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CALCULATIONS OF CONDUCTANCE OSCILLATIONSIN QUANTUM DOTS�G. Haªda± and A. KolekDepartment of Eletronis Fundamentals, Rzeszów University of TehnologyW. Pola 2, 35-959 Rzeszów, Poland(Reeived Otober 31, 2000)When all 3 dimensions of eletron devie drop to a nanometer size, a0-D devie or a quantum dot appears. In this ase the ondutane showsosillations with varying gate voltage. In this paper the results of nu-merial simulations, whih learly show the above behavior, are presented.The dot ondutane is alulated with the help of Landauer formula af-ter the Green's funtion orresponding to devie Hamiltonian is evaluated.Coulomb interations are inluded as the Hartree potential assoiated withthe harge of all partiles inside a dot. This fores us to use self-energieswhih desribes interations between devie and leads not only to propa-gating states but also to non-propagating, loalized states below the band.PACS numbers: 73.23.�b, 73.23.Hk1. IntrodutionThe modern semiondutor tehnology makes now possible fabriationof devies that are only a few tens nanometers in size. The way to on�neeletrons in suh small regions is to use material boundaries and/or eletri�elds. If the eletrons are on�ned in all 3-dimensions: a zero dimensional(0-D) devie or a quantum dot forms. Reent experiments at low tem-peratures revealed that ondutane g of suh quantum dot osillates withvarying gate voltage Vg. The ommonly aepted explanation of this e�etis that eah osillation orresponds to preisely one eletron added to thedevie.The aim of this paper is to present the results of numerial alulationsin whih the e�et of ondutane osillations in quantum dot is reprodued.The method we have employed was the Green's funtion tehnique applied to� Presented at the XXIV International Shool of Theoretial Physis �TransportPhenomena from Quantum to Classial Regimes�, Ustro«, Poland, September 25�Otober 1, 2000. (509)



510 G. Haªda±, A. Kolekdisretized 2-D spae. The problem was simpli�ed in that way that eletron-eletron interations were inluded only within Hartree approximation. Alsothe spin degeneray has been omitted.2. The model and omputational tehniqueThe model of retangular quantum dot together with quasi 1-D leadsis skethed in Fig. 1. We onsider two strips onneted to the oppositeedges of the devie. Within the Hartree approximation the tight-binding
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Fig. 1. (a) The model of 0-dimensional devie weakly oupled to the leads: L1 (left)and L2 (right). The dimensions of the devie are w (width) and L (length). Theleads streth to in�nity. The uniform disretization mesh of lattie spaing a usedin numerial simulations is marked. (b) Energeti struture of the model in (a).Sites in the leads have zero-energies, [E℄i = 0: Energies of the sites in the deviedepend on gate voltage, [E℄i = �eVg. The height of the barriers desribes thevalue of oupling parameter � . Fermi level is assumed in the band enter EF = 4t.Hamiltonian beomes a matrix [H℄ with elements [H℄ij[H℄ii = 4t� e[VH℄i + [E℄i ;[H℄ij = �t ; for i; j being nearest neighbors (n.n.)[H℄ij = 0 otherwise . (1)[E℄i is the ondution band edge at site i, t � ~2=2m�a2, m� is eletrone�etive mass, a is the site separation and the elements of the vetor ofHartree potential are [4℄[VH℄i = � e4�"a Xj 6=i [n℄ja2jrij j=a + 3:52[n℄ia2! ; (2)where jrij j is the distane between sites i and j, " is dieletri onstant and[n℄i is the eletron density at site i. It an be alulated as



Calulations of Condutane Osillations in Quantum Dots 511[n℄i =X res[G℄i;i (z = Eb) + EFZ[E℄i � 1� Im[GR℄i;i(E)dE ; (3)where the summation is over all disrete eigenenergies Eb of the Hamiltonian[H℄ (or poles of [G℄ii) that lie below the Fermi level EF, and the integralis over ontinuous spetrum of [H℄: starting from the band edge [E℄i upto EF. The Green's funtions that appear on the r.h.s. of Eq. (3) an bealulated as [2℄[G℄(z = E+i�) = (z[I℄� [H℄� [�DL1℄� [�DL2℄)�1; GR(E) = lim�!0G(z) : (4)In this equations the oupling between devie and leads is taken into aountin the form of self-energies �DLp; p = 1; 2. The matrix elements of self-energy due to the interation between the devie and the lead p are [2, 4℄[�DLp℄ij(E) = �t�2Xm �m(li)�m(lj)fm(E) ; (5)where � is the oupling parameter and li is the point (site) in the lead padjaent to the point i in the devie. The meaning of the oupling parameter� is that for � = 0 there is no oupling to the lead: [�DLp℄ij = 0. Inthis ase we have losed devie with only bounded states inside the dotand no transport takes plae. On the ontrary for � = 1 the system isentirely open. Tuning � in the range [0, 1℄ ontinuously hanges the ouplingbetween the devie and the lead. It is like ontrolling the height of the tunnelbarrier separating devie from the lead (see Fig. 1(b)). In Eq. (5) �m is thetransverse omponent of the envelope funtion of mode (subband) m in leadp. The form of the funtion fm in Eq. (5) depends on the di�erene betweenE and eigenenergy Em of mode m [2, 4℄fm (E) = 8<: q �pq2 � 1 for E � Em + 2texp (ikma) for Em � 2t � E � Em + 2tq +pq2 � 1 for E � Em � 2t 9=; ; (6)where os kma = q � �(E�Em)=2t. The meaning of the above ases is thatwhile the �rst and third rows refer to loalized (non-propagating) states, therow in the middle desribes the propagation of extended states and for thisreason is espeially important when alulating ondutane. For this reasonthe other two terms are usually ignored. When Coulomb interations areonsidered the harge being aptured in loalized states must be taken intoaount. Thus, for a proper treatment the self-energy terms that desribeinteration for loalized states must not be omitted. One more reason for



512 G. Haªda±, A. Kolekthis is that omitting self-energies that desribes devie-lead interation forloalized states gives inorret density of extended states [5℄. So, in ouralulations we use the self-energies as in Eqs. (5) and (6). In this point thispaper di�ers from others [3℄.3. Results of alulations: 10�5 retangular quantum dotWe have performed alulations for retangular-shaped quantum dot.The disretization mesh was of 10 sites width and 5 sites length. The leadswere of 10 sites width. The strength of Coulomb interation U = e2=4�"awas assumed as U = 0:5t. For GaAs material parameters m� and e thisorresponds to the lattie spaing a ' 2:5 nm, and the size of the devie ofapproximately 25 � 12:5 nm2. As a referene level we have assumed the on-dution band edge in the leads [E℄i = 0. The in�uene of external voltageVg was then simulated by the site energies in the devie [E℄i = �eVg. TheFermi level was �xed in the middle of the band, EF = 4t (see Fig. 1(b)).The alulations were performed for the value of the oupling parameter� = 0:2. The self-onsistent solutions was ahieved in the iterative pro-edure: alulate devie Hamiltonian, Eqs. (1); alulate the self-energiesdue to the leads, Eqs. (5) and (6); alulate the Green's funtions, Eq. (4);alulate eletron density, Eq. (3); alulate the Hartree potential, Eq. (2);alulate the Hamiltonian, Eqs. (1) ..., go on unless eletron density stopshanging. Result are shown in Fig. 2. In Fig. 2(a) the density of states(DOS) 
(E) = a2Xi [�℄i(E) = �a2� Xi Im[GR℄ii(E)alulated for gate voltage Vg = �t=e is presented. Lorentzian peaks at thepositions of dot energy levels are learly visible. The width of these peaksdepend on the value of oupling parameter � , the greater � the wider thepeak.The positions of the peaks in DOS in Fig. 2(a) depend on the gatevoltage Vg. This is shown in Fig. 2(b) where the maxima in DOS are plottedversus eVg. The origin of this step-like behavior is lear. As Vg inreasesevery time the peak in DOS rosses EF a new eletron tunnels into the dot.This prevents moving DOS towards level energies beause the (Coulomb)eletrostati energy of the system inreases. The peak in DOS is pinnedto EF until the whole eletron enters the dot. This e�et is known as theCoulomb blokade.
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eVgFig. 2. (a) Density of states 
(E) alulated for the devie weakly oupled to theleads (� = 0:2). The gate voltage was Vg = �t=e. The position of the Fermi energy,�xed at E = EF = 4t, is marked. The unit on horizontal/vertial axis is t=t�1.(b) The positions of the maxima in the density of states 
(E) versus eVg. Theunit on both axes is t.Another e�et are the osillations of the ondutane. When the peak inDOS rosses EF high DOS is probed. This orrespond to large ondutane.On the ontrary for EF in between the peaks, low DOS is probed and smallondutane should be observed. Indeed, suh osillations are shown inFig. 3. We were able to alulate ondutane g sine it an be expressed interms of the retarded Green's funtion [2℄g = 2e2h Tr�[�L1℄[GR℄[�L2℄[GR℄+	 ; (7)

-4 -3 -2 -1 0 1
0

1

2

3

4

g(E)

V
gFig. 3. Condutane g in units of e2=h versus the gate voltage Vg in units of t=e.



514 G. Haªda±, A. Kolekwhere Trfg stands for the trae of the matrix, + is Hermitian onjugate andthe elements of the matrix [�Lp℄ are [2℄[�Lp℄ii0 =Xm �m(i)~vma �m(i0) ; (8)where vm = 2ta sinkma is the longitudinal omponent of the veloity inmode m and the summation is over all modes in lead p.4. ConlusionsThe Green's funtion tehnique was used to alulate the ondutaneof 0-D devie. The eletron-eletron interations were treated within theHartree approximation. The interations between devie and leads took intoaount both extended and loalized sites. The osillations of ondutanehave been observed in agreement with reent experiments.Useful disussions with S. Pawªowski, A.W. Stadler, M. Mazka andlate professor Andrzej Kusy are gratefully aknowledged. The work wassupported by the Polish State Committee for Sienti� Researh (KBN)grant No. 8T11B06417. REFERENCES[1℄ U. Meirav, M.A. Kastner, S.J. Wind, Phys. Rev. Lett. 65, 771 (1990).[2℄ S. Datta, Eletroni Transport in Mesosopi Systems, Cambridge UniversityPress, 1995.[3℄ A. Aldea, A. Manolesu, V. Moldoveanu, Ann. Phys. (Leipzig) 8, SI-17 (1999).[4℄ M.J. MLennan, Y. Lee, S. Datta, Phys. Rev. B43, 13846 (1991).[5℄ A. Kolek, G. Haldas, Ata Phys. Pol. B32 (2000).


