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Interference effects in the conductance of multilevel quantum dots
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Using exact-diagonalization techniques supplemented by a Dyson equation embedding procedure, the trans-
port properties of multilevel quantum dots are investigated in the Kondo regime. The conductance can be
decomposed into the contributions of each level. It is shown that these channels can carry a different phase, and
destructive interference processes are observed when the phase difference between thehigseffect is
very different from those observed in bulk metals with magnetic impurities, where the phase differences play
no significant role. The effect is also different from other recent studies of interference processes in dots, as
discussed in the text. In particular, no external magnetic field is introduced here, and the dot-leads hopping
amplitude for all levels are the same. However, conductance cancellations induced by interactions are still
observed. Another interesting effect reported here is the formation of localized states that do not participate in
the transport. When one of these states crosses the Fermi level, the electronic occupation of the quantum dot
changes, modifying the many-body physics of the system and indirectly affecting the transport properties.
Unusual discontinuities between two finite conductance values can occur as the gate voltage is varied, as
discussed here.
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I. INTRODUCTION structures in quantum computing and spintronics. More spe-
Among the several interesting potential applications of¢ifically, two coupled quantum do&QD) have been pro-

nanostructures and nanodevices is their role as a small-si9Sed to represent tunable qubit circditahere the spin

test ground for the analysis of the influence of many_bod)}nteraction between the electrons in the dots defines the two
interactions in the physics of strongly correlated electronicStates of the qubit. These 2QD systems had been extensively

systems. These correlation effects are believed to be of crgiudied®’ For all these reasons, the study of interacting elec

cial importance in many bulk materials, such as high_trons in nanosystems and its associated quantum transport is

temperature superconductors and manganites, but there is g important for progress in condensed matter physics in

universal agreement on what formalism is most appropriatgeneral'

! e : In several previous studies it has been usuatgumed
for their study. Verifying the accuracy of simple model tElat, e.g., the 20D have only one localized spin per dot,

Hamiltonians in nanoscale systems can provide an important, - o1y one level is assumed active in each dot. For the

test of the overall validity of the th_eoretlcal formalism. uccess of these proposals, it is important to understand the
Moreover, several compounds are believed to spontaneousf}ﬂe played by other levels in the QMise., consideringnul-

form a complex pattern of nanoislantisnd, as a conse- jjye| dots, providing part of the motivation for the work
quence, accurate studies of a small number of atoms caftesented here. In addition, to properly perform these subtle
produce interesting information even for bulk materials.  studies it is crucial to carry out the calculations usimpi-

In addition, unusual effects can and do emerge from theisedtechniques that do not assume properties of familiar
quantum behavior of electrons in small environments, whichstates that arise from previous experience with bulk materi-
are not obviously present in bulk systems. If quantum dotsils. Concepts, such as Fermi liquids, are and must be chal-
are considered as parts of electronic circuits, it is importantenged in this context because there is no reason to expect
to understand the properties that may arise due to the discretieat nanoscopic entities will admit a similar description. Ide-
nature of the quantized states, the influence of spin interaally, the calculations should make the least possible number
tions, and the coherence of the wave functions in small sysef assumptions, and in this framework, it is important to
tems that requires a fully quantum description of the prob-develop and use suitableumerical techniques to handle
lem. It is only recently that this complicated physics isthese complicated fully quantum problems accurately. For
starting to be studied and different effects have already beethis reason, the calculations discussed below were carried out
found. A typical case is provided by the Kondo efféct, with a powerful numerical method that has been recently
which in the bulk produces an increase in the resistance of developed.
sample below the Kondo temperatdrg. On the contrary, in Other interesting investigations in this context have pro-
mesoscopic systems, such as quantum dots, the same effepased the use of quantum dots imserferometersin the
actually leads to alecreasein the resistance because the Aharanov-Bohm (AB) geometry with external magnetic
Kondo resonance provides another channel for tranddort. fields appliec® In general, previous efforts have considered

The analysis of dots is not a mere academic problem. Foa magnetic flux enclosed in two possibles paths for the elec-
example, transport properties at low temperatures acrodsons. In these studies, the tunneling matrix elements are de-
quantums dotéQDs) have received considerable attention infined with an explicit phase factor that represents the mag-
the last few years mainly due to the possibility of using thesenetic flux. These investigations have shown that nardips
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in the conductance could appear as a consequence of phase
interference in the AB circuit, for electrons moving through
different pathways. Recent theoretical investigations in AB
rings have shown topological charge phase transitions that
can induce interferencé8.These transitions are driven by
changes in the symmetry of the ground state. Other investi-
gations have also found conductance cancellations for the
case of two quantum dots, individually connected to leads
and among themselvés.This effect is present even using . _ _ o
one-body interactions in the formalism, and it is caused by FIG. 1. Sche_mgtlc representation of the main system studied in
interference effects between two different paths in the geomilis paper, consisting of one quantum-dot with two levelsnd 3.
etry of the problem. The two possible paths carrying different phades and @ are
One additional important motivation for the analysis dis-Shown.
cussed in the present paper is to find alternative sources of

interference among wave functions that can also lead to dips. 8 A i ——
in conductancein the absence of external fields and also in >Ndlet staté? Adip in the conductance was observed in this

the absence of obviously distinct patEsfects of this variety ~€9i0n. The study discussed in the present paper includes this
were first addressed in multilevel dots by Sileaal. and ~ Singlet-triplet transition regime as a special case, but mainly
Kim and Hershfeld? where the consequences of having tun-focuses on a different variety of interference effects that are
neling matrix elements with different signs in a multilevel Present even for a very small energy difference between the
QD and in an AB circuit were discussed. These authordeVvels in the quantum dots. Our main picture is based on the
showed that the matrix-element signs are important to detef0tion that charge transport can occur with different phases
mine the global phase of the electrons when they cross thwhen electrons cross different levels of a quantum dot, rather
QD. Also, arrays of odd-number interacting single-leveltha” a singlet-triplet competition. Alternatively, our results
quantum dots have interesting zeros in the conductance &&n also be visualized as interference between two Kondo
the gate voltage variés. states: one witts=1 and the other witts=1/2.

In the investigations presented here, we consider a system 1he organization of the paper is as follows. In Sec. I, the
composed of one or more quantum dots—each with two acdiscussion of formalism, mainly the model and technique, is
tive levels and including the Hubbard many-body presented. In Sec. lll, the case of one dot with two levels is
interactions—coupled to ideal single-channel leads. In gateStudied, in detail, showing unusual interferences in transport.
voltage regimes, where there is only one electron in the QD! € analysis of the integer-spin Kondo effect, which appears
the usual Kondo physiéscan be found in the low- here in the interesting region of parameters, is presented in
temperature regime. The coupling between the spin in theec. IV. Itis well known that this type of state could enhance
QD and the spins in the leads creates a resonance at tHée C'Ond'u'ctance near singlet-triplet t.ran's|t|éﬁ1.§3_A pos-
Fermi level that contributes to the transport. When a secondlPl€ intuitive explanation of the effect is given in Sec. V. An
electron enters in the QD, a more interesting physics is ob@nalysis of other cases, where similar effects were found, is
served because now the total spin of the systsimglet or discussed in Sec. VI, and the conclusions are provided in
triplet) plays an important rol&-16 One of the main results Sec..\/_lll. Other effepts ane_llyzed in the paper include the
of our investigations is that the two levels of dots studiedP0SSibility of observindocalized statesiear the dots. One
here can act as different channels that individually contribut€Uch localized state in the QD can cross the Fermi level of
to the overall conductance with their own phase. This phasE'€ Systém without contributing to the conductance, but af-
plays a role similar to that of a magnetic field in the AB fecting the transport of other levels through the Coulomb

interferometer, and it can induce constructive or destructivateraction. This is shown to lead to discontinuities—as op-

interferences. Below, it is explicitly shown that a phase difer-PoSed to cancellations—in the conductance versus gate volt-

ence ofrr can exist between the two channels, even if there i€9€:

no explicit difference between their hopping amplitudes and

Coulombic interactions. Only a tiny difference in the ener-

gies of the two levels is needed for the effect to develop, as Il ONE DOT WITH TWO LEVELS: FORMALISM

well as a nonzero Hubbard coupling, which is required to

produce the Kondo physics. It should be remarked that this The main system that will be analyzed in this paper, and

phase difference is different from the phase measured iespecially in this section, consists of one quantum dot with

some QD experimentsébecause it isnternal to the QD. A several interacting levels, connected to ideal leads. It will be

magnetic field is not necessary to observe this interferenceargued that—mainly due to the many-body interaction—in a
Other recent investigations have also focused on systentsansport process, these levels can carry a different phase, as

that present interference processes even without magnetshiown schematically in Fig. 1, giving rise to a complex con-

fields or explicitly different paths. For instance, Hofstetterductance pattern including destructive interferen@es, an

and Schoeller analyzed lateral quantum dots neasitiglet-  “internal” Bohm-Aharonov effect appears to be dynamically

triplet degeneracy point, which occurs from the competitiongeneratel To model this system, the impurity Anderson

of the Hund rule’s coupling, that favors the triplet and the Hamiltonian with two levelg« and B) is used. The portion

nonzero energy difference between levels, which favors @orresponding to the isolated dot is
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Haot= S U /2n, s+ U’ 2> NaoNgor + The two terms in Eq(7), involving G,, and G, can be
N=a, B0 oo’ evaluated independently. To calculate the phase difference,
. the following expression was used
- ‘JE C;(rcaa’cﬁg—’cﬁa + E [Vgnaa' + (Vg + Av)nﬁo']l |G |
oo’ 7 iAD =log) == 1. (8)
(1) Ggr |Gl

The conductance is proportional iG,|?> and, using Egs.

where the first term represents the usual Coulomb repulsm&)’ (7), and(8), it can be written as

between electrons in the same level, which for simplicity is

considered equal for both. The second term represents the T= 0t ot \”?"B CosA®, (9)
Coulomb repulsion between electrons in different leyéie ) )

U’ notation is borrowed from standard many-orbital studiesvhereo, ando are the partial conductances given by
in atomic physics problemsThe third term represents the 2

Hund coupling(J>0), which favors the alignment of spins; 0= F[tzg|t’p(6|:)]2|6ar(&":)
and the last term is simply the energy of the states regulated

by the gate voltag¥,. Note that the level is assumed to be &2

sep_arated frc_mﬁ by AV, and by modifying this parameter, o5= = [2t p( eF)]2|GBr( ). (11)
an interpolation between one- and two-level physics can be h

obtained. The dot is connected to the leédpresented by
semi-infinite chaingby a hopping term with amplitudg,
while t is the hopping amplitude in the leads. More specifi-
cally,

2, (10

An exact cancellation of the conductance can occur when
o,=0z and A®=+7 as a consequence of a destructive
interference process. In the same way, the situation with
A®=0 ando,=04 can be considered as a constructive inter-
) ference. . _

The zero-temperature Green's functions for this problem
were calculated using an exact-diagonalizatid@nczo$
) . method? to obtain the ground state and the Green’s func-
Hin =1 g [Cxo(Cio0 * Cro0) + H-C, () tions of a small cluster containing the many-body interac-
TAZwp tions. This is followed by an embedding procedure to rees-
wherec;, (c;;,) creates electrons at sitavith spino in the  tablish the rest of the lead$3 The first step in this technique
left (right) contact. Site 0 is the first site at the left and rightis to separate the system in two portions. One of them is a
of the dot, for each half chain. The total Hamiltonian is cluster containing the levelg and 3 (interacting regiopand
also including the first few sites—left and right—for each

_ + +
Hicads= tE [CiioCii+10 * CripCri+1o + H.CJ,

io

Hr = Haot + Hieadst Hint- (4)  contact. The total number of levels in the cluster is denoted
Note that forV,=—U/2-U’+J/2~AV/2, the Hamiltonian is by L. For one two-level quantum dot, this corresponds to
particle-hole symmetric. -1 sites, because one of them has two active levels. Since
Using the Keldysh formalisr the conductance through Kondo physics will be important in this analysis, treating
this system can be written as exactly, not only the dot, but also some sites belonging to the

leads allows for a proper quantitative consideration of the
spin-singlet Kondo “cloud.” The other portion in the problem
corresponds to the rest of the contacts. Denotingjlie
exactly calculated Green'’s functioiiat T=0) of the cluster,

whereGy (&) is the Green's function, which corresponds t0 the rest of the system can be incorporated using the Dyson

moving an electron from the left lead to the right lead;is equationG=8+8tG. wheret is the matrix elements that con-
the Fermi energy; ang(eg) is the density of states of the q g+gs,

leads(assumed the same left and right, for simpligity gig;;gefuﬂﬁtsi:ﬁ: with the contacts ai@ is the dressed

-1 {(w+i77) - \’(w+i7/)2—4t2} © To take into account possible charge fluctuations inside
. 6

e
g= F|t2GIr(€F)|2[p(€F)]2v (5

P(w):7 Im ¥ the cluster, a linear combination @s calculated with a
different number of particles is considered. For this purpose,
To use Eq(5) |Gy |?> must be calculated. This quantity has g°=(1-p)3,+p G.+1 is defined, wherej,, is the Green’s
two contributions, one corresponding to transport througHunction for m particles. With the dressed Green'’s function
patha and the other through pajf. From the equations of Gp the total charge inside the cluster after the embedding is
motion?® which correspond to an exact expansion of the.giculated usingQP=-1/7/3; Im GP(w)dw. On the other
y . 1 . —00 .
Green's functiorf! it can be shown that hand, the charge in the cluster before the embedding process
~ ~ P=(1- . iti
Gy =Git'Gur +Git' G, @ was q (_1 p)n+p(r_1+ 1). These two quantmgs must be
equal(QP=gP), defining a self-consistent equation for
whereg, are the Green’s function of the first left contact and  One of the important scales in this problem is the broad-
G, (Gg) is the dressed Green’s functions to move from theening of levels of the dot due to the interaction with the
statea (B) to the right contact. leads. This energy scal&,=nt'?p(er)?, defines the Kondo
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FIG. 3. Conductancén units of €?/h) in a narrow range oY/
and AV. The discontinuity anV=0 is transformed into a dip for
finite values ofAV.

S fect for each level. Note that the width of these peakd,is

FIG. 2. Conductance for five different values &¥. The con-  gnd with increasing temperature, this broad peak will trans-
ductance(in units of €/h) is shown in solid lines and the phase form into two sharper peaks corresponding to the Coulomb
difference(divided by ) in dotted lines. When\V is the largest blockade. This physics has been discussed at length in pre-
energy [AV=2t (¢)], two structures similar to those found in a ;5,5 \orks?.13.16and it basically amounts to the behavior of
single-level QD, separated hyV, appear in the conductance. The single-level ’QDS which is natural at largeV
case(d) is similar, but sincelV is not large enough, an extra thin Far more inter’esting results are obtained by redudiNg
peak appears around,=-1 (this peak is shown with more detail in or instance, in Fig. @) a thin central peak is already ob-
Fig. 8. WhenAV decreases, these structures began to interact givéFerved This ,peak sgéems o be the congequence of a Zonstruc-

ing rise to dips in the conductance, as showriipand(c) for the o . .
cases\V=0.2 andAV=0.5 (AV=0.2 is studied in more detail in Ve interference between the two possible channels, in a re-

Fig. 4). Finally, in the limit AV=0, the conductance dips are trans- 910N Where a state with total sp=1 is formed, as will be -
formed into discontinuities. discussed more extensively below. Upon further decreasing
of AV [Figs. 2b) and 2c)], the two largest structures began

temperature for the case of a spin-1/2 inside the quanturko interact with the thin central peak, which increases its

dot? The coupling values used in this paper aualess oth- width, and a more complex pattern emerges. With the levels
erWise stated U=0.5, U'=2/3U, J=U~U’, andt'=0.2 of the dot getting closer, it is more likely to have them popu-

: o lated at the same time; and due to the Hund coupling, the
that allows for a fast convergence with the cluster $iEex- . - . o
) - ; . ._state withSy;=1 has a high probability for the case of two
ing the values for the Coulombic interaction couplings is

A X . electrons in the dot, giving rise to a spin-1 Kondo effect
only for simplicity, to avoid exploring a vast parameter . " .
AN . within the central peak. The other two peaks are associated
space. Considering)’ to be smaller tharJ is reasonable

. with §§=1/2 and 1 and 3lectrons in the dot. FoAV
because the latter is expected to be the largest Coulombic e
) ) i : - °=<0.%, dips in the conductance are clearly observed, and
interaction. The equation fod is borrowed from atomic

i o later we will show that these cancellations are related to in-
physics problem$? and it gives a reasonably small value for terference processes. Finally, AV=0 [Fig. 2a)] several
the Hund interaction in units df). In addition, we selected P ' Y 9:
the ratiol'/U to be close to the experimental valifés.

1F (a)/w
IIl. CONDUCTANCE CANCELLATIONS IN 03.5/
MULTILEVEL DOTS
Using the Lanczos method to evaluate the Green’s func- S I (b)
tions of a small cluster followed by the embedding process 8105
described in Sec. II, we have calculated the conductance, the <
charge of the QD, and the phase difference B).as a o 2 — : !
function of V. Unless otherwise stated, we used the smallest = ¢) | | \=——05p ~.—Oa
possible cluster size. For the case analyzed in this section, g 1| o
the smallest size ik =4, which corresponds to two “lead” & -7 l'. -\ ~
sites and two levels in the dot. Toward the end of this section 0 -1 05 0

we analyze the convergence of the results increakint
Fig. 2, we show the conductance for several values of the |G, 4. (a) Conductancein units of €2/h), (b) phase difference
energy separatioAV between the two levels of the dot. At (divided by =), and (c) partial conductances, foAV=0.2t. The
large AV [Fig. Ze)], the levels are well separated and thedips, indicated by “a” and “b” in(a), are in regions where the
interaction between them is weak. The conductance showghase difference jumps te producing an exact cancellation when
just two wide peaks associated with the standard Kondo efo,=0.
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FIG. 7. Conductancén units of€?/h) and charges for the case

FIG. 5. Conductancgin units of €?/h), phase difference, and X .
AV=t as a function of the gate potential. These results should be

partial conductances foAV=0.2 for the “b” dip of Fig. 4a). ) !
Thicks arrows shows the gate potential where the conductance cafPMPared against those of Fig. 6.

cels,Ab=7m ando,=0yp.
T p the total charge at the QX n,,+ng,) does not show the

discontinuitiesappear in the conductance. It will be argued characteristic sharp plateaus of the Coulomb blockade re-

that these discontinuities are a consequence of the existen8in€; here, the electrons are entering in the QD in a
of localized states at the dot. These states are not of direcem00ther way because the Coulomb interaction is compa-
relevance for the transport of charge, but when the gate volf2P!e to the hopping amplitude{Fig. &b)]. ,

age moves them below the Fermi level of the leads, they Similar results, except for the cased¥/=t, are shown in
simply increase the charge of the quantum dot, which indir 19" 7. In this situation, the larg&V well separates the levels

rectly affects transport through the Coulombic interaction.% @1d3, and as a consequence, one of the levels is charged
Note that forAV=0, the phase difference between levals almost completely before some charge starts to enter into the

and g is zero, since the Green’s functio,, and G, are other level[Fig. 7(c)]. The latter occurs at thé,, where the

equal. Thus, no destructive interferences are observed, bgpnductance peak is observed. . . .
discontinuities can still occur. To better understand the physics associated with the thin

In Fig. 3, it is shown how one of the conductance discon-c€ntral peak for the caskV=t shown in Fig. 2, the conduc-
tinuities is rapidly transformed into a dip @V increases tance and the phase for this case is presented in more detail

from zero. In Figs. 4—6, we can observe, in detail, the casi & narrowVy range in Fig. 8. We can observe that the
with AV=0.2. Figure 4 shows the conductance together withPa'tial_conductancesr, and o, are individually small

the phase difference and the partial conductance. Clearly, tHe=0-29, but as the phase between the two channels is 0 they
zeros of the conductance are in regions whede= 7. Then, contribute in a constructive way, inducing a peak in the total
from Eq. (9), the dips must occur when the partial conduc-Cconductance. . _

tanceo, and o, take the same values. More detail for dip  Our results have been obtained solving exactly a rela-
“b” is shown in Fig. 5 where thick arrows point to the zero in tively small cluster and, then, approximately reaching the
the conductance and the location wherg=0. The dot bulk limit using the Dyson equation. It is important to verify
charge for the samAV is shown in Fig. 6. The central peak that our results are robust if the cluster size increases. In Fig.
in the conductance occurs in the regime where two electron®: the convergence of the conductance with increasing clus-

are in the dot, in different levels. It can also be observed thaf€" Size atdV=0.2 is shown. Remarkably, the diference be-
tweenL=8 andL=20 is less than 0.5%, showing that the

l_

1 A
? N N R

R

Ny

90.5

< 0'- 1 1 L

Ooaf .o

o N\

N va
== 3 o=
-1.1 -1.05 -1 -0.95 -0.9

Vg

FIG. 8. Conductancéin units of €2/h), phase difference, and
FIG. 6. Conductancén units of €2/h), total charge of the QD, partial conductances fakV=t for the central peak shown in Fig.
and charge at each level for the cas¢=0.2. The charge of the 2(d). The partial contributions to the conductarfeg, ando ) have
level « is indicated with a continuos lines, while the chargeBas the same shape as in Fig. 4, but now the phase difference between
shown with a dashed line. The central peak emerges in the reginthem is zero. This phase difference creates a peak where in the other
where there are two electrons in the dot, in different levels. situation appears a dip.
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i} @ J=u-v|
o}t
(’ L L L
1+ ®J=U-U
0—3% 5 = 0
Vg

FIG. 9. Convergence of the conductance with the size of the |G, 11. Conductancén units of €2/h) with large U’ =2t. In
exactly solved clustet for the caseAV=0.2. Dotted lines are for (3 shown is the case with a ferromagnetic Hund coupling
L=4, continuous thin lines fot =8, and dashed lines fdr=12.  3=|y-u’| and in (b) with antiferromagneticJ=U-U’. Both fig-
Extra points forL=16 andL=20 are shown with crosses and dia- \;res are forAV=0.
monds, respectively.

eliminate theSy=1 states and the conductance has a similar

results presented here are nearly exact. Th_e fast CONVErgenge cture as shown in the previously study example with
is a consequence of the local characteristics of the doty\/—¢ [see Fig. 2d)].

namely, all the important physics effects are contained in the
small cluster solved exactly. The fast size convergence shows
that even using the smallest cluster, the results are already IV. INTEGER-SPIN KONDO EFFECT

qualitatively correct.
It is important to remark that the cancellations observed Recently, transport through a dot connected to two leads

here do not crucially depend on the couplingsandJ be- has been experimentally studied as a function of the dot-level
cause they are present in our results evenUorJ=0, as separation(AV), tuned by an external magnetic field. For a
shown in Fig. 10. Also for completeness, in Fig. 11 the casélot with an even number of electrons, it has been shown that
of a largeU’ =2t is shown. Even though the situatiof >U  the Kondo correlations formed between tBg=1 triplet

is unphysical—since the Coulomb repulsion in the sametate of the dot and the spins of the leads has a strong influ-
level should be larger than for electrons in different€nCe on the currert. This problem was theoretically studied
levels—it is interesting to note that tHe’ energy plays a USiNg a mapping onto a two-impurity Kondo modgt®

role similar to that ofAV. Since the energy to have a second Figure 12 shows schematically the different situations that
electron ing is related toU’ -J+AV, for a largeU’ (with a  could arise as the number of electrons inside the QD is
J with the same sign as considered befotee system reacts Cchanged using the gate voltage. Starting from the upper left
as with largeAV. Figure 11 contains two differents cases for (8), We have the case where the gate poteiids above the
AV=0, one of them with a ferromagnetic Hund coupling F€rmi level and there are no electrons inside the QD. Level
J=|U-U’|>0 (a) and the other with an antiferromagnetic IS Separated from leves by the energyAV. Decreasing/g,
couplingJ=U-U’ <0 (b). In the first case, since the Hund @S shown in Fig. 1), one electron populates level and
coupling is proportional tdJ’, we observe the three-peak the energy to add an extra electronfwill be AV+U’-J,
structures for the conductance with a central peak associat&#1C€ an extra energy’ is paid because of the Coulomb

with the Sy=1 states. In the second cas#’, and J try to
a) B b) 5
‘ oY ‘ —_— v-g]
Ep R Ep
ol

o
©
[

A O

total charge
[ ]

c) d 8
Er 1B U,_ji Ep

c T
' l-s i
AV o U
FIG. 10. Study of the conductance and total charge weand uth

J are not active. Shown are results for the cd$e J=0 (solid line)
compared with the previously shown results &t=2/3U and FIG. 12. Schematic representation of the different situations that
J=U-U’, both atAV=0.35. The effects are qualitative the same in could occur in a two-level QD as the gate voltage changes. For
both cases. more details see the text.
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. i J=u-v - Jo~
o3r .';s 0 I HF—JY (?‘0 é
C 1 1 1 L
1h) J=0 . T w 2
-20-I 1 1 L L 1
bo.s/\/\/\ 20F
c Il Il L L
IF o\ J=-0.5¢ w
o5t k ‘\
0 s 1 2
Vg

FIG. 13. Conductancéin units of €2/h) for differentsJ cou- FIG. 14. Density-of-states of the bare-4 cluster, for the cases
plings. (a) corresponds to the cadeU-U, (b) is atJ=0, and(c)is ~ AV=0.03 andVy==-1.082. The Fermi level lies a»=0.0. Note
for a large negative case=-0.8. The central peak disappears when the relative change of the weigktgns for the poles neaw=0,
the ferromagnetic spin correlations are eliminated at even large¢hen comparing the Green’s functioggy andgpy.
negativeJ. More detail can be found in the text.
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V. UNDERSTANDING THE INTERFERENCE

repulsion and a Jenergy because of the spin coupling. The IN THE CONDUCTANCE

system now is in the Kondo regime for transporfTi#< Ty. _ _ o

Decreasing/, even further, a second electron could enter the  The previous analysis showed that the origin of the three
dot. The spin of this second electron defines the transpofleaks in the conductance can be traced back to a Kondo
properties because the total spin of the QD canShe1  effect that occurs for 1, 2, and 3 electrons inside the dot.
[with a Kondo resonance for temperatures bemé:l)] or However, it remain_s to be understood What causes the con-
S,=0 with no Kondo effect. In the right-lower frané), the ductance cancellation between them. It is expected that the

second electron entered in the lower energy statehe WO paths—throughr and B—are responsible for the inter-
energy of this configuration will be of the forfis-o=2V,, ference, but a more detailed explanation would be desirable.

+U. On the other hand, if the second electron enters the dot
with the same spin as the first one, forming &F1 state, A. Origin of the = phase difference
we will have the case as shown in the left-lower frafop

The energy of this state in the Kondo regime will be of the To understand how the phase difference arises let us first
form Egs1=2Vg+AV+U'=J-Ts-y.® For AV>U-U’ study thecluster Green’s function. In Fig. 14, the real and

imaginary parts ofg,, and g are shown for the case of
AV=0.08, and a gate potential where the relative phase is
(Vg=0.108). Since the cluster is by definition a finite sys-
em, these two Green'’s functions are simply a collection of a
arge number of poles. FakV=0, level « is equal tog in
energy, and both Green’s functions must have poles at ex-
_ > _ - B actly the same positions. We expect that for a sm&lltheir
tion (S custe=Sp(Sp+ D], at AV=0.2 andVy=-0.6 (par-  feapres must still remain similar. The most important infor-
ticle hole symmetry. Since the number of particles at this mation arising from Fig. 14 is that the poles at approximately
gate potential is 2, we dgduce that the ground state can Bee same energy correspondinggtp andgy, near the Fermi
expressed as a combination of states V@i 1 and 0, with  |eye| (w=0) have differensignsin their weights. This means
a weight of 86% fors,=1. In the cas&\V=t, we obtain for h5; those single poles have a phase difference,afihich
the particle-hole symmetric gate potential a total spin.g,ses the interference.
$,=0.352, which corresponds to a 60% chance of having gther special property of the bafeluste) Green’s func-
S=1. . o tion is shown in Fig. 15. In this figure, the imaginary parts of
One way to confirm that the central peak in Figay4 9., andg,, for AV=0.0% and AV=0 are shown. While for
indeed originates in &,=1 state is by reducing the value of A\/-=0 05 poth Green’s functions have poles at the same
J, making less probable the ferromagnetic coupling betweeBositions, atAV=0 the weight of the poles near the Fermi
levels andB. Figure 13 shows the conductance for the casggye| for g are zera This is a characteristic of Bcalized
shown in Fig. 4a) plus two differents cases with the same state(see Sec. V €
values ofU, U’, andt’, but differentJ's. In (b) with J=0 we To understand these two properties we have to analyze the
observe a narrow central peak showing that the effect Pehondiagonal Green’s functior, andgy, in their Lehmann
sists due to thd -5 energy. For negative values df as representatioR®

shown in(c), the ferromagnetic state is even less probable

+Tk(s=1, We expect a transition from th&=1 state(right-
lower framg to the S=0 (left-lower framg.

Note that the spin of the ddg, is not a well-defined
quantum number, because the QD is not isolated. In th
L=4 cluster, we found that the ground state used for th
calculations has a spi&,—0.7426[calculated from the rela-

and the central peak is more narrow. This peak must dissa- flc ctlf) (et [ ehCanl )
pear for larger negatives values dfji.e., [J|> Ty s=p]- All Jur(@) = >, <(J_“‘(TI|E¢'E<?)| +”’I| + (J;‘E'g'i(é'g i"|| ,
this evidence suggests that it is the spin-one Kondo effect ! TR 1R
that is responsible for some of the effects discussed here. (12
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O¥g = 045 S¥g=0 (F*ICaol#) = (F'lcasl 1), (17)
. 20F J20
3 - -
é 10} 410 <f+|ca0'| d)l > == <f+|cﬁo'| ¢I > (18)
g 0 JLJ_O Then, some of t_he poles of Ec(_Q.Z).and (13) carry weight
) . ' ) ) ' with differents signs. Whe\V is different from zero, the
o l 1% weights are different but the difference in the signs remains.
5
-g 0 "_# JL_LO B. Interference betweenS=1/2 and S=1 Kondo states
20k . . . . I Note that the conductance cancellations mainly occur for
040 T04 04 0 od values of the gate voltage where the charge of the dots is

changing, for example, from 1 to 2. This suggests that an

FIG. 15. Comparison between the imaginary partggf and  alternate way to visualize the interference process is to imag-
gan, for the cased V=0 andAV=0.08, working atV,=-1.082 for ine the ground state in this intermediate regime as a linear
the L=4 cluster. The pole i,y near the Fermi level disappears combination of two Kondo states, one corresponding to a
(i.e. carries no weightat AV=0. spin-1/2 at the dot and the other to a spin-1 at the same dot.
In fact, in the important range of gate voltages considered in

+ + our study, the charge at the dot is not sharply defined; thus,

> { |CB"|¢'><¢'|C”’,“ ) {f |c“’|¢'><¢'|cﬁ‘f|f >, this app);oximationgis reasonable. The infe)r/ference could
T o= (E-E)+in T o+ (E-E)+iy arise from a destructive process between the transport corre-
(13) sponding to each of these two nearly degenerate states. This

hypothesis will be analyzed more extensively in future stud-
where |f ) and E; are the ground state and its eigenenergyjes.

{|#)} is a complete basis of Hamiltonian eigenstates with
eigenenergieg;, and 5 is an small numbeftypically 10°7). C. Localized states

Both Green's functions have poles in the same positions The transport properties of the system are related to the
w=%(E;—E)). For simplicity, only the first term in Eq$12) port prop y

. . Green'’s functionG;, [see Eq(5)]. The Lehmann representa-
azglgtla?ivvgll" ?ﬁeaggzze%rbtlrjwtetiees;trfjlytg:fnse,ztse?hte)elrﬁ\gtrliiﬂOn of this Green’s function contains matrix elements such
q y : (f*|c/,|py), with associated poles at=E;—E,. Note that for

element{¢|c’ |f ) is the same for both Green'’s functions, it ! .
(hlci,|f) AV=0 this matrix element must be zero as the operefpr

is clear that they only can have a phase difference ihthe does not change the symmetry of the statg). Then, the

matrix element (f c,,|#) has a different sign than . AN S
(f [Caol B1)- resulting stateci(,|d>|> is odd under the reflectio®, and
This change in the sign of the matrix elements can beorthogonal tocf | As a consequence of this symmetry, the
understood based on the “reflection” symmetry between |evt_ransport_Green S functio®, misses the polgs aﬁ:Ef—E'
els @ and B. For the case\V=0, the transformatiomx— 8 for 'the h states. Howev_er, fchese poles St.'" appear in the
L ) - dot’s density of state. This time the associated matrix ele-
must Ieaye th_e Hamllto_nlan invariant. The operabprasso- _ment is of the formf*|c’. | 7). Since the operators,, and
ciated with this operation commutes with the total Hamil- et . a“r
tonian and has eigenvalues 1 and(ifthe states are even or Cgo d0 NOt commute witlQ; (just the symmetric or antisym-
odd under this transformatipriThe complete basisp} used  metric combination of these operators commute \th the
in Egs.(12) and(13) can be expanded into two other basesstatec;, |#;) is not orthogonal tdf*|.
{#/} and{¢,}, depending on whether the states are even or This fact producedocalized statesn the QD due to the
odd, poles associated with the states) (located atw=E;-E))
A that are present ig,, andgg, (the elementf*|c |¢) does
O/l =), (14 not appear in these Green’s functipndut they arenot
present in the Green’s function that transports electrons from
one lead to the oth€g,, or g;;). This fact explains the results

gﬁr(w) =

Ol ==l (15) observed in the right frame of Fig. 15. WhAW is not zero,
The destruction operators for theand 3 levels transform as  this is no longer valid becaus®, does not commute with
Hr.
Caa:é):%(rér- (16) The important consequence of this effect is that some

states do not contribute with their resonances to the conduc-
Suppose the ground state is an even dfde(we confirmed  tance. However, when one of these states crosses the Fermi
this numerically. Then, there are two kinds of matrix ele- |evel, the QD is charged abruptly. Then, the many-body
ments, (f*|c,,|#) and (f*|c,,|¢). These two matrix ele- properties of the system also change abruptly, producing the
ments must be compared to their corresponding matrix elediscontinuities in the conductance, shown in Fig. 3.
ments, calculated with the operaigy,. Using Eqgs(15) and One way to eliminate the symmetry betweenand g
(16) we have could be by using a different diagonal Coulomb repulsion for
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FIG. 18. Conductancén units of €?/h), phase difference and
partial conductances as a function of the gate potektjafor the
geometry shown in Fig. 17. The parameters used, in unitthie
bandwidth isW=4t), aret,=0.12, t,=0.25, andU;=0.5. In (a),
two zeros in the conductance as a function\/@fare shown.(b)

The phase differencA®d near these zeros jumps tar—In (c), the
both levels. In Fig. 16 we can see the conductance, the phaggtial contributions to the conductanee and o, are given. For

dlfference and the partlal conductances for the case wit :—U /2, we can observe a constructive interference process
AV=0 andUz=U,+0.1. Note that the first discontinuity Whereg_ o, andA®=0.

remains because for one or zero electrons in the QD, the

different Coulomb repulsionsl, and U, are not active and
the symmetry is not broken. In this case all the physics re:,
lated to the poles associated with the symmetrB dis-
cussed above could be applied and the discontinuities Sho"Wn
in Fig. 2a) appears.

FIG. 16. Nonsymmetriax-8 case, where the Coulomb repul-
sions in both levels are different, i.eJ;=U,+0.1. Dips in the
conductance are observed even wkk'=0, due to the explicitly
broken symmetry. More details can be found in the text.

only one connected to the leads, by a matrix elemeriq,q
is the same as in previous sections.

Considering the two dots as a “dimelkiy, can be re-
tten in the basis of bonding and antibonding stafes,

1
VI. CONDUCTANCE CANCELLATION IN SIMILAR Ceo= 3Ca0 + Csol, (19)
SYSTEMS
In this section, we discuss two other systems where a 1
similar interference process is also operative. C-o= 5lChc ~ Csol- (20

A. Two coupled QDs With this transformation, it is easy to visualize the two pos-

The first system to analyze consists of two coupled onesible paths that produce the interference in the conductance
level quantum dots, one of them side conneéfed, as (shown in Fig. 17. In the new basis, the matrix element that
shown schematically in Fig. 1d). The two dots(A and S) connects the dimer state with the Iead$’is%t2. Note that
are described by the Hamiltoniahl=HyystHieagstHin  the total charge in the two dots does not depend on the basis

where used, since(ny,*+ns,)=(N_,+n,,). Also note that these
_ bonding and antibonding states have a diagonal single energy
Hgors= U}% S{U/ZnMnM+ Vot +ta2 CaoCso T H.C., of value V,_=V,~t, and V=V, +t,. For this reason, the

matrix elementt, plays the same role thatA% had in the

. case of a quantum dot with two levels analyzed before.
Hint = tZE CA()'[C|(7' + Cl’(r] +H.c.

o

1-
As these are two physically separated quantum dots, we will ook @
neglect the termy&)’ andJ used in Sec. V. Here, dét is the

0

o 20 P~ (b)==——~_ di?:ae{e"_"
(a) (s) (b) m+ Enl o ———
Tta S [ dimer "+ N -
1 r 0.0 state . ~
] % 20F= (€)=
% 1.0
s 1 dot "S" L TN —— ]
v=r2 0.07 03 0 0.5

Vv
FIG. 17. (@) Schematic representation of a system of two ¢
coupled QDs, one of them side connected. In this case, each dot has FIG. 19. Conductancgn units ofe?/h) and charge as a function
only one level(b) Equivalent system after the transformation Egs. of V,, for the same parameters used in Fig. 18. Shown@rthe
(19) and(20). The two possible paths in the transformed basis areconductance v¥,, (b) the charge at the bonding and antibonding
shown. dimer states, an¢t) the charge at the real dots A and S.
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FIG. 20. Conductancgin units of €*/h) for three different FIG. 22. Convergence study of the charge at dot S increasing the
values oft,. (a) t,=0.12 (reproduced here for comparisor(b)  size of the cluster exactly solved. For the smaller cluster, we found
t,=0.24, and(c) t;=0.48. Fort,=0 the side coupled dot is not important changes aroundy=-U/2, but eventually the system
connected and the conductance presents the characteristics of oggnverges to a plateau for a sufficiently large cluster. The param-
QD (not shown. Increasingt,, the side coupled dot starts to par- eters are the same as in Fig. 18.
ticipate in the transport, and interference effects appear. Fortgrge
the system—represented by the dimer states—is equivalent to one Increasingt,, the dimer states are split and the two-dot
dot with two levels, separated by an enerdy+4J. system can now be represented by one QD with two levels,

with a largeAV~2t,. This is shown in Fig. 20. In the last

As in the previous sections, we can define the conductWo figures(Figs. 21 and 2 the convergence with the clus-
tance as a function of the partial conductances through chal€’ Size is shown for the conductance and the charge. As
nels “+” and “—", as well as the phase difference betweenPefore, a fast convergence is observed. In the case of the
them aso=c,+o_+\o,o_ cogAd). In Fig. 18, we show charge of dot S, note that the wavy behavior found for the

the results for the conductance, phase and partial Condu%rgilssreccljuster is replaced by a plateau when the cluster size
tanceso, ando_ for the case equivalent to that presented in '

Fig. 2b). Here, the dot-coupling factot, used is 0.12 B. Two coupled QDs with two levels

Again, a three-peak structure in the conductance can be ob- |, this section, the case of two QDs in series will be

served. The zeros in the conductance appear when the phaggalyzed, each with two levels, as schematically shown in
jumps to —w. This is a destructive interference process S|m|'Fig' 23. The Hamiltonian that describes this prob|em in-

lar to that shown in Fig. 4 foAV=0.2. cludes
As in Sec. lll, the results presented here correspond to the
smallest cluster size=4. In the final part of this subsection Hots= > { > Ui2m, g+ U123 i
the convergence with the sitewill be analyzed. In Fig. 19, I=1.2 | oh=ap oo’
the conductance and the charge of the dimer states and dots S ¢ +
are shown. The charge of the dimer states presents the same -J ' CiaoCiac’ CiggrCipo
behavior as the charge of the two-level dot studied before. 77
The charge in the individual dots shows a slow increase for +ng (Mo + (Vg + Av)niﬁo]}
dot A, and a step-function-like behavior for dot S. This indi- o
cates that while the dot coupled to the leads is in a transition-
valence regime and the charge enters slowly due to the + 2 t[c Lo+ H.Cl, (21)
Kondo resonance, the other one is in a Coulomb-blockade oA=af

regime.

Hine=t" > [C],,Ci00 + CoroCroo + H-Cl, (22)
o \=a,

wherec;, , creates an electron at the ddh the level\ with
spin . The Hamiltonian, which describes the leads, is the

FIG. 21. Convergence of the conductance with the cluster size, FIG. 23. Schematic representation of the system of two coupled
for the case of the side-connected dot. The parameters are the sa@®s with two levels. The two possible paths carrying different
as in Fig. 18. phasesb, and®g; are shown
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FIG. 24. Conductance of two Coupled quantum dOtS, eaCh W|th FIG. 25. Conductance’n units Ofez/h)’ phase' and partia' con-
two levels, for three different cases &% (large, intermediate, and  guctances for a smal\V=0.01, in the case of two coupled two-
zero. (a) WhenAV is the largest energy, two structures separatedeyvel QDs. Typical dips in the conductance will be analyzed in Fig.
by AV appear in the conductance, similarly as for two coupled2g. Near the gate potential;=-0.5, a constructive interference
one-level QDs(b) WhenAV decreases these two structures start togccurs, The phase is zero and the partial conductance becomes
overlap producing dips in the conductange) A more complex 0,25, inducing a constructive phase process for electron transport.
conductance structure with several discontinuities is obtained in the
limit AV=0

cellations can occur in the absence of external magnetic
o fields—usually used in AB experiments—and also without
same as before. Then, the total HamiltonianH$=Huot  introducing, at the Hamiltonian level, any relative phase for
*+Hieagst Hint- As in the case of two QDs with one level each, ihe hopping amplitudes of the states involved. The Coulom-
we can rewrite this problem in the dimer-state basis. It isic interaction is the main responsible for the effect, which
well known that in this kind of system, a splitting in energy -an also be visualized as an interference betv&gnl and
between the dimer states must octéf-32This separationis 1,2 kondo states.
related to the” matrix element. , Another important effect found in this investigation is the
As before we present the results corresponding to thgossipility of having localized states inside the QDs. These
smallest cluster size. For this cages6, which corresponds giates do not contribute to the conductance, but they modify
to two sites to describe the leads and four levels to describg,e many-body physics of the systems through Coulombic
the two dots with two levels each. Figure 24 is the equivalengffects. These localized states induce discontinuities in the
of Fig. 2 for the case of only one QD. The conductance forconguctance versus gate voltage for particular couplings,
severalAV's is shown. As in the previous case, at lalj®  hjle in the most general case, conductance cancellations
there are two split structures corresponding to the Kondgye gbserved.
regime for the 2QD with one level. An mtermedlate_ case The results presented in this paper will hopefully provide
AV=0.9, where these two structures start to merge, is alsgnqyivation to experimentalists to refine their measurements
shown. WhenAV=0, similar structures can be observed asiy search for conductance cancellations. While our conduc-
found in previous cases, where every discontinuity was splifance versus gate voltage curves should be cautiously used to
in two due to the dimer bonding, antibonding states. compare against experiments—since the details of the results
In Figs. 25 and 26, the conductance and the phase for g5y a5 a function of parameters, and in addition, most re-

very smallAV=0.01 are presented. In this case th&¥/=0 g jts were obtained using only two active levels—the ideas
discontinuities are transformed into narrow dips. In Fig. 26,

the first two dips are shown. They qualitatively correspond to
the splitting of the first dip in the 1QD case. The phase in

Fig. 26 does not present the abrupt jumps that were found for °0.5-\J\\l\
1QD, but the dips nevertheless occur when the phase takes 0 )

the valueAd =+, e[ ®

VIl. CONCLUSIONS b :
v4 ©
In this paper, we have investigated systems where inter- gz_ . |
ference effects in the conductance can arise in multilevel 2 h \

0 =l — \ )

0.1 0.05 0
Vg

quantum dots. Although there are no obvious different paths,
as in a AB interferometer, transport using different levels
inside the QD can produce such interference. Using an exact giG. 26. First two dips in the conductance for the small case
diagonalization plus embedding technique the phase diffetshown in Fig. 25. Both partial conductanogs, and o) have a
ence between these paths was calculated. When this phasgo near the dips, but not at the same time. Then, the dip in the
difference is 4, a destructive interference can appear. Anoverall conductance is produced by a phase interference process
important aspect of these results is that the conductance cainduced byAd = + 1.
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presented here are expected to be robust. When multilevetentally than the study of relatively larger-size quantum
guantum dots with interacting electrons are considered, cardots, but possible. In the case of atoms, degeneracies are
cellations are the rule more than the exception. natural in open-shell atoms, and a variety of interference

Experimental realizations of quantum dots with many acprocesses as those observed here are possible.
tive levels are possible. Recently, Aikavea al33 observed

that quantum-dot states can be classified into a small number

of states, which are strongly coupled to the leads, and a large ACKNOWLEDGMENTS
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