we see that the plateau. This is in agreement with the value of conductance

antibonding state energy is always nearby the Fermi energ%j the plateau structure for differentas shown in Fig. @).

of the lead, whereas the center of spectral density contributeSIr']thI 6dodcec(ijeai-es(ljngtofutr|'t]2eBSB&Q?)Cséﬁt?ec(;oéseism gvelfac:m the
from the bonding state shifts to higher energy along with gy b y P gime, aigng

: : goes through from positive value to negative value. At the
increasingt..

The linear conductand® as a function of the energy level POINt €pong=€q+1:=0, we obtain the maximum conductance

€4 of the QD at zero temperature is plotted in Figa¥or ~ G=2¢%/h. Further down, the level broadening 2pproaches
several values of interdot tunneling When there is no di- zero and the DQD will be totally decoupled from the leads;
rect tunneling between two dot4,=0), the conductance thus, the conductance becomes zero.

reaches the unitary limiG=2¢?/h) in the Kondo regime, as ~ N€xt, we consider DQD system with different dot levels,
expected. Upon increasing tunnel coupling the conduc- €17 €2 and definee=(e; +¢,)/2 andAe= e, ~ €. For the sake
tance becomes suppressed and forms a plateau structuredhsimplicity, we still assumd’; =I'=I". It is noted that in
the regime of the singly occupied QD state. When QDs crosthis case the renormalized hybridization strenBgthI',. In
over to the doubly occupied state regime, the conductanckig. 4 we plot the linear conductance as a function of average
increases to the maximum val@s=2e?/h. The line shape of energy of the dot levels. The parameté&rs=0.5,1.0 and,

the linear conductance can be explained from the gate vol&=0.0,0.5,1.0,1.5 are used. In the case of DQDs without di-
age dependence of the spectral density and the zero freect tunnel couplingt.=0), Fig. 4@ shows that the conduc-
guency transmission of the QD. In Fig(b} we plot the tance curve has a narrow dip around the pairt-U/2.
bonding state energ¥,,,¢ the antibonding state energy From the formula for transmissiditg. (6)], we note that the

“€antibong @nd the level broadeninngas functions ofey with conductance vanishes when the conditidh%2+f2E1
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=X \T,T, is satisfied. The strictly zero transmission is ahyPridization strength, hence, the center of the Fano reso-
consequence of destructive quantum interference for electrdi@nce and line broadening have nonlinear dependence on the
transport through the parallel DQDs, and it is absent for sysinterdot tunnelingt, and the level differencée. It is inter-

tems with DQDs connected in series. It is interesting to no-esting to notice the Fano resonances obtained in this study
tice that only when the DQDs with different energy levels have some similarity with the experiment results in Ref. 5.
(Ae#0), is this characteristic of interference revealed. ThiSAlthough their experiment is on electron transport through a
originates from the fact that, in this case, both the bondingingle QD, the coupling strength between the quantum dot
and antibonding state channels are involved in the transmigsnq the lead is strong and the Kondo effect and multilevels

sion. As the energy differencke increases, the dip becomes ¢ the D might be involved in the electron transport. Re-

more broadened. For nonzero interdot tunnel couplings a N 2 .
shown in Figs. #)-4(d), the conductance curves have éently, Busseet al“~ have studied electron transport through

asymmetric line shapes, which are typical for the Fano resc)r:nulnlevel quantum dots using exact-diagonalization tech-

nance. This results from the constructive and destructive in01dues. Itis interesting to notice that they have also found a

terference processes for electrons transmitted through tHg@nductance dip structure induced by an interference effect,
channels of bonding and antibonding states. It is noted thdtS Shown in Fig. @). Actually, whent.=0, the model stud-
line broadening of the Fano dip or peak depends on the valuld in our paper is equivalent to considering two levels in a
of dot level differenceAe, which is similar to the noninter- Single quantum dot.

acting DQD casé® The effect of on-site interactiob is to For a DQD system with an energy level difference, the
introduce strong renormalization of the dot levels and thdocal density of state in thith QD (i=1,2) is given by

(Fw-2) + VTEP

[(0-e)(0~8) ~To] + [f‘l(w —€)+ f‘2(60 —&)+ 2fc\/’f‘1’f‘2]2 |

pi(w) = 9

In Fig. 5, we plot the local density of state in each dot. Theinterference effect on the local density of state is manifested
line shape of the density of the state can be regarded aschearly as compared with that in Fig(i.

superposition of a Fano line shape close to the antibonding

state energy and a Breit-Wigner resonance around the bond-

ing state energysee Ref. 16 for detailed discussjoiThe 1. SUMMARY

In summary, we have studied the electron transport
through DQDs in parallel configuration with interdot tunnel-
ing in the Kondo regime. The strong Coulomb repulsion in
the dots is taken into account via the finlleslave boson
technique. The results of our calculation indicate several dis-
DOTH DOT2 tinct features from the noninteracting modéThe conduc-
tance shows a plateau structure as a function of the dot level
in the singly occupied regime; without interdot tunneling
(tc=0), there is a dip structure on the conductance plateau
064 when the energy levels of two dots are different. Whgn
# 0, the conductance has a Fano resonance line shape on the
conductance plateau as a function of the average dot level;
04 the energies of the bonding and antibonding states and the
level broadening of the bonding state are strongly renormal-
ized compared to the noninteracting model case. For in-
stance, the antibonding state energy is almost fixed around

08+

DOS

0.2 4
the Fermi energy of the lead in the singly occupied region.
The results are also different from those of the DQDs in
00 =" — — — series, in which the maximum conductance is achieved when

-2 -1 0 1 2 -1 0 1 2 the interdot tunnelingt.=1.0 and no Fano resonance is
observed!~141° The Fano effect for parallel DQDs origi-
nates from the interference effect for electron transport
FIG. 5. The local density of state for each quantum dot. Paramthrough the two channels of bonding and antibonding states
eters used art=4.0,e=-2.0,Ae=1.0, andt.=1.0. of parallel DQDs. In one recent experiment, Chenal°
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studied the Kondo effect in parallel DQDs system. Howeverconductance plateau structure and also the Fano resonance,
the maximum conductance obtained in their experiment isis discussed above.

only about 0.#°/h by varying the gate voltage and interdot
tunneling, so that we think the full coherent electron trans-
port through DQDs was not achieved and the interference
effect was not manifested. One may expect, in further experi- This research was supported by the BK21 project and
ments on the parallel DQDs system, to observe th&orea Research Foundatig§RF-2003-005-C00011
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