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Bohm-Aharonov and Kondo effects on tunneling currents in a mesoscopic ring
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We present an analysis of the Kondo effect on the Bohm-Aharonov oscillations of the tunneling currents in
a mesoscopic ring with a quantum dot inserted in one of its arms. The system is described by an Anderson-
impurity tight-binding Hamiltonian where the electron-electron interaction is restricted to the dot. The currents
are obtained using nonequilibrium Green functions calculated through a cumulant diagrammatic expansion in
the chain approximation. It is shown that at low temperature, even with the system out of resonance, the Kondo
peak provides a channel for the electron to tunnel through the dot, giving rise to the Bohm-Aharonov oscilla-
tions of the current. At high temperature these oscillations are important only if the dot level is aligned to the
Fermi level, when the resonance condition is satisfi86163-18207)53012-§

l. INTRODUCTION librium, another Coulomb repulsion effect, the Kofids-
fect, shows up. Although its experimental detection is

The Bohm-Aharonov effethas been the subject of many difficult® we believe that it can be clearly seen in a device of
experimental and theoretical studies in the realm of mesoghe kind described above, due to its sensitivity to interference
copic transport. Under the effect of an external magnetieffects. For temperatures below the Kondo temperafiye
field the waves describing the currents propagating from lefthe 1-V characteristics should reflect this effect when the
to right, along two branches of a mesoscopic ring, suffer asystem operates in the so-called Kondo regime. This happens
phase shift. According to this shift there is a constructive owhen the Fermi energy has an intermediate value between
destructive interference at the right contact of the devicethe energy of the localized level at the dot and the energy
which is reflected in the conductance as cycles of periodiecessary to incorporate an extra electron to it.
¢o=hcle, depending on the magnetic fluk encircled by The aim of this paper is to study the current going along a
the ring. This sensitivity of the interference pattern producedjuantum dot in two different situations: at low temperature
by the dephasing of the two waves can be exploited to studwhen the system is in the Kondo regime and at high tem-
the nature of transport in a particular system. For exampleperature when the flowing charges are dominated by the
recently the resonant tunneling of an electron going throughesonant tunneling condition. We take advantage of the
a dot that belongs to one of the arms of a ring linked to twoBohm-Aharonov effect, which emphasizes the differences
contacts has been meastfradd theoretically studietiFrom  between the two regimes, by locating the dot in one of the
the experimental data it was possible to distinguish betweearms of a ring connected to two contacts. A scheme of the
coherent and sequential tunneling by studying the oscillaring with the dot is shown in Fig. 1. The ring is threaded by
tions in the conductivity as a function of the magnetic flux an external magnetic field and the dot is subjected to a gate
threading the ring. Undoubtedly, a system of this kind is alsgotential. The electron-electron interaction gives rise to an
extremely appropriate to study the effect of Coulomb repul-Abrikosov-Suhl resonance or to Coulomb blockade behavior
sion on transport. for temperatures below or abovi, respectively. As we

In the experiment mentionéahe system exhibits pro- show below, these two situations are clearly distinguished in
nounced oscillations of the conductance when the gate pdhis Bohm-Aharonov device. The Kondo regime is charac-
tential on the dot is modified. The Coulomb blockade of anterized by a current that depends strongly upon the magnetic
electron when it tries to go into a dot already occupied byflux ¢, due to interference between the waves going along
another electron provides the theoretical explanation for théhe upper and the lower arms of the ring. This holds for a
conductance oscillations. However, at low external appliedegion of the parameter spa¢gate potential, Coulomb re-
potentials, when the system can be considered to be in equypulsion, and temperaturerrespective of the dot being in
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glected. The transport is supposed to be ballistic in nature so
that the Hamiltonian does not include a dissipative mecha-
nism or other degrees of freedom, but does include electrons.
. The external magnetic field producing the flux is incorpo-
PN N rated in the first-neighbor matrix elements, of the ring as

/l\u — tij :te*(i‘ﬂ/N)(d’/‘r’sO), (3)

wheret is the first-neighbor hoppingp is the quantum flux

crossing the ring¢=gﬁ,&- dl, whereA is the vector potential,
¢g is the quantum of flux, andi is the number of atoms of
the ring with lattice parametex.

The system is considered to be strictly one dimensional
(1D), constituted by one line of atoms, which is, evidently,
not a realistic situation. Transverse quantum confinement
) ) ] would produce some transverse quantum states for which

FIG. 1. Schematic representation of the ring connected to tWqyifferent 1D electronic channels would be available for elec-
contacts with a three-site cluster inserted in its upper arm. Thstrons to move along the ring. However, if the width of the
qyantum dot is at site 0. The total current is calculated betweegvire is small enough these states can be well separated in
sitesn andn-+1. energy and we can restrict ourselves to the study of a one-

resonance or not. On the other hand, in the Coulomb bIOCI(c_:hannel system. The current circulating along the ring is cal-

ade reqime one observes a str enendence onlv when culated using the Keldysh formalisinin addition to the
gl . v Qﬁgj P Y WNeN \sial advanced and retarded Green functions, two other cor-
the level localized at the dot satisfies the resonant tunnelin

i Belation functions are required:
condition.

Il. THEORY Gi}j(w)=if (chU(t)ciU(O))ei“’tdt, (49
The system is described by an Anderson-impurity first-
neighbor tight-binding Hamiltonian defined over a ring and "
two contacts. Although the electron-electron interaction is Gﬁ;(w):_ij <Ci0(0)c}“o(t)>eiwtdt’ (4b)
present in the entire system we assume it to be restricted to -
the dot where, due to quantum confinement, the electrons
interact more Strong]y_ The Hamiltonian is then given by where the mean values are calculated on a nonequilibrium
stationary state of the system under the effect of an applied
electric potential G; *(w) gives the spectral representation
of the electronic occupation at site corresponding to this
(1) current flowing stationary state. To calculate the transport
. S ) properties the system is partitioned into two semi-infinite
wherei,j denote the atomic sites in the ring and contactsgpports so that the two subsystems are in thermodynamic
tij is the first-neighbor hopping matrix element, is the  equilibrium, the electric current is zero, and the correspond-
hopping connecting the dot to the upper arm of the ring, anghg Green functions can be obtained by standard techniques.
H, represents the dot modeled by a cluster of three sites anthe dressed Green functions for the nonequilibrium situation

H=H.+ X tjclcjo+t' X (¢l coptect e p,tcc),

ijo o

is given by are calculated through a Dyson equation obtained by re-
establishing the connection between the two subsystems, ac-
Hc:VOE Moo+ UNg Mg, cording to the_ Keldysh formalism. Following this idea the_
o total current circulating along the contacts due to the appli-

cation of an external bias can be obtained from

+t,2 [CEFJUC10'+CIO'COO'+ CEF)UC—10+CJr—10'C00']1 (2)
’ | —ZetE fm G G d 5

whereU andV, correspond, respectively, to the electronic {1 h <5 —oo[ nn+10(@) = Cni1no(@)]dw, (5
repulsion and gate potential on the dot, which is at site 0.
The local energies of the two other sites, 1 and, are  wheren andn+1 are two adjacent sites belonging to the
chosen to be zero and their interaction with the ddt jsas  contacts. In our calculation these sites are chosen as shown
illustrated in Fig. 1. The matrix element in Eq. (2) plays in Fig. 1.
the role of the hybridization of the usual Anderson Hamil- The cluster Hamiltoniami is diagonalized by consider-
tonian; in this senséd. is equivalent to an overscreened ing, for simplicity, the electron-electron interactidh to be
Anderson Hamiltonian with a nonlocal hybridization. There-infinite. The eigenvalues and eigenvectors for all possible
fore, one expects to obtain a Kondo effect in the limitnumbers of particles are then calculated. To obtain the
t'<t. The applied electric potential is taken to be negligibly propagators for the total system we calculate first the Green
small so that its contribution to the site energies can be nefunction for the cluster using the grand-canonical ensemble:
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1 / - (nlely|m)(mlc;,|n)
y =_ ~BEm+ e~ BE, il lo
gljo(w) Z mE,n (e +e ) w_(En_Em) !

i,j=1,0,1 (6)
with

Hm)=Enm), E/=En—uN;, Z=, e FEm,
m

whereZ is the cluster partition functiond=(kgT) %, N, is
the number of electrons in the cluster, gmds the chemical
potential.

The Green functions appearing in E&) are calculated
using a cumulant diagrammatic expansion where the nondi-
agonal matrix elements linking the dot with the rest of the
system is taken to be the perturbation. The expansion is re-
stricted to the “chain approximation”which has shown to
be a suitable scheme to describe the Kondo and Coulomb

Current Density (arb. units)

blockade effect§. 3
Within this approximation the propagators for the total
system are obtained solving the Dyson equation o | |

0 0.5 1 1.5
Gijol©) =ij( @)+ X, G/ (@)t Grmjg(@), (1) Magnetic Flux (he/e)

whereg;;,(w) has been extended to represent the undressed FIG. 2. Current density as a function of magnetic fluxaow
Green function of the two noninteracting subsystems, thd and(b) high T, for different values of the gate potentid /t:
cluster given by Eq(6) and the rest of the system. The 0.2, dashed line; 0.3, continuous line; 0.5, dotted line.

Kondo regime is attained for values of the gate potential o _ _

V, such that the dot resonant level is below the Fermi levefS shown in Fig. @) for V, equal to 0.8 (continuous ling.

er. As the approximation proposed is exact at the atomic©n the other hand, when the upper arm is taken out of reso-

limit it describes the Coulomb blockade in an appropriateh@nce by increasing or reducing the gate potential, the elec-
way. trons circulate mainly along the lower arm and the interfer-

ence is reduced. The dependence of the current on the
magnetic flux becomes weaker and the amplitude of the os-
cillations is smaller, as illustrated in Fig(8) for V, equal to
Using the above formalism we study the current circulat-0.% (dotted ling and 0.2 (dashed ling
ing along a ring of 2 atoms having a quantum dot inserted By reducing the temperature beloW, we obtain the
in one of its arms, under a small applied electric potential ofcurves shown in Fig. @), where the current is depicted as a
0.03. The dot is subjected to a variable gate potentighnd  function of the magnetic flux fokgT=0.01t with the same
interacts with the rest of the ring withtda=0.1t. This value  values of the gate potential as in FighR2 One can see that,
is justified because there is a barrier that reduces the trananlike the highT case, the current shows large oscillations
mission probability between the dot and the rest of the ringfor Vy=0.2 (dashed curve in which case the dot level is
The ring is connected to two semi-infinite linear chains.  below the Fermi level and the system is in the Kondo re-
The tunneling current as a function of the magnetic fluxgime. This is a consequence of the appearance of an
encircled by the ring, for different values of the gate poten-Abrikosov-Suhl resonance at the Fermi level providing a
tial Vg, is presented in Fig. 2, for low and high temperaturechannel for the electron to go along the upper arm of the ring
(T). By varying the gate potential we can change the energghrough the dot, giving rise to a strong interference with the
of the dot resonant level, which does not coincide With  current circulating along the lower arm.
due to the interaction of the dot with the rest of the system. These features are better clarified by analyzing the local
Let us first analyze the behavior at hidh which has been density of state6. DOS) at the dot, which is shown in Fig. 3,
chosen to correspond tgT=0.1t. ForV, such that the dot for the same values of temperature and gate potential as in
resonant level coincides with the Fermi level, which wasFig. 2 and for a small energy range, of the order of the
taken to be—0.03, the system is in the resonant tunneling applied potential, around the Fermi level. Fég<0.2t the
condition and the current circulates along the upper arm oEDOS shows the Kondo peak approximately pinned at the
the ring, where the dot is located, as well as along the loweFermi level and the resonant level is far lower in energy.
arm, producing interference at the right contact. The interferThis is illustrated by the dashed curves corresponding to
ence pattern depends on the magnetic flux encircled by thé,=0.2t, where the only structure appearing in the energy
ring since the magnetic field introduces a phase shift betweerange considered is the Kondo peak. Notice that at HAigh
the currents circulating along the two arms. As a result thaéhis peak is also present but strongly reduced. Increasing
total current shows a strong dependence on the magnetic flo¥, further, the resonant peak moves towards the Fermi level

Ill. RESULTS AND DISCUSSIONS
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Energy (units of t) ferent energies and, as a consequence, different phases. At

low T the phase dispersion is restricted to the window
FIG. 3. Local density of states at the dot SltéaﬂOWT and(b) Opened by the app“ed potentiaL which is en|arged by in-

high T, for the same values of the gate potential as in Fig. 2.creasing the temperature. The smaller phase resolution of the
Vo/t =0.2 (dashed ling 0.3 (continuous ling, 0.5 (dotted ling. experiment at highT reduces the amplitude of oscillations

since there is no magnetic flux for which the electrons going
and as it gets close to the original Kondo peak their interacalong the different arms of the ring can be totally in phase or
tion results in a double structure in the LDOS that has &Ut of phase. . . -
weak dependence on temperature. This is shown in Fig. 3 bg The not completely mor'mto.nlc bghawor of the oscillation
the continuous curves correspondingAg=0.3t. For greater mpl_ltude at lowT, ShOW’? n F'g: 4, Isa result of the meso-
values of the gate potential these two structures merge intpcOP!C character of the ring, which is reflected on the LDOS

one peak, represented by the dotted curves, which shifts t(?—Y the existence of several structures that interact §||ght|y
with the Kondo peak as a function of the gate potential.

wards higher energies and the Kondo effect disappears. We h h h . f ing threaded b
The distinction between the highand lowT behavior is Ve have shown that an imperfect ring threaded by a mag-
netic flux is a device very sensitive to distinguish between

made evident in Fig. 4 where the oscillation amplitude of theth | d high-t t behavior in the Kond
current is presented as a function of the gate potextdbr 1€ low- and high-temperature behavior in the Kkondo re-
the same low(continuous ling and high(dashed lingtem- ~ 9iMe: At low T the Bohm-Aharonov os_C|IIat|on_s reflect the
peratures as in Figs. 2 and 3. One can see that for the who esence of the Kondo resonance, which provides a channel
range of values of the gate potential for which the system i y which the eleptrons can go through the dot, proc_jucmg
in the Kondo regime Y,=<0.2t) the oscillations of the cur- interference. At h|glﬁl' t_he Abrlkqsov—SuhI resonance disap-
rent are much larger for loW than for highT. On the other pears and the oscillations are important only when the dot

hand, forV,>0.4t the behavior of the oscillations for both Ieve] Is at the resonance conditic_)n. We hope these results
temperatures is similar. However, the current oscillation am{Motivate an experimental verification of this effect.
plitude is smaller for highl than for low T, although the We acknowledge Brazilian Agencies CNPg, CAPES,
LDOS near resonance is approximately temperature indepefdNEP, and FAPERGS, the Ministe da Ciecia e Tecno-

dent. At highT, due to the spread of the Fermi distribution logia (MCT), and Vitae/Antorcha/Andes Grant No. B-11487/

there are more channels contributing to the current with dif4B005 for financial support.
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