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Fano resonance in electronic transport through a quantum wire with a side-coupled quantum dot:
X-boson treatment
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The transport through a quantum wire with a side-coupled quantum dot is studied. We uséddben
treatment for the Anderson single impurity model in the limitbf «. The conductance presents a minimum
for values of T=0 in the crossover from mixed valence to Kondo regime due to a destructive interference
between the ballistic channel associated with the quantum wire and the quantum dot channel. We obtain the
experimentally studied Fano behavior of the resonance. The conductance as a function of temperature exhibits
a logarithmic and universal behavior, that agrees with recent experimental results.
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I. INTRODUCTION repulsionU—o and at low temperatures. This approxima-
tion is attractive because with a small numerical effort, it is
Quantum dotgQD) are small droplets of electrons con- capable of qualitatively describing the Kondo regime, al-
fined in the three spatial directions. In these systems théhough in a restricted region of the system parameter space.
charge and energy are quantized as it occurs in natural atomdnfortunately, the SBMFT presents unphysical second-order
The electron transport in this “artificial atom” nanodevice is phase transitions outside this region. The impurity decouples
a topic of intense research. Experiments performed in d&om the rest of the system whéh>T,, whereTy is the
single electron transistdSET),* and by scanning tunnelling Kondo temperature, or whem>E¢ ,, where u is the
microscopy(STM) on a single magnetic impurity on a me- chemical potential and; , is the energy of the localized
tallic surface? showed that the Kondo resonance, predictedevel*2To circumvent these problems and maintaining the
theoretically in these systeths and experimentally simplicity of the calculation and the ideas involved, recently
measured,is present simultaneously with a Fano resonancewe introduced theX-boson method? ** inspired by the
The Fano resonance appears when there is a quantum intgtave-boson formalism. We solve the problem of nonconser-
ference process in a system consisting of a continuous deration of probability(completenegsusing the chain cumu-
generated spectrum with a discrete level, both noninteractant Green’s function§®~*° These ideas were used to solve
ing. The interference is produced among the electrons thahe AIM and the periodic Anderson model. We remove the
circulate along the two channels of the system constituted bgpurious phase transitions of the SBMFT, which permits to
the discrete level and the continuous band. In general, thstudy the system for a range of temperatures that includes the
device is designed such that the current goes through the dot>T, region.
itself. Recently, another configuration in which the dot is In this work, we apply théX-boson method for the single
laterally linked to the quantum wire has been studidéhis  impurity case to describe the transport problem through a
situation mimics to some extent a metallic compound dopedjuantum wire with a side-coupled QD as represented in Fig.
by magnetic impurities. As in the problem of the metal, the-1, in the limit of U—oc, without restriction in the tempera-
oretical studies of a dot laterally attached to a wire haveure.
shown that the Kondo effect interferes with the transport
channel reducing and eventually eliminating the transmission
of charge along it. A similar configuration has been proposed
where the dot is laterally attached to a ring threaded by a
magnetic field Another similar configuration considers a
parallel double quantum dots, where the active QD is con-
nected to two left and right electrodes and the other dot is
side connected via the hybridization with the active 6ne.
Theoretically, these systems can be described by the
Anderson single impurity mod€AIM ). Structures with dots
embedded or side coupled to leads or interacting coupled
guantum dots have been studied using a variety of numerical
and diagrammatic Green’s function techniqéé&ghe slave- FIG. 1. Pictorial representation of the quantum well wire
boson mean-field theoty® (SBMFT), in particular, has been (QWW) coupled via hybridizationV) with a side quantum dot
applied to study these systems in the limit of the Coulomh(QD).
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Our results are in good agreement with experimental mea- S(w)=T?Gy?, (6)
surements, in particular, we reproduce the Fano behavior of ) ) ) o
the resonance and the logarithmic dependence of the condu¢hereV is the matrix element connecting the QD with its
tance dip amplitude as a function of temperatirea SET ~ hearest site, represented by the label 0 belonging to _the wire
and we obtain for the conductance as function of temperaturb =V?/A with A=mV?/2W, where W is the conduction-

a logarithmic and universal behavibt? We restrict our band half-width andGg,(w) is the dressed Green’s function

analysis to systems that are not in the extreme Kondo regimat the wire site 0. This function can be written, in terms of

because thé&-boson approach, in its present form, follows the dressed Green’s function localized at the @Jy(w),

closely the Friedel sum rule in the mixed valence and in theand the undressed Green’s function of the conduction elec-

moderate Kondo regime, but fails to fulfil it in the extreme trons,g¢(w), as

Kondo regime, whetk; ,, is far below the chemical potential

(w=0 in our casg Ggo=(92V)*Ggytae - )
Using the chainX-boson method, the Green’s functions,

considering a constant density of states for the wiréy

The model we use to describe the system is the Andersof £k<W, are given by***
impurity Hamiltonian in theU=co limit. We employ the

II. MODEL, METHOD, AND CONDUCTANCE

Hubbard operatofS to project out the double occupation v (7)= —D, ®)
state on the QDJ|f,2) with two local electrons out from the qd - V2D, |z+W|’
space of local states at the QD sitee employ thef letter to Z-E¢— >w Mz w
indicate localized electrons at the QD $ijtas theX Hubbard
operators do not satisfy the usual commutation relations, the 1 |z+w
diagrammatic methods based on Wick's theorem are not ap- 9c(2)=— 55 IN|=—= ! 9)
. ; ) 2W | z—W
plicable, one has to use product rules inst&ad:
-VD, |z+W
X+, abXt,cd= Ob,cXf,ad- (1) %In
) o - B 2W z—W 10
We obtain the Hamiltonian as o0qd(2)=— - VZDal W (10
7R ow Nzmw

HZE Ek,ocl,a—ck,o—’—z Ef,axf,0'0'+2 (Vf,k,UXI,OaCk,U 5 . .
ko v ko wherez=w+i7, the quantityD ,=(Xq ¢ +n; . iS respon-

" sible for the correlation in the cha-boson approach and
+VE e X o) ) e :
f.k,ok,o”.00/- lead to essential differences with the uncorrelated case ob-

The first term of the equation represents the Hamiltonian ofained using the slave-boson metfodnd Gg,(2) is the
the conduction electronsc(electrong, associated with the nondiagonal Green’s function between the site O of the wire
wire. The second term describes the QD and the last onand the QD site. The total charge of the quantum dot is given
corresponds to the interaction between thelectrons and by ngp=2ns , andE;=E;+ A, whereA is a parameter of
the QD. This Hamiltonian can be treated by tKeboson  the X-boson method given B§
cumulant approacfi—t#for the impurity case.

The identity decomposition in the reduced space of local
states at the QD is then

io

-2V +
A=—F—(cifis)

Xt,00T Xt 00t Xt go= 1, (€©)) w+W| (0?>—W?)ne(w)

_ — 2 2 2 !
wheres= — o, and the thre¥; ,, are the projectors into the ©=W| (02~ W?+V2D,)
states |f,a). The occupation numbers on the QB , (12)
= (Xt aq) Satisfy the “completeness” relation

= Wﬁmdwpqd(w)ln

wherepq(w) is the density of states at the QD.
Ng ot Np ot Ng =1 4
Ill. RESULTS AND DISCUSSION
At low temperature and bias voltage, electron transport is

coherent and a linear-response conductance is given by the 1€ Figs. 2 and 3 show the conductance in unitsesfa,
Landauer-type formufa as a function of the gate voltagé,,e, given in units ofA,

for different temperatures. We represent the low- and high-
2e2 temperature regions in Figs. 2 and 3, respectively. In all the
= )S(w)dw, (5)  cases, we consid&¥=100A andw=0.0. The gate potential
Vgate i controlled experimentally* and allow us to modify
whereng is the Fermi distribution function anfi(w) is the ~ the energy position leveE; of the quantum dot E;
transmission probability of an electron with enefgy. This ~ =Vgaid, Which is renormalized by theA parameter
probability is given by (Ef=Vgatet A) according to theX-boson approximation.
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FIG. 2. Conductanc® vs E=Vjaie/A for different tempera- FIG. 4. Conductancé& (X-boson and SBMFT resulischarge
tures low temperatures in the QD,ngp and A/A parameter vE;=Vg,/A at T=0.1A.

The conductance possesses an asymmetric Fano resonagg@pe of the curves in Fig. 4, as mentioned above, is a result
Shaﬁe’l‘é"zhl'Ch ageree_s v(\;ell_ W_'lth theorletlcal ﬁnd expekr)lm_entdaéf the Fano behavior of the resonance. When the dot is in the
results. W(%So tz_ime simiiar resu s to the one o ta”.‘e Kondo regime, wher&~ u, the electron has a channel to

by the SBMFT, at intermediate to low-temperatures region o along the system, which incorporates the QD. This trajec-

I;ch?:chznfgﬂ?jeTenafsm;nf Fr:%tgn Igf T;}% 3&2’(;’ € g{észnftot:' ory interferes with the path the electrons take when they go
u K uncti gate voltag straight along the leads, without visiting the dot, giving rise

d'ﬁerem temperatures, In this region the SBMFT conduc-to a Fano shape. In Fig. 5, we display the same results shown
tance is incorrect due to the spurious second-order phase . ) ~
Fig. 4 as a function ofE;=(Vgaet A)/A. In contrast

transition associated with this method, which decouples th&' ! , >
QD from the rest of the system. with the Fig. 4, we obtain a symmetric curve for tkdoson

In Fig. 4, we present &f=0.1A, the A/A parameter, the conductance, which shows that the Fano behavior of the

occupation numben,, (charge in the QDand the conduc- resonance is associated with the renormalization of the pa-
tance vsVg,e/ A for theX-boson and slave-boson mean-field ran|1et§_rs %f the s;r/]sterrt]hdue o the Kond(;) eIfect. litud
theory. We can see that the slave-boson conductance break n Fig. 5, we show the minimum conductance amplitude

down in the region wherg>E; and we cannot observe the asa fgnction of temperature, in units &t The logarithmic
Fano resonance in this formalism. The minimum of thebehawor presented in the interval betweenA3-2I <2.0A,

X-boson conductance and the maximum of thearameter agrees well with the experimental results obtained by Gores
correspond to the same value Wf ... The asymmetric
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FIG. 5. X-boson parameteA, conductanceG (X-boson and

FIG. 3. Conductanc& vs E;=V, /A for different tempera- SBMFT result$ and charge in the QDngp vs Ef:(vgate+ A)/A
tures(high temperaturgs atT=0.1A.
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values ofE;=V,i. The linear behavior of the curves agrees well
with the expected Fermi-liquid behavior from the mixed valence to
the Kondo regime.

FIG. 6. Dip amplitude conductancAG measured from the
background conductandéhe “distance” between the minimum of
the curve and the conductance val@e- 1.0), as function off/A

(see Figs. 2 and)3 The Fig. 8 shows, at low temperatureB<Ty), the con-

ductanceG vs (T/A)?, for values ofE; that corresponds to
the crossover from the mixed valence to the Kondo regime.
The linear behavior of the curves agrees well with the ex-
pected Fermi-liquid behavior, that can be represented by the
equation®

etal.in a SET (with A~1.0 K) and reflects the crossover
from the mixed valence to the Kondo regime, where Xhe
boson is a reliable approximation.

In Fig. 7 we present the conductanGevs temperature
T/A, for different values ofE;=V,/A. We describe the
gradual crossover from the quasiempty quantum dot to the
Kondo regime. The conductance exhibits a minimum at high G=Gnin
temperature that moves to the low-temperature regiol;as
approaches the chemical-potential leyet0. This mini-  where o is a parameter ané,,;, is the conductance &t
mum is associated with the energy required to excite an elec=0. The different slopes of the straight lines obtained reflect
tron from the chemical-potential energy up to the level the different values ofy for eachE;.

E;. These results are in qualitative agreement with a recent The Fig. 9 presents the conductari@es T/A. It shows a
theoretical calculatio®? applying Wilson numerical renor- minimum at low temperatures and a logarithmic and univer-
malization group approadiNRG) for an embedded QD in a sal behavior for intermediate temperatures. This logarithmic
guantum wire, taking into account that the minimum in our
case corresponds to the maximum in this work.
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FIG. 9. Conductancé& as a function ofl/A, at different values
of E=Vgaie/A. In the inset(@ we show the universal behavior of
FIG. 7. Conductanc& as a function off/A, at different values the crossover region from the mixed valence to the Kondo regime;
of Et=Vgaie/A, (crossover from the quasiempty QD to the Kondo in the inset(b), we show the exponential dependenceTgfas a
regime. function of (J=—2V?/E;)/A.
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These results permit to consider thkeboson approxima-

10 f ] tion as a quantitative correct method in the empty dot regime
and in the crossover from the mixed valence to the Kondo
regime, for all temperatures and for all values of the param-
eters of the model, although it is not reliable in the extreme
Kondo limit (whenE; , is far below the chemical potential
w=0), where the Friedel sum rdfeis not fulfilled. This
behavior makes this method complementary to the noncross-
ing approximationNCA) that is satisfactory in the extreme
Kondo limit but does not behave adequately along the cross-
over from the mixed valence to the empty dot regime at low
temperatures. This is a consequence of the fact that in the
NCA, the Kondo resonance survive even in the empty orbital
regime producing a spurious high density of states at the
T Fermi level?®
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FIG. 10. Charge in the QDngp as a function ofT/A, at dif- IV. SUMMARY AND CONCLUSIONS
ferent values 0E¢=Vg,e/A, for all regimes of the model. We have calculated the conductance for a quantum wire
with a side-coupled QD as a function of gate voltage and
evolution is a manifestation of the crossover from the mixedemperature, folJ 5 Our results agree well with recent
valence to the Kondo regime, as a consequence of the rendgXPerimental _stud_|ejs. We obtain a Fano shape for the con-
malization of the localized level as the temperature is variedductance, which is originated from the destructive interfer-
The deviation from the logarithmic behavior is associateceNces between the Kondo chanf@D) and the conduction
with the beginning of the high-temperatures limit. The insetchannel(quantum wire. Our results give a logarithmic be-
(a) showsG — G, vs T/ T revealing the universal behavior havior of the conductgnce dip amplltu_de as_functlon' of 'tem-
of the conductance at the Kondo regime while the irfppt  Perature as reported in a recent experm’re'fms_ behavior is
present the expected exponential behavior for the Kond@ manifestation of the crossover from the mixed valence to
temperaturd y as function of 0= — 2V2/E,)/A. The values thg Koqdo regime and is valid for the conductance within
of T« are obtained from the straight-lines slopes of the Fig. gNiS region. These results agree with experimental works for
taking for the parametex of Eq. (12), the value that results & QD embedded in a quantum witaVe obtain a universal
from adopting the Lacroix's definition of the Kondo b_ehawor of the conductance as a functlon_ of temperature_for
temperatur® for the caseE;=—1.7A (T is the tempera- different values oE; that as well agrees with _recent experi-
ture that corresponds to the minimumdifcfgfi(,)/dT). The mental resultsfor a embedded QD cor}flguratlon. We report
universal behavior agrees with experimental and theoretic PSUItS for the conductance asa func_tlon of temperature, be-
results for an embedded @B? taking into account that for ow and aboveT for a lead with a side-coupled QD con-
this configuration, the maximum d& corresponds in our f|gurat|qn. Wg were able to shqw that theboson approxi- .
case to a minimum. mation is a S|mple and appropriate tool to study mesoscopic
In Fig. 10, we present the charge in the QD as a functiorfransport including quantum dots in the Kondo regime.
of T/A for all regimes of the model, at different values of
Ef=Vgate/A. We can compare th¥-boson results with the ACKNOWLEDGMENTS
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