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Kondo resonances and Fano antiresonances in transport through quantum dots
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The transmission of electrons through a noninteracting tight-binding chain with an intersickagiantum
dot (QD) is analyzed. When the Kondo effect develops at the dot the conductance presents a wide minimum,
reaching zero at the unitary limit. This result is compared to the opposite behavior found in an embedded QD.
Application of a magnetic field destroys the Kondo effect and the conductance shows pairs of dips separated
by the charging energy. The results are discussed in terms of Fano antiresonances and explain qualitatively
recent experimental results.
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Semiconductor quantum dot®D) are small droplets of tering center for transmission through the chain, in close
electrons, confined in the three spatial directions. Energy andnalogy with the traditional Kondo effect. We have found
charge quantization results from this confinement. As bottihat when the dot provides a resonant energy for scattering,
features are shared with real atomic systems, from the verfne conductance has a sharp decrease, reminiscent of the
beginning, an extremely useful analogy has been exploiteffano antiresonances observed in scanning-tunneling-
between “real” and “artificial” atomic systems. This anal- microscope experiments for magnetic atoms on a metallic
ogy received strong support through an experimental breatsubstraté. A similar problem has been discussed both by
through where the Kondo effect in quantum dots was unamkang et al® and by Bulka and Stefaki.'° However, in Ref.
biguously measuret? Historically, the Kondo effect was 9 the authors use the approximate slave-boson mean-field
introduced about 40 years ago to explain the resistivity minitheory to describe the Kondo regime in the lintit— o,
mum for decreasing temperatures observed in metallic mawhile in Ref. 10 the configuration considered is different
trices with a minute fraction of magnetic impuritiésdc-  from ours. In this paper we show that by using a very precise
cording to the detailed microscopic theory, when thenumerical technique appropriate for this system, we can in-
temperaturel decreases below the Kondo temperatTig corporate the effects of a realistic value of the charging en-
the localized magnetic impurity starts to interact stronglyergy U. This allows us to obtain the features observed ex-
with the surrounding electronic cloud, which finally results perimentally, e.g., the double-dip structures of Fig. 3, which
in a singlet many-body ground state, reaching its maximungive rise to the diamond-shaped features in differential con-
strength atT=04 The minimum in the resistivity results ductance experiments.
from the fact that, as the temperature is lowered, the scatter- The models employed in the calculation are schematically
ing with phonons decreases down to the Kondo temperaturghown in Fig. 1. Casés), corresponding to thsubstitutional
at which the scattering with localized impurities becomesdot situation, consists of two semi-infinite noninteracting
important as the Kondo effect is operative. It is important totight-binding chains connected to a central sitee do}.
emphasize that in this case, the so-called traditional Kond&ase(b), corresponding to theide dot, consists of a quan-
effect, magnetic impurities act as scattering centerseas-
ing the sample resistivity. QD

>

The opposite behavior is found in the Kondo effect in ot
guantum dots. The situation considered almost without ex-a)ip——o0 0 O K\d’\b o Ur
ception both theoretically and experimentally, consists of a /{ 21 123
guantum dot connected to two leads in such a way that elec \ v ~~ -/
trons transmitted from one electrode to the other should nec semi-infinite cluster
essarily pass through the quantum ¢@substitutionaldot). chain
As theoretical calculations predictgd,in this configuration QD
the conductancéncreaseswhen the temperature decreases t %t, .
and the Kondo effect sets in, essentially due to a resonanb [ QAP
transmission through the so-called Kondo resonance, whict JU————0 070 0 0——— Mg

appears in the local density of states at the dot site at the 2-10 12
Fermi level. In this situation, al=0, the conductanceé g 1. schematic representation of our modéks: substitu-
should take the limiting value &/h, corresponding to the tional dot configuration;(b) side dot configuration. Small open
unitary limit of a one-dimensional perfect transmissioncjrcles represent cluster noninteracting sites, big full circles repre-
channefl| sent the dot site. The cluster includes the dot and a few noninter-
The aim of this work is to analyze an alternative configu-acting sites. Left and right full lines represent the noninteracting
ration of aside-coupledjuantum dot, attached to a perfect tight-binding semi-infinite chains with their respective chemical po-
guantum wire. In this case, the quantum dot acts as a scatentialsu, and ug.
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tum wire coupled sideways to a QD. The dot is modeled as 1.0 ———

; : X *Acht=0"
an Anderson impurity. The Hamiltonian reads

- Asg/t = 0.03]

N ‘ 08} \ & Ag/t = 0.06]
H=Ho+ Hint, 1) = A o Aett= 0.1
LN i 1
where’H, is the Hamiltonian of two semi-infinite chains & d
&L oost 1.6
T
- T =
HO__. E tj(ngCj+1o.+H.C.) 0]
j<s—1c 041 .
, I
_j;w t(¢{,Cj+ 10T H.C), (2a) 02k )

andH;,; can be written as

U
Hi""m=2 Socggcoﬁ‘ % NosNos (2b) e/t

for the substitutionaldot Conﬁguration’ while FIG. 2. CondUCtanC(ﬁn units of kz/h) for the substitutional
dot configuration, as a function of the impurity level position and
b . . U B for several values of the magnetic fieltl it = 1/\/2 andU/t=12).
Hine= 2 —tj(cg,Cy,+H.C)+e,CC,+ En(,n(, (20

(o

function obtained by the Lanczos method. Following Ref.
for the side dot configuration. In the equations abovgst 17, the charge fluctuation inside the cluster is taken into ac-

for j<—2, j=1, while t_;=ty=t’, no,,zcg(,co(,, n, count by writingg as a combination ofi andn+1 particles

=c!c,, andU>0. As we are also interested in the behaviorith weights 1-p and p respectively, g=(1—-p)g,

oZ g

in a magnetic fieldH, we consider the local energies &s | g The total charges of the cluster apare calculated
=eotAsl2, £ =80—Ae/2, with Ae=gugH the Zeeman py golving self-consistently the equations
splitting of the localized orbital, i.e., the principal magnetic

field effect is to shift the local QD levelg.It is interesting to Q.=n(1—p)+(n+1)p, (4)
point out that both models could be mapped to a single semi-

infinite chain, with the dot sitting at the free end, and the 1 (er

remaining sites corresponding to the even basis states that Qe=— = OOZ Im Gjj(w)do, %)

couples to the dot® Both models become exactly equivalent

from the point of view of their equilibrium properti€§if  where i runs on the cluster sites. Once convergence is

the hoppings are related as follovts= V2t'=t. However,  reached, the density of states is obtained fimit is im-

as we show below, the transport properties of both modelgortant to stress that this method is reliable only ifs large

are completely different. enough, so that the Kondo cloud is about the size of the
For the analysis of our transport results, we have used thgster (for the parameters used here we estimate a Kondo

following éqguation for the mag”eF'C'f'em'dEpe”demcorrelation length of about 10 lattice sitedMoreover, the

conductance? in the linear-response regimg:(—0" and  fact that the conductance reaches the unitary limit for the

ur—07): symmetric case provides an important test of the validity of
5 5 the method(see Fig. 2
e 2gt’ ; P
G(H)=— 2 po(w=0), (3) In order to compare both geometrical realizations we
h t o present in Fig. 2 the conductance for thgbstitutionalQD

[Fig. 1(a)]. As discussed above, at zero temperature and mag-
netic field, the Kondo resonance, which develops right at the
Fermi level, greatly enhances the transmission when the av-
erage dot occupancy is close (fout less thapl, i.e., in the
%ondo regime. For the symmetric situatieg= —U/2, the

hich includes the | itv. This is di lized using th transmission is perfect and the conductance reaches the uni-
which inciudes the impurity. 1his 1S diagonalized using e,y jimit G(0)=2e?/h.*° This is a nontrivial check from the

exact-diagonalization Lanczos technidiae then proceed numerical point of view, and proves that our finite-system

to gmb(_ed the cluster inan external reservoir of e_IeCtronSapproach produces a Kondo peak with the exact spectral
which fixes the Fermi level of the system, attaching two

L L S weight at the Fermi energy. Within our approach, the
semi-infinite leads to its right and Ieff. This is done by Coulomb-blockade peaks become discernible through the ap-

calculating the one-particle Green’s functiGnof the whole  piication of a magnetic field. As seen in Fig. 2, with increas-
system within the chain approximation of a cumulanting magnetic field, spin fluctuations at the impurity site are
expansiorf for the dressed propagators. This leads to thgyrogressively quenched, and the associated enhancement of
Dyson equatiors =Gg+ TG, whereg is the cluster Green’s the conductance turns into a valley flanked by two Coulomb-

wherep () is the local density of statéper spin at site 0
evaluated at the Fermi energy=0.

To obtain the density of statgs(o=0) we use a com-
bined method. In the first place we consider an open finit
cluster of N sites[N=7 for case(a) and 6 for casgb)]
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blockade peaks roughly separated Wy On the other side, kY e
the Coulomb-blockade peaks are rather insensitive to ozl Aeht=16 )
magnetic-field effects.
The equivalent to the traditional Kondo effect, corre- \

. . . A p/ N
sponding to the geometrical arrangement of Figh),lis 0.0 Lo o ! g
shown in Fig. 3. In this configuration, the conductance -5 10 05 00 05 1.0 15
reaches the unitary limit either when the dot is fully occupied o/t

(egtU<0) or empty €,>0). In both cases, theide dot
weakly perturbs the transmission along the tight-binding FIG. 4. Local density of states for th&de dot configuration
chain, as the possible scattering processes disappear. On gfgresponding to the symmetric situatieg=—U/2 for different
other side, the conductance becomes progressively blocke@!ues of magnetic field(a) at the noninteracting site 0 of the
as theside dot enters in the Kondo regime, reaching thelight-binding chain; (b) at the QD site (same parameters as
antiunitary limit G(0)=0 exactly at theside dot symmetric " Fig- 3
configurationey= —U/2. In other words, even though the
noninteracting central site provides, in principle, a channekxplains the abrupt decrease @(H) with increasingH at
for transmission, through its coupling to tlsede dot it be-  the middle of the Kondo valley shown in Fig. 2.
comes a perfectly reflecting barrier. Coming back to thesidedot, the most noticeable features
The results for the totalg;+p,) local density of states of Fig. 4(@), corresponding to the DOS at site 0 of the chain,
(DOS) shown in Fig. 4 provides a nice qualitative explana-are the profound dips it exhibits around the Fermi level; a
tion of the linear conductance results in both geometricapseudogap appears fef=0 at the symmetric situation,
arrangements. Figurega} and 4b) correspond to the local =—U/2 exactly at the Fermi level. The existence of this
DOS at sites 0 and at the dot respectively, both fordide  pseudogap explains the conductance minimum of Fig. 3 at
dot configuration. Starting with Fig.(8), a well-defined &,=-U/2. In the presence of a magnetic field, the dip
Kondo resonance is discernible around the Fermi level in theveakens and accordingly the conductance starts to increase.
absence of a magnetic field. The ex&ahitary) zero-field After a certain threshold field, the DOS develops a double-
result pjmo(w=0)=t/(7t'2)=2/(7t)=0.64 (for t=1 and well shape around the Fermi level; the distance between the
t’/t=1/J§) is recovered from our numerical approach, astwo well minima is about 2¢.% If the magnetic field is
discussed above. strong enough Ae/kgTx>1), the Kondo effect is de-
For these parameters, the local DOS at the impurity site irstroyed, the associated coupling between the quantum wire
the side dot configuration is equivalent to the local DOS at and the side dot essentially vanishes, and the DOS at site 0
the impurity in thesubstitutionaldot configuration, and gives recovers the semielliptical shape corresponding to the nonin-
rise to the unitary limitG(0)=2e?/h discussed above. From teracting chain with=2t' =t;.
the full width of the zero-field impurity DOS at half- Conceptually, the simplest way to understand these trans-
maximum, we estimatégTy /t=0.3 for these parameters; port features is using the framework developed by Fano 40
note that this estimate agrees qualitatively with the magneticyears agé! He analyzed the properties of a system consist-
field values for which the Kondo effect is destroy@ee Fig. ing of a continuous spectrum degenerated with a discrete
3). In the presence of a magnetic field, the Kondo resonanckevel, both noninteracting. Under these conditions, a dip de-
splits into two peaks, generating a local minimum betweervelops in the density of states of the continuous spectrum, as
them. As the conductance in tisebstitutionaldot configu-  a result of its interaction with the discrete level. In our case,
ration is proportional to the dot DOS at the Fermi level, thisthe continuous spectrum is provided by the tight-binding
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chain, while the role of the discrete level is played by theto expect similar qualitative behavior by increasing the tem-
Kondo peak at the DOS of thededot. The Kondo peak in perature aH=0: a wide valley forT<Ty and two narrow

the local DOS at theidedot is produced at the expense of a dips separated by for T>T . Accordingly, one can expect
decrease of the local DOS at the neighboring site 0. As th@ strong dependence of the dip amplitude on temperature,
Kondo effect is destroyed by the magnetic field, its associdecreasing for increasing temperature. Besides, the behavior
ated many-body Fano antiresonaffoseakens. An interest- Of dips in differential conductance measurements should be
ing feature of our calculation is the evolution 6(H) for ~ completely analogous to the related Coulomb-blockade
increasingH: as the Kondo effect is destroyed, the wide Peaks, leading to diamond-shaped structures for the dips.
minimum develops a high-conductance region around th&'hile the geometry of the experiment by @eet al. corre-
Fermi level. At high fields, the conductance shows two dipssponds to our subsutunona} dot configuration, their results in
roughly separated by. These two dips are again quite natu- the Fano regime could be interpreted as due to the presence

ral in the Fano framework: theide dot DOS, besides the of two conducting channels through the dot: dnenreso-
Kondo peak, has two single-particle resonances agnd nany channel strongly coupled to the leads, and a second

P - : resonant channel weakly coupled to the leads, with an ad-
go+U [not shown in Fig. 4)]. They give rise to the (. . . .
Coulomb-blockade peaks in tlsaibstitutionaldot configura- ditional coupling between bhoth channels. Tims-levelsub-
tion (see Fig. 2 at a high-magnetic-field situajioHowever, sft|tut|o.nal mpdel dweptly maps on opne-leyel&de dot con-
in the side dot configuration, they play the role of two dis- figuration, with the site O of the chain playing the role of the

crete levels, which also produce a Fano antiresonance Whéﬁ)nresonant channel and the QD corresponding to the
these levels coincide with the Fermi energy,€0 ande, weakly coupled(actually, zero-coupledresonant channel.

+U=0): the result is now two Coulombips instead two However, it should be mentioned that in addition to rather

Coulomb-blockadgeaks In view of this analysis, it is clear symmetr;]c dips, (Iélces et ?I' four!d also vEry as.yangtrlc'
that the wide valley of Fig. 3 results from the superpositiondeS In the strongly coup e_d regime, as shown in their Fig.
of two effects: one due to the Kondo effect arousgk- 2(a). These asymmetric dips are beyond. the scope of our
—U/2, and the other due to charge fluctuations between thmpdel, as they V.V'” arise by giving a f|n|te. ampllt_ude for
dot and the leads aroungy=0 andey+U=0. ?dlrect) transmission through the side dot, this amplitude be-

X . ) ing zero in our modelsee also Ref. 23 Our results also
We believe that our calculations shed light on recent ex- . .

; ‘ CERA - shed light on the somehow related problem of the persistent
periments by Gres et al.~ Using the same samples as in

. o . current in a mesoscopic ring withside dot?#2°The results
Ref. 1, and changing the transmission of the left and rlgh{r:emain controversial on this issue, as Ref. 24 found a detri-

tunnel barriers that connect the dot to the conducting leads

. . Thental effect of theside dot on the persistent current when
they perform conductance measurements in the Fano regim : . .
. s ; the Kondo effect is operative. An opposite result was found
(strong coupling leads dptthe Kondo regimédintermediate

coupling, and the Coulomb-blockade regintaeak cou- in Ref. 25, with the ring exhibiting a perfe@initary) persis-

ling leads-dot The main results concern the Fano regime tent current in the Kondo regime. Our results for the open
piing . €9 'configuration of the present work provide naturally strong
where the conductance shows asymmetric Fano dips on t

(0] A
of a slowly varying background. Some features of the dipsi?#}%?\rza to the detrimental effect found by Affleck and

are reminiscent of the Kondo effect, as the temperature de-

pendence of their amplitud&ig. 4 in Ref. 1], and others of The authors are grateful to C. A. Balseiro for several illu-
the Coulomb-blockade effect, as the typical diamond-shaperhinating discussions. The authors acknowledge support from
structure in differential conductance measureméFigg. 5in ~ CONICET. This work was supported partially by Grants
Ref. 11). Both features are easily explained by our resultsNos. PIP 0473/98CONICET), PICT97 03-00121-02152
While our calculation is valid folf =0, it seems reasonable (ANPCyT), and PICT 03-03838ANPCyT).
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