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Interference and interaction effects in multilevel quantum dots
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Using renormalization group techniques, we study spectral and transport properties of a spinless interacting
guantum dot consisting of two levels coupled to metallic reservoirs. For strong Coulomb repulsioth an
applied Aharonov-Bohm phasg¢, we find a large direct tunnel splitting\| ~ (T'/ ) |cos/2)|In(U/w,) be-
tween the levels of the order of the level broaderind\s a consequence we discover a many-body resonance
in the spectral density that can be measured via the absorption power. Furthermere forwe show that the
system can be tuned into an effective Anderson model with spin-dependent tunneling.
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Introduction. Electronic transport through ultrasmall ingly, is shown to be zero for a noninteracting quantum dot,
quantum dot§QD’s), where the charging energy is the larg- but for strong on-site Coulomb repulsidn>|e|,I’, scales
est energy scale, has been studied extensively over the paise
few years! Due to the quantization of charge the transport is — —
dominated by Coulomb blockad€B). More recently ex- A VITT5+ T e’
periments revealed that the transport can be even more in- T

triguing by measuring the Kondo effett,as suggested in _
Ref. 4. Here, ¢ is the AB phase, anad. denotes a low-energy cutoff

set by the maximum of the mean level positier (e,
+¢€,)/2, the mean level broadening=(I";+1T,)/2 (with
I =T}+T7), the temperaturg, or the bias voltage eV. The
level splitting is given by

IN(U/w,). 1)

The Kondo effect occurs for a dot with one low-lying
spin-degenerate level. In this Brief Report, we will study a
dot consisting of two levels without spin or, equivalently,
two dots in an Aharonov-BohntAB) geometry with one
level per dot in the presence of an interdot Coulomb repul- ~ =
sion U. Such a system is of fundamental interest since the de=\oe*+[Al% )
two possible paths through the dotia level 1 or 2) can \here Se=e,— €, denotes the level spacing. Consequently,
interfere with each other. The interference can be controlleghe tunnel splitting gives rise to an interferenaed
by an AB flux and has attracted much interest due to thenteraction-induced level repulsion, i.e., an effect not being
possibility of realizing AB interferometetor using the co- considered in models with levels labeled by a conserved
herent properties in connection with quantum compdting quantum number(e.g., spiff) or in the absence of
(for recent experimental realizations see Ref. Further- interaction The energy scale ok is given byI" and will
more, in many recent experiments performed in the strongnfluence the spectral properties as well as the conductance
tunneling regime, the level broadening is large and transpoffor low enough temperatureB<I". We emphasize that this
is inevitably controlled by multilevel physics. energy scale is well separated from the Kondo temperature

The modelWe consider a quantum dot consisting of two T, .~ T Uexp(rel’) (e<—T'), which is exponentially small
levels, labeled by =1,2. Via tunnel barriers the dot is con- and determines the crossover to the occurrence of the Kondo
nected to two electronic reservoirs-L,R. The orbital index effect for spin-degenerate levéldost importantly, we will
j is not conserved during tunneling and hence does not existhow in this Brief Report that for low-lying levele< —T
in the leads. The Hamiltonian is written &=Hy+H,s  (where the ground state is the singly occupied 3tatee
+Hy, with Hdot=Ejsjchcj+ Unin,, Hie= Zyrer@y ks s effective level splitting shows up in a many-body resonance
and HT=2rk,-(t,-raLCj+H-C-)- The tunnel matrix elements in the spectral density at the enerdy, which, e.g., can be
are assumed to be real except for an AB phase, i.e., we attagheasured by an absorption experiment but influences also
a phase factoe'? to t5. The energy scale of the level broad- the temperature and flux dependence of the linear conduc-
ening is defined by'|=2|t{|?po, wherep, is the density of  tance. Forg=m and'?=T, the tunnel splitting is zero,
states in the leads, which we assume to be independent ahd the system is shown to be equivalent to an Anderson
energy for the energy range of interest. model with Zeeman splittinge. Thus, Kondo physics can

We neglect spitassuming a large Zeeman splitregnce  be realized in a quantum dot without spin even if the quan-
the aim is at analyzing explicitly the physical effects arisingtum number labeling the levels it conserved.
from the tunneling-induced interference between the two lev- We note that multilevel dots in the presence of spin have
els. Since both levels overlap with the reservoir states, therbeen studied previousty'* However, Ref. 9 studies the case
is an effective overlap matrix elementA/2, which, surpris- of a conserved quantum number labeling the levels, and
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Refs. 10 and 11 consider the casks>1" or ¢=m, where
the effect of the tunnel splittingh can be neglected. The
same applies to the AB geometry of Ref. 12 where the inter-
dot Coulomb repulsion is absent.

Renormalization group studyAn effective dot Hamil-
tonian can easily be derived from perturbation theory or,
equivalently, by integrating out the reservoir states by the
renormalization group. The dot is characterized by four
states|0), |1), |2), and |12), with energiesE,=0, E;
=e€1, Ey=€,, andE ,= €;+ €,+ U. Intuitively, the hybrid-
ization with the reservoirs will lower the energies of all these
states. For the singly occupied states, however, this is less
pronounced because it costs a finite endugio occupy the T
dot with a second electron. Therefore, the level positigns ) L
=E;— E, will be renormalized upwards. Furthermore, a cou- _ 1'(:)1“& 51'_ gz‘aﬁtr% gﬂeni'lﬂy ;1‘: tgi%'?;';'tgo:i ehlt)_ ITn_sgt,' (SU
pling between the levels is generated since tunneling events . 'IL:SS S 1T, LA (from top to botton gno. - o€
can shift the electrons between the two levels. For an elec- "’ e T P )
tron starting in level 1 there are two possibilities: either the
electron first tunnels out and hops into level 2 or an electror} ) ; _
first hops into level 2 and then the electron tunnels out of"‘_nd fa level. .The curre?t operator in the right reservoir is
level 1. In the latter case, the intermediate state is the doubl§}'V€" by |p=ie 2t (algf1— H.c.). We also note that for
occupied state and, due to Fermi statistics, the matrix eled€=0 and¢= the conductance is exactly zero since the
ment gets an additional minus sign. Therefore, for reservoif 1(f2) level couples only to the lefright) reservoir. This is
electrons with an energj,|>U, these two terms will can- &N effect of destructive interference which interestingly per-

cel each other and, consequently, there is no direct couplin§iSts @lso in the presence of interactions.
between the levels in the noninteracting case. In contrast, for SPectral density and absorption powkr.Fig. 1 we show
an interacting system, the doubly occupied state is supth® spectral density of thé, level for e>0, where the
pressed, and there is a finite couplidgbetween the two 9round state is given by the empty state. The results are
levels. We note that this mechanism does not work for level@Ptained by using the full real-time renormalization group
characterized by spin since the two tunneling processes dgjethod of' Ref. 13, which is known to yield exgellent results
scribed above would also change the spin in the reservoird the regime where charge fluctuations dominate. The two
and, therefore, do not lead to a direct renormalization of th®€@ks in the spectral density correspond to the renormalized
dot Hamiltonian. level positions and change qualitatively as function of tem-
Using the real-time renormalization grodRG) of Ref.  Peraturel andde according to Eqs1l) and(2). The distance
13 for the forward propagator we find that energy scaledetween the resonances saturates derI" at the energy
w.>U do not renormalize the states, i.e., we start the RG agcaled according to Eq(2). In contrast, where is below the:
w.=min(D,U) whereD is the bandwidth. In the basis of the Fermi level, the lower level is occupied and particle excita-
three remaining statd®), |1), and|2), we obtain the flow tions lead to a broad shoulder in the spectral density at the
equation (.= 1/w.) effective spacingse; see inset of Fig. 2an additional weak
feature occurs at negative frequencies but this is masked by

he level spacingSe controls the coupling between tifg

dH 1 rz o 0
dot_ _ o 1, @, (@ 0.015
dt,  2m(t.—i0")
0 @ T,

where ® = \/Ffl“25+ I'iI'5e'?. Neglecting level broaden-
ing, the solution of this equation gives an upward level shift
E1p— Eg= €10+ NI"51, with A= (1/27)In(U/w.), and a cou-
pling —A/2=—®N\ leading to Eq(1). As a consequence we
get two effective levels at;,= e+ \I' T 5¢/2, where the ef-
fective level splittingSe is given by Eq.(2). While ¢, is
quite close to the original level positios; is strongly renor-
malized upwards. F@}%F/Z, oe<I", and <1 the lower
(uppe) level is coupled stronglyweakly) to the reservoirs.

For the following discussion we will usually assume equal o/l
coupllngsl_“f=1“/2, e, [tj] =tj=t and discuss the effect of g 2. Absorption powefscaled, single peakss spectral den-
asymmetries at the appropriate P'aCGS- _ sity of the f; level (“shoulder” at the same positionfor e;=

In the symmetric case we defiR@f;=c,—(—1)'c,. For  —10r, U=50T, and T=0. In the inset, the spectral density is

¢=0, only thef, operator couples to the reservoirs, whereasshown fore;=—3.5I" andU=10I".
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FIG. 4. The linear conductance fate=0, D=50I', and U
=00, Main panel:T dependence witly=0 (dashed lines indicate
the positive energigsinset: ¢ dependence fof =T".

FIG. 3. Effect of a finite AB phase on the single-particle spec-
trum. The spectral density of thé; level is shown fore;=
—1.6I', 5e=0, U=8.1", and T=0. Left inset: Partial spectral
density corresponding to the leve]. Same parameters as above, |gyg| spacingde# 0 acts like an effective Zeeman splitting.
but with a finite level splittingse=0.08". Right inset:f, spectral  Thig splits the Kondo resonance and decreases its height, see
density for different broadening strengthg# I, of levelsc; and e |eft inset of Fig. 3. Second, an AB phase away frém
C2: =1 leads to an effective couplindg between the two levels.

- At A~Ty a phase transition will occur quite analog to the
the broad resonance &f). These results have been obtainedcompetition  between  Ruderman-Kittel-Kasuya-Yosida
by using Wilson’s nonperturbative numerical renormalization(RKKY) and Kondo physics in two-impurity models®
group (NRG)* which, up to some overbroadening effects atThe same mechanism is induced by left/right asymmetries,
higher frequencies, gives very precise results for the spectrale | for FJ-R;ﬁ FJ-L. Thirdly, for given left/right symmetry but
density near the Fermi level and for the positions of all resoT, +T,, we obtain an Anderson model with pseudo-spin-
nances. Since the location of the shoulder is not at the Feméiependent tunneling matrix elemertis As shown in the
level, it is more suitable to test its position via the absorptionright inset of Fig. 3, the Kondo resonance arisingbat  is
power rather than the linear conductance. Therefore, we hav@qyced and splits asymmetrically but is well defined even at
shown in Fig. 2 the result for the spectral density of thel“zll“lwz (we note that the reduction is quite more pro-
transition operatoc]c,+cjcy. The peak position of the ab- nounced for a finite level spacingAs a consequence, the
sorption power agrees very precisely with the position of thekondo resonance can be shifted away from the Fermi level
shoulder in the spectral density of thelevel. We emphasize by changing the asymmetry of the tunneling matrix elements,
that the shoulder is absent without the tunnel Spllttlng, i.e., |bn effect also seen in recent experimé”nts_
is a generic effect which will also be present in the asym- sjnce the conductance is zero f6e=0 and é=m, the
metric casd’; #I',. In this case, however, the broadening of Kondo resonance will show up only weakly in th@/) char-
the shoulder(which is determined by’) will increase rela-  acteristics by changing the level spacing or the AB flux.
tive to its height(which is determined by). However, the crossover to the Kondo effect can, e.g., be

Figure 3 shows the spectral density of thelevel for  measured by the absorption power. Alternatively, in an AB
different AB phasesp (also obtained by NR{ For 5e=0,  geometry with two dots and one level per dot we expect in
the position of the shoulder varies proportional fta|  equilibrium for 5e=0 and¢= = a Kondo resonance in each
~(I'/r)|cos/2)|In(Ul|€l), according to Eq(1) (for ¢=0,  dot separately. Their effect might be tested by measuring the
the amplitude of the shoulder is zero since fyelevel is  conductance fluctuations of a parallel quantum wire lying
decoupled from the reservojrd=urthermore, the resonances very close to one dot.
at finite frequency become more pronounced andgfer, Linear conductanceAnother fingerprint for the renormal-
merge into a Kondo resonance at the Fermi level with widthization of the energy levels due to the tunneling splittings
given by the Kondo temperatuik . This effect can easily the measurement of the linear conductance. It is calculated
be understood, since fap=, the tunneling Hamiltonian by using the renormalized Hamiltonian on the forward and
readsHthEkj(chpLH.c.) with \/EbkizakR—(—l)'akL. backward propagator according to E@), including the
Hence, for this special case, the pseudogpineffectively a  level broadeningfor the backward propagator we take the
conserved quantum number and we obtain the Hamiltoniahermitian conjugaté). This effective Hamiltonian is used as
of the usual Anderson model, which, for a low-lying lewel an input for the calculation of rates in lowest order in the
is equivalent to the Kondo mod&l. tunneling coupling.

We note that this realization of Kondo physics without Figure 4 shows the temperature dependencestor ¢
explicit spin degrees of freedom is quite different from other=0.1° At T=0, the spectral density of tHg level is a single
realizations, where metalfit or two-level system$ have  Lorentzian with widthl” centered at the level positian The
been used. Furthermore, there are three experimentally tunesonance a¢+ U is missing fore>—U/2 since thef, level
able ways to destroy the Kondo resonance. First, a finités decoupled from the system and is not occupied in the
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ground state; see also inset of Fig. 2. Thus, at zero tempergarticle and hole excitations by approximatelhNI", while
ture, the conductance is symmetric under a sign change of only one level with an equally increased broadening remains
in contrast to the case for spin degenerate levels, where thgpproximately at the original position. This means that trans-
Kondo effect enhances the conductance for negatiieor  port appears to be effectively controlled by single-level phys-
finite temperature, thé, level starts to become occupied and jcs and may explain recent experiméntsn the regimel’
suppresses the conductance due to the Coulomb repwsion — s¢ where universal Kondo behavior of single-level dots
This effect is more pronounced for negatiwand, therefore, has been observed.

the conductance shows a local maximumTor e>0 but is SummaryWe have studied interaction and interference
nearly monotonic fore<0. This distinguishes the model effects in quantum dots with two levels or two quantum dots
from transport through a single level. with one level coupled to reservoirs. We found a new tunnel

d.ﬁThe inZ%t othig. 4 Sh;Wf éheT%at;\gltagﬁ_dzp&)endsnce fQpitting that changes as a function of an applied magnetic
fterent AB phases ande=2. The predict 'to. ©  flux and can be measured via the absorption power. As func-
crease with increasing flux. F@f— = the tunnel splitting is tion of the flux, the system can be tuned into an effective
small and the level shift by leads to a resonance position of model showing’ Kondo physics. We expect important impli-

the linear conductance near- —\. In contrast, for¢—0, cations of our results for transport and spectroscopy experi-

the tunnel splitting is large anel ~ e, which leads t0 a reso-  anis a5 well as for the theory of level statistics in quantum
nance position neas=0. As a consequence we find that the 4.5

position of the resonance is strongly influenced by the AB

phase and reflects directly the tunnel splittidyg together We would like to thank Jigen Kanig, Teemu Pohjola, and

with the level renormalization . Gerd Scha for valuable discussions. This work is supported
Finally, we would like to comment on the case when theby the DFG as part of the Graduiertenkolleg “Kollektive

number of levels is given bjN>2. Generalizing the RG Phaomene im Festkper” (D.B.), SFB 195 (D.B. and

equation(3) to this case gives rise to an upward shift of all H.S), and SFB 484W.H.).
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