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ELECTRONIC EXCITATIONS AND TRANSPORT IN APERIODICSEQUENCES OF QUANTUM DOTS IN EXTERNAL ELECTRICAND MAGNETIC FIELDSP. Yu. Korotaev a*, N. E. Kaputkina a, Yu. E. Lozovik b, Yu. Kh. Vekilov aaNational University of Siene and Tehnology �MISIS�119049, Mosow, RussiabInstitute of Spetrosopy, Russian Aademy of Sienes142190, Troitsk, Mosow Region, RussiaReeived Deember 3, 2010The energy spetra and transport of eletroni exitations in one-dimensional aperiodi sequenes of quantumdots of Thue�Morse and double-periodi type are studied. The in�uene of external magneti and eletri�elds on the energy spetra and transport is onsidered. For aperiodi sequenes of quantum dots, in ontrastto aperiodi sequenes of atoms, the in�uene of relatively small magneti and eletri �elds is essential, butloalization ours at �nite values of the perturbations. The transmission oe�ient is determined using thequasilassial approximation with the Coulomb blokade taken into aount. The resonane tunneling is studied.1. INTRODUCTIONA large lass of materials of great importane forquantum eletronis, suh as the arrays of metalli [1; 2℄or semionduting [3℄ quantum dots (QDs), onsistof weakly oupled nanometer-sale islands. Variousphysial e�ets have been investigated in large peri-odi arrays of QDs [4℄. The study of aperiodi se-quenes of QDs began quite reently [5℄. In aperi-odi strutures, a small perturbation does not loalizeeletrons, and transport is available at �nite values ofperturbations (external �elds), in ontrast to periodione-dimensional strutures, where even an in�nitesimalperturbation loalizes the urrent states [6℄.In this paper, we study the eletroni spetra andeletroni transport properties in one-dimensional ape-riodi sequenes of QDs of the Thue�Morse and double-periodi type [7℄. Two ways to onstrut the aperiodisequenes are onsidered: by de�ning the on�ning po-tential steepness and by de�ning the distanes betweenQDs. Aperiodi sequenes of QDs based on GaAs andits solid solution AlxGa1�xAs and InxGa1�xAs withx = 0:1�1 are onsidered. In the quasilassial ap-proximation, we obtain the tunneling probability fordouble QDs and aperiodi sequenes of QDs and in-*E-mail: pvl.korotaev�gmail.om

vestigate the in�uene of ontrol parameters suh asexternal �elds and the on�ning potential steepness onthe eletroni transport and eletroni spetra. Theresonane tunneling states appear when energy levelsof neighboring QDs beome equal as a result of shiftingeletroni energy levels by the external �elds.2. THE THUE�MORSE ANDDOUBLE-PERIODIC APERIODICSEQUENCESThe Thue�Morse sequene an be de�ned by the re-ursive relations Sn = Sn�1S+n�1 and S+n = S+n�1Sn�1(for n � 1) with S0 = A and S+0 = B. Another wayto build this sequene is through the in�ation rulesA ! AB and B ! BA. Generations of the Thue�Morse sequene areS0 = A; S1 = AB; S2 = ABBA;S3 = ABBABAAB:The double-periodi sequene is invariant under thetransformation A! AB, B ! AA. Generations of thedouble-periodi sequene areS0 = A; S1 = AB; S2 = ABAA;S3 = ABAAABAB:794



ÆÝÒÔ, òîì 140, âûï. 4 (10), 2011 Eletroni exitations and transport : : :We use the two ways to build eah aperiodi stru-ture under investigation.1) By de�ning the on�ning potential steepness.This means that A is a QD with the paraboli on-�ning potential steepness �1 and B is a QD with theparaboli on�ning potential steepness �2. The dis-tanes between the QDs are equal.2) By de�ning the distane between the QDs. Thismeans that A is a pair of QDs with a separation dAand B is a pair of QDs with a separation distane dB .The on�ning potential steepnesses are the same for allQDs. 3. ELECTRON ENERGY SPECTRAWe use the paraboli potential model. The Hamil-tonian of a single eletron in a two-dimensional QD ina magneti �eld with the vetor potential A is [8℄Ĥ = 12m� ��i~r� eA �2 + �r2; (1)where m� = 0:07m0 is the e�etive eletron mass inGaAs, � is the steepness of the on�ning potential,A = (1=2)B � r, r is the radius vetor, and B is themagneti �eld. Hamiltonian (1) leads to the energyspetrum [9℄Enm = 23=2p� �n+ jmj+ 12 �+ !m4 ; (2)where � � e2B2=m� + � is the e�etive on�ning po-tential steepness and ! is the ylotron frequeny,n = 0; 1; 2; : : : , m = 0;�1; : : :For a one-dimensional sequene of QDs and m = 0,the energy spetrum isE = ~r �m� �n+ 12� : (3)The expression for the energy spetrum of an eletronin a QD in the eletri �eld F isE =r �m� �n+ 12�� e2F 22� : (4)We obtain the eletron energy spetra of aperiodi se-quenes in the pairwise interation approximation. Weonsider the energy of the Nth generation of the se-quene in the formEN = NAEA +NBEB ++NABE(1)AB +NAAE(1)AA +NBBE(1)BB : (5)
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Fig. 1. The eletron energy spetra of the nth genera-tion of the aperiodi sequenes and energy levels shiftswithout external �elds, in the magneti �eld B = 0:6 T(with F = 0), and in the eletri �eld F = 104 V/m(withB = 0): a�Thue�Morse sequene; b�double-periodi sequene
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Fig. 2. The potential barrier generated by parabolion�ning potentials on neighboring QDsThe number of type-A dots is NA and of type-B dotsis NB, and the numbers of pairs of QDs of the typesAB, AA, and BB are NAB , NAA, and NBB; EA andEB are the partile energies in the QDs A and B; andE(1)AB , E(1)AA, and E(1)BB are the �rst-order orretions tothe energy of a pair of QDs of the orresponding type.First-order orretions are obtained from the perturba-tion theory:E(1)V = H11 +H22 �p4H212 + (H11 �H21)22 ; (6)where Hij = 1Z�1 �(0)i V �(0)j dx;the perturbation795
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160dB ; nmdB; nmFig. 4. The eletron tunneling probability through three generations of aperiodi (a) Thue�Morse and (b) double-periodisequenes versus the distane dB between QDs in an external magneti �eld B. The distane dA = 90 nm, the on�ningpotential steepness � = 0:5 � 10�7 J/m2V = e24�""0jd� xjis the Coulomb interation, �(0) is the nonperturbedwave funtion of the ith QD, " = 12:9 is the dieletrionstant of GaAs, d is distane between QDs.The energy spetrum is shown in Fig. 1. The ex-ternal �elds were used to tune the eletron energy lev-els. In ontrast to sequenes of atoms, the in�uene ofexternal �elds beomes essential for magneti �elds Babout 1 T and eletri �elds F about 104 V/m.
4. THE TUNNELING PROBABILITYWe onsider the tunneling probability in quasilas-sial approximation [8℄. We study the in�uene of sev-eral ontrol parameters on the tunneling probability.The layered struture of GaAs and its solid solutionsAlxGa1�xAs and InxGa1�xAs with 0:1 � x � 1:0 isonsidered as a sequene of QDs separated by a GaAsbarrier layer. The probability of tunneling through thepotential barrier generated by paraboli on�ning po-tentials of neighboring QDs (Fig. 2) is equal to796
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Fig. 5. The eletron tunneling probability through three generations of aperiodi (a) Thue�Morse and (b) double-periodisequenes versus the external magneti �eld B. The distanes are dA = 90 nm and dB = 110 nm, and the on�ningpotential steepness is � = 0:5 � 10�7 J/m2a b
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dB; nm dB; nmFig. 6. The eletron tunneling probability through three generations of aperiodi (a) Thue�Morse and (b) double-periodisequenes versus the distane dB between QDs in an external eletrial �eld F . The distane dA = 90 nm, the on�ningpotential steepness � = 0:5 � 10�7 J/m2D = e�2 �1 + 14e�2��2 ; (7)where  = ~�1 ���R ba p dx���, a and b are turning points,p = p2m�(E � U) is the momentum of the eletron,U1 = �1x2=2 for x 2 [a; x0), and U2 = �1x2=2 forx 2 [x0; b).For a wide and high potential barrier treated in thequasilassial approximation, we have e�2 � 1 andD = e�2 : (70)
In Fig. 3, we show the dependene of the tunnelingprobability for double QDs with equal on�ning poten-tials on the on�ning potential steepness and the dis-tane between the QDs. It an be seen that an inreasein the distane leads to a derease in the tunnelingprobability. The tunneling probability dereases as theon�ning potential steepness inreases. We estimatedthe tunneling probability through several generations ofThue�Morse and double-periodi sequenes with a def-inite distane between the QDs. The in�uene of di�er-797
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Fig. 7. The eletron tunneling probability through threegenerations of the Thue�Morse aperiodi sequene vs.the distane between QDs at T = 273 K, the on�n-ing potential steepness � = 10�7 J/m2, the distanedA = 150 nm, and n = 1 for all QDs. Cirles or-respond to the absene of the Coulomb blokade, andtriangles orrespond to the Coulomb blokade takeninto aount
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Fig. 8. Resonane tunneling through a double QD. Theeletron energy levels are shifted by the magneti �eldand aligned at B = 0:31 T. The distane between theQDs is d = 110 nm

ent ontrol parameters suh as the distane between theQDs, the on�ning potential steepness, and the valuesof external �elds were onsidered. Three generations ofeah sequene were investigated. The elasti otunnel-ing was onsidered at zero temperature [10℄, beausethe rossover temperature between elasti and inelastiotunneling in our ase is about 10 K. The resultingtransmission oe�ient is then equal to the produtof transmission oe�ients between pairs of QDs (thepossible osillations of the transmission oe�ient werenot taken into aount):D = DNAA DNBB ; (8)where DA and DB are the tunneling probabilities ofpairs of QDs separated by the respetive distanes dAand dB , NA and NB are the numbers of type A andtype B QDs. The results are shown in Figs. 4�6. Inontrast to arrays of atoms, the magneti �elds of about0.1 T and eletri �elds of about 104 V/m essentiallya�et the tunneling probability. Also in ontrast toone-dimensional periodi sequenes, the tunneling ispossible at �nite values of �elds (0�0.6 T in Fig. 4).We estimated the in�uene of the Coulomb blok-ade on the tunneling probability in aperiodi sequenesof QDs. A spherial QD was onsidered with the a-paitane C = 4�"0"r, where " = 12:9, and r is theQD radius. The energy of suh a spherial apaitoris E = e2=2C. The tunneling probability with theCoulomb blokade was estimated asDC = DW; (9)where W = exp(�E=kT ) and D is de�ned in Eq. (70).The results for the Thue�Morse sequene are shownin Fig. 7. It an be seen that the Coulomb blokade es-sentially dereases the tunneling probability throughaperiodi sequene of QDs.5. THE RESONANCE TUNNELING EFFECTIn general, when the on�ning potential steepness isde�ned, the eletron energy levels orresponding to thesame n for di�erent QDs are not equal (see Eq. (2)).We an use external �elds to shift and align the eletronenergy levels in neighboring QDs. When energy levelsbeome equal, the resonane tunneling states (urrentstates) appear. This elasti tunneling is the most es-sential ontribution to eletron transport [11℄. The ob-tained resonane peak orresponds to eletron tunnel-ing from n = 1 of the �rst QD with �1 = 5 � 10�8 J/m2to n = 0 of the seond QD with �2 = 7:7 � 10�7 J/m2,when these levels are aligned by the external magneti798
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Fig. 9. The eletron tunneling probability through three generations of (a) Thue�Morse and (b) double-periodi se-quenes versus the distane between the QDs. Steepnesses of the on�ning potential are �1 = 7:7 � 10�8 J/m2 and�2 = 7:7 � 10�7 J/m2. The eletron energy levels are aligned by the magneti �eld B = 0:155 T�eld (Fig. 8). In this ase, the tunneling probability isgiven by Dn = DNAAAA DNBBBB DNABAB ; (10)where DAA, DBB , and DAB are the tunneling proba-bilities through double QDs AA, BB, and AB; NAAand NBB are numbers of pairs of types AA and BB;and NAB is total number of pairs of types AB andBA for the sequene. This means that the tunnelingondutivity orresponds to an independent sequentialtunneling from one QD to another, as is usually thease with elasti otunneling [10℄. We obtained the de-pendene of the tunneling probability for eah type ofQD pairs on the distane between the QDs. The tun-neling probabilities for di�erent types of QDs di�er byseveral orders of magnitude, and the smallest tunnel-ing probability is through a pair of BB-type QDs in thease �1 < �2. The tunneling probability through theThue�Morse and double-periodi sequenes in the ase�1 < �2 is presented on Fig. 9. The eletron tunnelingprobability in the double-periodi sequene is severalorders of magnitude higher than in the Thue�Morse se-quene, beause the double-periodi sequene does notontain BB pairs. If �1 > �2, then the lower tunnel-ing probability is through the AA pair. In this ase,the tunneling probability in the Thue�Morse sequeneis higher than in the double-periodi sequene. As wean see, the aperiodi struture type (e. g., the Thue�Morse or double-periodi) and the ontrol parameters(e. g., the on�ning potential) have an essential e�eton the tunneling probability.

6. CONCLUSIONSWe have investigated the in�uene of the eletriand magneti �elds on the eletron energy spetrumand eletron transport in the Thue�Morse and double-periodi sequenes of quantum dots. Unlike withsequenes of atoms, relatively small �elds about 1 Tand 104 V/m essentially a�et the energy spetrumand transport properties. The tunneling probabilitywas estimated in the quasilassial approximation andthe Coulomb blokade e�et was taken into aount.In ontrast to periodi sequenes, the urrent statessurvive at �nite values of external �elds. The magnetiand eletri �elds shift the eletron energy levels, andresonane tunneling ours when the energy levelsbeome equal. Inreasing the external eletri andmagneti �elds leads to loalization of exitations, butthe loalization of exitations ours at �nite values ofthe perturbations in ontrast to the ase of periodione-dimensional sequenes.This work was supported by the Program of theRussian Ministry of Eduation and Siene �Develop-ment of High Shool Potential�, by the RFBR (grantsNos. 10-02-00194-a and 11-02-00883-a), by the GoranGusta�son Foundation for nature sienes and medialresearh, and by the Program of Creation and Devel-opment of the National University of Siene and Teh-nology �MISiS�.799
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