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KONDO EFFECT IN THE TRANSPORT THROUGHA QUANTUM DOT: EXTENDED NONCROSSINGAPPROXIMATION APPROACH�D. Gerae, E. Pavarini and L.C. AndreaniINFM-Dipartimento di Fisia �A. Volta� Università di PaviaVia Bassi 6, I-27100 Pavia, Italy(Reeived July 10, 2002)We alulate the ondutane through a single quantum dot oupledto metalli leads, modeled by the spin 1/2 Anderson model. We adopt the�nite-U extension of the nonrossing approximation method. Our resultsare in good agreement with exat numerial renormalization group resultsboth in the high temperature and in the Kondo (low temperature) regime.Thanks to this approah, we were able to �t fairly well reently reportedmeasurements [1℄. in a quantum dot devie. We show that, ontrarily towhat previously suggested, the ondutane of this partiular devie anbe understood within the spin 1/2 Anderson model, in whih the e�ets ofthe multilevel struture of the dot are negleted.PACS numbers: 73.23.�b, 72.15.Qm, 73.63.KvThe reent observation [2,3℄ of the Kondo e�et [4℄ in quantum dot (QD)devies has opened the possibility to ontrol the Kondo e�et experimentally,and a new exiting �eld of researh [5℄. It was shown that � below a Kondotemperature TK of the order of 100 mK� the linear response ondutane ofa QD devie, G, approahes 2e2=h (unitary limit) if the number n of eletronson�ned in the QD is odd, and it beomes very small if n is even [3℄. Thiseven/odd e�et seems to be a general feature of most [6℄ QD devies. Inthe present paper we fous our attention on those devies for whih Kondoanomalies appear only for odd n [1�3℄, and in partiular on the experimentaldata reported very reently in Ref. [1℄.In order to desribe a QD oupled to its leads, we adopt the spin 1/2Anderson model [7℄H = X(k;�)2S;D "k yk�k�+"0X� dy�d� + Und"nd#+ X(k;�)2S;D�Vk�yk�d� + h..�: (1)� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(633)



634 D. Gerae, E. Pavarini, L.C. AndreaniHere yk� (k�) reates (destroys) a ondution eletron with momentumk, energy "k and spin � in one of the two leads, whih we label with S(soure) and D (drain); dy� (d�) reates (destroys) an eletron with spin� on the QD; Vk� is the hybridization between QD and ondution states(whih we suppose to be k independent, jVk�j = VS(D) for k 2 S or D), "0is the energy of a single eletron loalized on the QD and U is the Coulombinteration among eletrons on the same orbital level. In the present modelthe energy "0 is not �xed, but on the ontrary it is tuned by a gate voltage,Vg, oupled to the QD through a apaitor. As a �rst approximation weassume a linear relation, "0 = �Vg + onst. The gate voltage (and thus "0)ontrols the number of eletrons on�ned in the QD at low temperature. Inthe linear response regime (VSD � Vg, where VSD is the soure-drain bias)the ondutane, G, may be written in a Landauer-like form [8℄G(T; Vg) = 2e2h +1Z�1 �� �� 1� ImfGR("+ i�)g����f�"� d": (2)Here we have assumed for simpliity that the ouplings to the leads aresymmetri. The atual QD-leads oupling strength is thus � = �N("F)V 2,where V = (V 2S + V 2D)1=2, and N("F) is the density of states per spin atthe Fermi level [7℄. In addition, f is the Fermi distribution funtion andGR(" + i�) is the retarded loal Green funtion, i.e. the Fourier transformof the time-dependent funtion GR(t) = �i �(t)hjfd(t); dy(0)gji. In order toalulate the loal density of states (DOS), that is � = �ImfGR("+ i�)g=�,we adopt the nonrossing approximation method in its �nite-U extension(UNCA) [9℄. This method allows us to explore the empty orbital, (n � 0,�"0 < �� ), the Kondo (n � 1, � < �"0 < U �� ) and the doubly oupied(n � 2, �"0 > U + � ) regimes. Further details on the method used toalulate GR("+ i�) an be found in Refs [9, 10℄.The main purpose of the present work is to understand the experimentaldata of Ref. [1℄. The results of our (new) alulations are shown in Fig. 1(a)and (b) for two di�erent hoies of parameters. The parameters of Fig. 1(a)are our best �t of the experimental data. We notie that the ondutaneas a funtion of "0=U is diretly related to experimental data beause of thelinear relation between "0 and Vg. The results in Fig. 1(a) and (b) are ingood agreement with previously reported exat numerial renormalizationgroup (NRG) alulations (see Fig. 2 of Ref. [11℄). The �gure shows that, athigh temperature (T � TK, see e.g. T = 900 mK), there are two Coulombblokade peaks at energies "0=U � 0 and "0=U � �1, as observed experi-mentally by di�erent groups [1�3℄. Eah peak orresponds to the addition ofone eletron to those on�ned in the QD. When the temperature is lowered,the peaks approah eah other, and the ondutane gradually inreases for
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Fig. 1. Linear-response ondutane as a funtion of "0=U and for di�erent tem-peratures [12℄. (a) Parameters: � = 0:262 meV and U = 0:8 meV. Inset: G=G0as a funtion of T=TK and for di�erent hoies of "0=U . Here G0 is the value ofG at the lowest temperature that an be reahed with the UNCA; TK is suh thatG(TK) � G0=2. (b) Parameters: � = 0:120 meV and U = 0:7 meV.n � 1, while it dereases for n = 0 and n = 2. At very low temperature(T � TK, see e.g. Fig. 1(a), T = 32 mK) the Coulomb blokade peaks mergeinto a plateau at G � 2e2=h, whih is loated in the parameter region forwhih n � 1.In the Kondo regime, the ondutane is expeted to be a universalfuntion of T=TK. In the inset of Fig. 1(a) we show the alulated universalurve G=G0 for three di�erent hoies of "0=U in the Kondo regime (that is"0=U between �0:4 and �0:6). The ratio G=G0 is proportional to ln(T=TK)for T � TK. At very low temperature (T � TK) G=G0 / (T=TK)2, asexpeted in the Fermi-liquid regime [4℄ and as found experimentally [1, 3℄.The ondutane of the spin 1/2 Anderson model was alulated withthe NRG tehnique in Ref. [1℄, and diretly ompared with the reportedexperimental data. Although very good agreement was reahed at low tem-perature, it was shown that at high temperature the theoretial ondutanestrongly underestimates the experimental value. For the same hoie of pa-rameters of the Anderson model, we �nd the same disrepany (see Fig. 1(b)and Fig. 2 of Ref. [1℄). It was then suggested in Ref. [1℄ that multilevel e�etsould be responsible of this disrepany. Here we explored another possibil-ity. We suggest that the experimental data an be �tted within the spin 1/2Anderson model, provided that an appropriate hoie of parameters is made.We found the best agreement for � = 0:262 meV (about two times largerthan the one used in Fig. 1(b)) and U = 0:8 meV. The results obtained withthese optimal parameters are shown in Fig. 1(a), and they are in exellentagreement with experiments both at high and low temperature.
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