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Perturbation treatment for transport through a quantum dot
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Resonant tunneling through an Anderson impurity is investigated by employing a perturbation scheme at
nonequilibrium. This approach gives the correct weak and strong coupling litdibiypintroducing adjustable
parameters in the self-energy and imposing self-consistency of the occupation number of the impurity. We
have found that the zero-temperature linear-response conductance agrees well with that obtained from the exact
sum rule. At finite temperature the conductance shows a nonzero minimum at the Kondo valley, as shown in
recent experiments. The effects of an applied bias voltage on the single-particle density of states and on the
differential conductances are discussed for Kondo and non-Kondo sy$®0i%3-182(9)11519-4

Electronic transport through an artificially fabricated to the Hubbard model in the high dimension limit. We ex-
guantum dot(QD) is of considerable current interedor a  tend this idea to study the transport through an Anderson
review see, e.g., Ref. 1, and references the¢rémaddition  impurity in a nonequilibrium regime. We have found that the
to the Coulomb blockade and ordinary resonant tunnelingero-temperature linear-response conductance obtained from
through a discrete electronic level, a novel Kondo-assistethe density of states agrees well with those obtained from
tunneling has been predictée This phenomenon has been Langreth's exact relatio. Such good agreement has not
verified in single-electron transist8rs(SET) as well as in been obtained before by the previous theories. Starting from
nanometer-sized metallic contaétsn the SET structures this good agreement, we discuss the effects of finite tempera-
several parameters can be controlled by external gates. Thigre and of finite voltage on transport.
opens the possibility of studying a variety of electron corre-  The resonant tunneling through a single quantum state can
lation effects which are not available in the traditional KondobPe described by the Anderson impurity model
problem of dilute magnetic impurities in a metal host. For
e>§ample, the Ie\_/el position of the'quantum dot and the cou- H= 2 Sﬁclmck(mﬂLz Sodjrd(r—’_UﬁTﬁL
pling to reservoirs can be tuned in the single-electron tran- Ko, a -
sistor structuré;® so that atunable Kondo effectould be
observed. F_urth.er., by ap_plying an external vo_Itage between + 2 (t?CL}_adU"— H.c), D
two reservoirs, it is possible to study a new kind of Kondo K

effect out of equilibrium. o . . :
b- whereegy represents the single-particle energy in the reser-

Transport through an Anderson impurity out of equili Tk , . X o .
rium has been studied theoretically by different methods in¥0Ir @(=L,R) with their chemical potential difference being

cluding the perturbation treatment in Coulomb repulsion the applied voltage, that ig; —ugr=eV. The parameters
(Refs. 4 and Band the noncrossing approximatioiCA).5 €0, U, andty denote the single-particle energy in the QD,
The second order perturbation treatment gives reliable result§¢ Coulomb repulsion, and the coupling between QD and
for the symmetric case €+U=0, £, being the level po- €Servoir states, respectively. .

sition of the impurity. However, it is known that away from  In the wide-band limit of the feservoirs, the current for-
the symmetric case second order treatment does not reprBiula can be written in the fortfr

duce the correct low- and high-energy linfit§or the limit 26

o_f |r_1f|n|te U with weak hybridization, NCA pro_wdes quan- |=— E f doT (0){f (@)= fr(o)lp0), (2
titatively accurate results for the Kondo physics except for i 5

very small temperatures. Meanwhile, NCA has some draw- - ]

backs in the low-energy region: it fails to satisfy Fermi- where  I'(0)=TI'| (0)Tr(0)/T(w)  with T (o)
liquid relationd® and, as a consequence, overestimates the m=lti|*8(w—e,) being the coupling strength between
conductance due to the Kondo resonaneelow tempera- the QD level and the lead, andI'(w)=T"| () +T'gr(®).
ture. Although the qualitative physics of electron transportf o(®) =1/(ef“"#<+1) and p,(w)=—(1/m)IMG(w)
through the Anderson impurity is now well understood, aare the Fermi function of lead and the spectral density of
theory which can describe properly the wide range of paramstates(DOS) of the electron in the QD, respectively.

eters, including the physics of Kondo resonant transport, In calculating the Green function

charge fluctuation, and the empty site limit, is still missing.

o

In this paper, we investigate the transport through an _ 1
Anderson impurity by means of a new perturbation treatment
which gives the correct weak and strong coupling limits in a ‘”_80_2 Ayw)=2()

self-consistent manner. Therefore, one can deal with an in-
terpolation scheme between two limits. This treatment had ()= |t¢|?/(w—ef), we start with the ansatz for the
been suggested by Kajueter and Kofftaior an application  self-energy
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FIG. 1. Linear-response conductance at zero temperature as a FIG. 2. Linear-response conductanceTat0 (solid line), T
function of the dot level position. The conductance is obtained from=0.5"'(0) (dashed ling andT=T'(0) (dot-dashed ling The con-
the DOS(solid line) and from Langreth’sexac} relation (dashed  ductance is symmetric aroungy=—U/2 and it has minimum at
line). The dot-dashed line denotes the occupation number of théhis value for finite temperatures and a flat maximum at that point
QD.U=7.27'(0) and a parabolic form df (w) is used in thisand for T=0.
all the other figures.
tered atw =0 with bandwidthWw=16.62"(0) is used and the

as@(w) energy scale in th& axis is normalized td'(0). According
2(w)=Un+ CIPRE (4)  to our results(see Fig. 1, G=2e?h in the Kondo limit,
1-b3'")(w) which implies the Kondo-assisted transmission. At zero tem-

wheren is the occupation number of the QD level which perature, the linear-response conductance may also be de-
should be determined self-consistently, @@ is the sec- duced from the Friedel-Langréfhsum rule, which leads to
ond order self-energy itJ. Note that each Green’s function the relatiori

line in the3(®)(w) diagram is given b

(w) diag J Y 2e? 4T (0)I'r(0)

1 G:T 2SI n.

: (5) [T'L(0)+T'r(0)]

w—sO—Un—E A (w) In Fig. 1 one can see that the conductance obtained from the
“ density of states presents good agreement with those ob-

The parametea in Eq. (4) is determined from the condi- tained from the sum rule. It is important to note that such
tion that the self-energy has the exact behavior at high fre@greement could not be achieved by other treatments such as

quencies, and is determined from the atomic limit Both € ordinary second order perturbation theory or by the

9
Go(w)=

15
conditions lead to the expressions NCA. . .- .
The linear-response conductance at finite temperatures is
n(1—n) displayed in Fig. 2. The conductance shows a strong tem-
a= —— (6)  perature dependence in the Kondo limit, while it is almost
No(1—ng) :
temperature independent feg>0 andey+U<0. The sup-
and pression of the conductance in the Kondo limit at finite tem-
peratures is related with the reduction of the density of states
__(A-2n) near the Fermi level. As a result, the conductance has two
No(1—ng)U maxima at certain points irr U<g,<0, and a minimum at

go=—U/2. Note that the conductance is symmetric around
go=— U/2 because of electron-hole symmetry of the model
and has a minimum value at this energy fo# 0. To our
knowledge, this is the first quantitative result which shows
the nonzero conductance minimum due to the Kondo effect.
Que to the Kondo resonance at finite temperature, the peak
Spacing for an odd-number QD is smaller than that of an
even-number QD. The peak spacing between two conduc-
22 _ tance maxima is reduced as the temperature decreases, which
G=—47L(0)p,(0). (8)  can be attributed to the quantum fluctuation of the number of
electrons in the QD. These effects have been observed in
In Fig. 1 we show the zero-temperature linear-response comecent experiments for the SE®.The asymmetry comes
ductance as a function of the dot level for symmetric coufrom a transition between Kondo and non-Kondo system and
pling ' (0)=Tg(0). For this and all the other figures we is reproduced in our calculation. The Kondo effect shows up
have chosetJ=7.271'(0). A parabolic form ofl'(w) cen- as a nonzero conductance between the conductance peaks for

where ng is a fictitious particle number obtained from
Gy(w). Hence, these two parameters give the correct wea
and strong coupling limits in any region, including Kondo,
charge fluctuation, and even-number site limit.

The linear-response conductanGe=dl/dV|y—, can be
obtained from the spectral density of states according to th
current formula Eq(2). At zero temperature, it reduces to
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) ) ) FIG. 4. Zero-temperature differential conductance as a function
FIG. 3. Zero-temperature single-particle DOS of the QD level in ¢ the external voltage. Pronounced zero-bias maxima are shown in
the presence of the applied voltage. far eo=—U/2 and(b) &0 the Kondo limit[so=— U/2 (solid line), —0.288J (dotted ling],

=—0.288J the Kondo peaks are suppressed by applying the volty, hie flat minima can be shown in the empty site linfig,
age, while the shape of the spectral DOS remains almost unchanged; ;g (dashed ling 0.38J (dot-dashed ling.

for non-Kondo systemsc) ,=0.19J and(d) ¢,=0.38U.

conductance shows very weak zero-bias minimum for the
the QD with odd number of electrons. As the temperaturenon-Kondo systemg,>0). This can be understood from
increases, the minimum conductance gt —U/2 decreases the behavior of the spectral DOS in the presence of applied
and the positions of the maximum conductance approach th¢oltage in Figs. &) and 3d). If the voltage dependence of
bare levels, which implies that the transport properties aréhe spectral DOS is neglected, the conductance at zero tem-
similar to the ordinary resonant tunneling at high temperaperature is given by

ture
’ 2
Let us now turn our attention to the nonequilibrium situ- ﬂ: Zi[f(eV/Z)p (eVI2)+T'(—eVI2)p (—eVi2)]
ation. For simplicity, we assume a symmetric voltage drop, dV 7% 7 v '
that is, u, = — ug=eV/2. Figure 3 shows the spectral DOS (10

of the QD at nqnequilibrium for different'values of. As According to the behavior observed in Figéci@and 3d) as
one can easily find, the effects of the applied voltage are veryq|| 45 £q.(10) one can conclude that the differential con-
different for the Kondo systemi@ and (b)] and for the  y,ctance has a weak zero-bias minimum for a non-Kondo
non-Kondo systemf(c) and(d)]. In Figs. 3a) and 3b) one stem. The experimental results for the non-Kondo valley
can see that the resonance in the Fermi level is suppressedE not show a universal behav®ihat is. both zero-bias
applying the voltage, because the external voltage producgginima and maxima have been shown in the nonlinear con-
inelastic scattering of quasiparticles located between the twWQ ctance. This issue seems to be still open, while a pro-

different chemical potentials. For the symmetric caseo(2 nounced zero-bias minimum in the mixed valence limit has
+U=0), the spectral weight in the Fermi level is transferredy,qqp, predicted in a previous stutly.

to the satellite peaks. In Fig(l3, we investigate the asym- |, conclusion, we have studied resonant tunneling through
metric case. Here_, the reduct|0n_ of the Kondo peak is lesg quantum dot by means of a new perturbation treatment
pronounced than in the symmetric case. which correctly takes into account the weak and strong cou-

The DOS foreo>0, Figs. 3c) and 3d), is insensitive to  pjing limits. In our study, we have found that the zero-
the external voltage. This is very _dlfferent from the beha"_'ortemperature linear-response conductance agrees well with
of the Kondo system. In this limit, the transport propertiesiat optained from the exact sum rule. At finite temperature
are similar to the noninteracting system and the differential,e conductance has been shown to have a nonzero minimum
conductance has a weak dependence on the temperature 8fghe Kondo valley and the minimum conductance decreases
on the external voltage, as we discuss below. . with increasing temperature. We have shown that the Kondo

_ The differential conductancetl/dV as a function oV'is  regonance is reduced by applying a small voltage. This leads
displayed in Fig. 4 for several values &f. The conductance o a pronounced zero-bias maximum of the differential con-
is symmetric under bias reversal, since we considered a syngnctance as a function of the voltage. On the other hand, the

metric voltage drop as well as symmetric coupling for two gensity of states is insensitive to the voltage in a non-Kondo
tunnel barriers. The conductance has a maximum at zero b'%'?/stem and accordingly weak zero-bias minima occur in the

in the Kondo system, because the Kondo resonance is rjtferential conductance.

duced by the external voltage. This reduction is most pro-

nounced in the symmetric case. This zero-bias maximum has The authors wish to acknowledge P. Fulde for his hospi-
been well known from previous calculatién8and observed tality during their stay at the Max-Planck-InstitutrfRhysik

in experiments~® The conductance for the symmetric caseKomplexer SysteméMPI-PKS). This work has been sup-
increases at larger voltage, which is related to the ordinarported by the MPI-PKS. One of u@.K.) has also been
resonance of the QD level with the leads. In contrast, thesupported in part by the KOSEF.
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