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THE EFFECT OF COULOMB CORRELATIONS ON THENONEQUILIBRIUM CHARGE REDISTRIBUTION TUNEDBY THE TUNNELING CURRENTP. I. Arseev b, N. S. Maslova a, V. N. Mantsevih a*aLomonosov Mosow State University119991, Mosow, RussiabLebedev Physial Institute119991, Mosow, RussiaReeived Otober 7, 2011We demonstrate that the tunneling urrent �owing through a system with Coulomb orrelations leads to aharge redistribution between the di�erent loalized states. A simple model onsisting of two eletron levelsis analyzed by means of the Heisenberg equations of motion taking orrelations of eletron �lling numbers inloalized states into aount exatly in all orders. We onsider various relations between the Coulomb intera-tion and loalized eletron energies. Sudden jumps of the eletron density at eah level in a ertain range ofthe applied bias are found. We �nd that for some parameter range, inverse oupation in the two-level systemappears due to Coulomb orrelations. It is also shown that Coulomb orrelations lead to the appearane ofnegative tunneling ondutivity at a ertain relation between the values of tunneling rates from the two eletronlevels. 1. INTRODUCTIONNonequilibrium Coulomb orrelations an drasti-ally a�et the loal harge distribution in the vii-nity of impurity omplexes in nanometer tunnelingjuntions. Coulomb interation results in signi�anthanges of eletron �lling numbers in eah loalizedstate and of urrent�voltage (I�V ) harateristis ofimpurity omplexes. Adjusting the parameters of atunneling ontat allows obtaining negative tunnelingondutivity aused by Coulomb orrelations in a er-tain range of the applied bias. There are several experi-mental situations in whih Coulomb interation valuesare of the order of the eletron level spaing or evengreatly exeed it. This usually ours if the distanebetween several impurity atoms or surfae defets isomparable to the lattie sale, and hene the ouplingbetween their eletron states an greatly exeed the in-teration of these loalized states with the ontinuousspetrum.Another possible realization is a quantum dot ortwo small interating quantum dots on a sample sur-*E-mail: vmantsev�smplab.phys.msu.ru

fae weakly onneted with bulk states. Suh systemsan be desribed by a model inluding several eletronlevels with Coulomb interation between loalized ele-trons. The eletroni struture of suh omplexes anbe tuned both by an external eletri �eld that hangesthe values of single-partile levels and by eletron or-relations of loalized eletron states. In a nonequilib-rium situation, Coulomb orrelations an be expetedto result in a spatial redistribution of loalized hargesand the possibility of loal harge density manipula-tion governed by Coulomb orrelations. In some sense,these e�ets are similar to the �o-tunneling� observedin [1; 2℄. Moreover, Coulomb interation of loalizedeletrons an be responsible for the inverse oupationof loalized eletron states and negative loal tunnelingondutivity in a ertain range of applied bias. Thesee�ets an be learly seen if single-eletron levels havedi�erent spatial symmetries.The nonmonotoni �lling of individual quantumdots as a funtion of gate voltage due to the ompe-tition between tunneling and Coulomb interation in asystem of oupled single-level quantum dots with spin-less eletrons was analyzed in [3℄. But the authors stud-ied only �rst-order orrelations in the limit of a large156



ÆÝÒÔ, òîì 142, âûï. 1 (7), 2012 The e�et of Coulomb orrelations : : :value of Coulomb interation (higher than a level spa-ing and level broadening) and paid attention mostly tothe dependene of individual quantum dots �lling num-bers on temperature. A nonmonotoni harge oupa-tion was already investigated when reservoirs oupledto quantum dots were replaed by single levels [4; 5℄.Muh attention has been paid to eletron transportthrough a single impurity or a dot in the Coulombblokade and the Kondo [6℄ regimes. These e�etshave been studied experimentally and are urrently un-der theoretial investigation [7�13℄. But if the tunne-ling oupling is not negligible, the impurity harge isnot a disrete value and one has to deal with impu-rity eletron �lling numbers (whih beome ontinuousvariables) determined from kineti equations.Nonequilibrium e�ets and tunneling urrent spet-ra in the system of two weakly oupled impurities(when the oupling between impurities is smaller thanthe tunneling rates between energy levels and tun-neling ontat leads) in the presene of Coulomb in-teration were desribed by a self-onsistent approahbased on the Keldysh diagram tehnique in [14; 15℄. Inthis paper, we onsider the opposite ase where theCoulomb oupling between loalized eletron states ismuh greater than the tunneling transfer rates.We propose a theoretial approah based on theHeisenberg equations for loalized state eletron �llingnumbers taking loal eletron density orrelations intoaount in all orders [16℄. The tunneling urrent in atwo-level system of spinless fermions with an in�nitevalue of Coulomb interation has been investigated in[17℄. But the obtained results do not take any non-trivial pair orrelations for �nite Coulomb orrelationsinto aount. If we are interested in kineti propertieswith the applied bias range larger than the harater-isti energy of orrelations between loalized and bandeletrons in the leads, then the Kondo e�et is unim-portant. In this ase, for a �nite number of loalizedeletron levels, a losed system of equations for ele-tron �lling numbers and all their orrelators an beobtained. It allows analyzing the role of Coulomb or-relations in harge redistribution and in the formationof main features of I�V harateristis.2. THE PROPOSED MODELWe analyze tunneling through the two-level sys-tem with Coulomb interation of loalized eletronsskethed in Fig. 1. The model system an be desribedby the Hamiltonian
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Fig. 1. Energy diagram of a two-level system (a) andshemati spatial diagram of experimental realization(b). Coulomb energy Uij orresponds to the intera-tion between eletrons on di�erent energy levelsĤ =Xi� "ini� +Xk� "k+k�k� ++Xp� "p+p�p� + Xij��0 U��0ij ni�nj�0 ++Xki� tki(+k�i� + h..) +Xpi� tpi(+p�i� + h..); (1)where the indies k and p respetively label onti-nuous spetrum states in the left (sample) and right(tip) leads of tunneling ontat and tk(p) are the tun-neling transfer amplitudes between ontinuous spe-trum states and loalized states with energies "i.The operators +k(p)=k(p) orrespond to eletron rea-tion/annihilation in the ontinuous spetrum statesk(p) and ni� = +i�i� are the two-level system elet-ron �lling numbers, where the operator i� destroys aneletron with spin � on the energy level "i.The tunneling urrent through the two-level system157



P. I. Arseev, N. S. Maslova, V. N. Mantsevih ÆÝÒÔ, òîì 142, âûï. 1 (7), 2012is written in terms of the eletron reation/annihilationoperators asI = Ik� =Xi� Iki� =Xk� _nk� ==Xki� tki(h+k�i�i � h+i�k�i): (2)We set ~ = 1, and therefore equations of motion for theprodut +k�i� of eletron operators an be written asi�+k�i��t = ("i � "k)+k�i� + Uiini��+k�i� ++ Uij(nj� + nj��)+k�i� � tki(ni� � bfk) ++ Xk0 6=k tk0i+k�k0� +Xi 6=j tkj+j�i� = 0; (3)where bfk = +k�k� : (4)To obtain an equation for the tunneling urrent, wemultiply Eq. (3) by ombinations of the eletron �llingnumber operators ni(j)�� :(1� n1��)(1� n2��)(1� n2�)+k�1� == 8<:0�tk1(n1�� bfk)+Xk0 6=k tk01+k�k0�+tk2+2�1�1A �� (1� n1��)(1� n2��)(1� n2�)9=; f"1 � "kg�1; (5)n1��(1� n2��)(1� n2�)+k�1� == 8<:0�tk1(n1�� bfk)+Xk0 6=k tk01+k�k0�+tk2+2�1�1A �� n1��(1� n2��)(1� n2�)9=; f"1 � "k +U11g�1; (6)X�0 n2�0(1� n1��)(1� n2��0)+k�1� ==X�0 8<:0�tk1(n1�� bfk)+Xk0 6=k tk01+k�k0�+tk2+2�1�1A �� n2�0(1�n1��)(1�n2��0)9=; f"1�"k+U12g�1; (7)

X�0 n1��n2�0(1� n2��0)+k�1� ==X�0 8<:0�tk1(n1�� bfk)+Xk0 6=k tk01+k�k0�+tk2+2�1�1A �� n1��n2�0(1�n2��0)9=; f"1�"k+U11+U12g�1; (8)n2��n2�(1� n1��)+k�1� == 8<:0�tk1(n1�� bfk)+Xk0 6=k tk01+k�k0�+tk2+2�1�1A �� n2��n2�(1�n1��)9=; f"1�"k+2U12g�1; (9)n1��n2��n2�+k�1� == 8<:0�tk1(n1�� bfk)+Xk0 6=k tk01+k�k0�+tk2+2�1�1A �� n1��n2��n2�9=; f"1�"k+U11+2U12g�1: (10)The relation n2i� = ni� was used in these equations.Negleting hanges in the eletron spetrum andloal density of states in the tunneling ontat leadsaused by the tunneling urrent, we unouple the on-dution and loalized eletron �lling numbers. Thisalso means that we neglet any orrelation e�ets bet-ween loalized and band eletrons, similarly ~ the aseof the Kondo e�et.It is easy to hek verify that(1� n1��)(1� n2��)(1� n2�) ++ n1��(1� n2��)(1� n2�) ++X�0 n2�0(1� n1��)(1� n2��0) ++X�0 n1��n2�0(1� n2��0) ++ n2��n2�(1� n1��) + n1��n2��n2� = 1: (11)Adding the right- and left-hand sides of Eqs. (5)�(10),we then obtain an equation for h+k�i�i, whih aftera summation over k yields an equation for the tunne-ling urrent through the two-level system. The totalurrent is the sum of two ontributions,Ik� = Ik1� + Ik2� ; (12)158



ÆÝÒÔ, òîì 142, âûï. 1 (7), 2012 The e�et of Coulomb orrelations : : :where the expression for the tunneling urrent Ik2� anbe obtained by hanging indexes 1$ 2 in the equationfor the tunneling urrent Ik1� , whih is given byIk1� = �k1fhn1�i�h(1�n1��)(1�n2��)(1�n2�)i�� fk("1)� hn1��(1� n2��)(1� n2�)ifk("1 + U11)�� hn2�(1� n2��)(1� n1��)ifk("1 + U12)�� hn2��(1� n2�)(1� n1��)ifk("1 + U12)�� hn1��n2�(1� n2��)ifk("1 + U11 + U12)�� hn1��n2��(1� n2�)ifk("1 + U11 + U12)�� hn2�n2��(1� n1��)ifk("1 + 2U12)�� hn1��n2��n2�ifk("1 + U11 + 2U12)g++ tk1tk2�0k+2�1� + Xk0 6=khtk1tk01+k�k0�i ���� (1� n1��)(1� n2��)(1� n2�)"1 � "k � ++�n1��(1� n2��)(1� n2�)"1 + U11 � "k �++*X�0 n2�0(1� n1��)(1� n2��0)"1 + U12 � "k +++*X�0 n1��n2�0(1� n2��0)"1 + U11 + U12 � "k +++ �n2��n2�(1� n1��)"1 + 2U12 � "k � ++ � n1��n2��n2�"1 + U11 + 2U12 � "k�� : (13)In what follows, we neglet the termstk1tk2�0k+2�1� and terms proportional totk1tk01+k�k0�=("1 � "k) in expression (13) beausethey orrespond to the next-order perturbation theoryin the parameter �i="i. The relaxation rates�k(p)i = �t2k(p)i�0are determined by eletron tunneling transitions fromthe two-level system to the leads k (sample) and p(tip) ontinuum states; �0k(p) is the ontinuous spet-rum density of states. The main equation for the ur-rent (13) inludes mean eletron �lling numbers ni�and pair and triple orrelators for the loalized states,whih have to be determined. Equations for the totaleletron �lling numbers n1� and n2� on levels 1 and 2an be found from the onditions�n1��t = Ik1� + Ip1� = 0;�n2��t = Ik2� + Ip2� = 0; (14)

where the tunneling urrent Ip� an be easily obtainedfrom Ik� by hanging indexes k $ p. Pair �lling num-ber orrelators an be found as��ni�nj�0�t � = ��ni��t nj�0�+��nj�0�t ni�� : (15)The full expressions that determine the system ofequations for pair �lling number orrelators in terms ofhigher-order orrelators in the stationary ase are��ni�nj�0�t � = (�ki + �pi + �kj + �pj)�� hni�nj�0 i � (�kifk("i + Uij) + �pifp("i + Uij))�� hnj�0 (1� nj��0 )(1� ni��)i �� (�kjfk("j + Uij) + �pjfp("j + Uij))�� hni�(1� ni��)(1� nj��0 )i �� (�kifk("i + Uii + Uij) + �pifp("i + Uii + Uij))�� hni��nj�0 (1� nj��0 )i �� (�kifk("i + 2Uij) + �pifp("i + 2Uij))�� hnj��0nj�0 (1� ni��)i �� (�kifk("i + Uii + 2Uij) + �pifp("i + Uii + 2Uij))�� hni��nj�0nj��0i �� (�kjfk("j + Ujj + Uij) + �pjfp("j + Ujj + Uij))�� hnj��0ni�(1� ni��)i �� (�kjfk("j + 2Uij) + �pjfp("j + 2Uij))�� hni��nj�0 (1� nj��0 )i �� (�kjfk("j +Ujj +2Uij) +�pjfp("j +Ujj +2Uij))�� hnj��0ni�ni��ig = 0: (16)Higher-order orrelators an be found similarly:��nj�nj��ni��0�t � = ��nj�nj���t ni��0�++��ni��0�t nj�nj��� : (17)Hene, the higher-order orrelators are given byhnj�nj��ni��0i = f�kjfk("j + Ujj + 2Uij)�� (hni��nj�i+ hni��nj��i) ++ �kifk("i + 2Uij)hnj�nj��i++ �pjfp("j + Ujj + 2Uij)�� (hni��nj�i+ hni��nj��i) ++ �pifp("i + 2Uij)hnj�nj��ig ��f�kif3+fk("i+2Uij)�fk("i+Uii+2Uij)g++�pif3+fp("i+2Uij)�fp("i+Uii+2Uij)gg�1: (18)159



P. I. Arseev, N. S. Maslova, V. N. Mantsevih ÆÝÒÔ, òîì 142, âûï. 1 (7), 2012We onsider the paramagneti situationni� = ni��; hni�nj�i = hni�nj��i;hni�ni��nj�i = hni�ni��nj��i:(We note that system of equations (14)�(19) also al-lows analyzing the magneti regime with ni� 6= ni�� .)After the substitution of Eq. (18) in (16), the systemof equations for the pair orrelatorsK11 � hn1�n1��i; K22 � hn2�n2��i;K12 � hn1�n2�ibeomes0B� a11 a12 a13a21 a22 a23a31 a32 a33 1CA�0B� K11K12K22 1CA = F (19)with the oe�ients a11 = 1;a12 = 2nT1 ("1 + U11)� nT1 ("1 + U11 + U12)�� 2�2�1nT2 ("2 + U22 + U12)�1;a13 = �nT1 ("1 + 2U12)�1; (20)

a21 = �nT2 ("2 + 2U12)�2;a22 = 2nT2 ("2 + U22)� nT2 ("2 + U22 + U12)��2�1�2nT1 ("1 + U11 + U12)�2;a23 = 1; (21)
a31 = �2�1 + �2 (nT2 ("2 + U12)��nT2 ("2 + 2U12)(1 + 2A2));a32 = 1 + �1�1 + �2 (nT1 ("1 + U12)��nT1 ("1 + U11 + U12)(1 + 4A2)) ++ �2�1 + �2 (nT2 ("2 + U12)��nT2 ("2 + U2 + U12)(1 + 4A1));a33 = �1�1 + �2 (nT1 ("1 + U12)��nT1 ("1 + 2U12)(1 + 2A1));

(22)
where �i = �ki + �pi and we introdued tunneling �ll-ing numbers nTi ("i) and nTi ("i +Uij) in the absene ofCoulomb interation:nTi (") = �kifk(") + �pifp(")�ki + �pi : (23)The oe�ients �i and Ai an then be found as�i = nTi ("i + Uii)� nTi ("i + Uii + Uij)3 + nTi ("i + 2Uij)� nTi ("i + Uii + 2Uij) + nTi ("i + Uii + 2Uij)3 + nTi ("i + 2Uij)� nTi ("i + Uii + 2Uij) ;Ai = (1=2)nTi ("i + Uij)� (1=2)nTi ("i + Uii + Uij)3 + nTi ("i + 2Uij)� nTi ("i + Uii + 2Uij) � (1=2)nTi ("i + 2Uij) + (1=2)nTi ("i + Uii + 2Uij)3 + nTi ("i + 2Uij)� nTi ("i + Uii + 2Uij) ; (24)

F = 0BBBB� nT1 ("1 + U11)n1�nT2 ("2 + U22)n2��1�1 + �2nT1 ("1 + U12)n2� + �2�1 + �2nT2 ("2 + U12)n1� 1CCCCA : (25)Pair orrelators Kij an be expressed through ni(j) using Eqs. (19)�(25). Substituting the solution for hig-her-order orrelators obtained from Eqs. (16) and (18) in Eq. (14), we an �nd hni�i and �nally the tunnelingurrent.For large Uij , we retain only states with at most two eletrons in the quantum dot (negleting triple orrelators).Then the expressions for the tunneling urrent and the pair orrelators Kij beomeIk1� = �kfhn1�i � (1� hn1�i � 2hn2�i+K22 + 2K12)fk("1)� (hn1�i � 2K12)fk("1 + U11)�� 2(hn2�i �K12 �K22)fk("1 + U12); (26)K12 = (1=2)nT ("1 + U12)(1� nT ("2 + U22))n2� + (1=2)nT ("2 + U12)(1� nT ("1 + U11))n1�1 + nT ("1 + U12)((1=2)� nT ("2 + U22)) + nT ("2 + U12)((1=2)� nT ("1 + U11)) ; (27)160



ÆÝÒÔ, òîì 142, âûï. 1 (7), 2012 The e�et of Coulomb orrelations : : :K11 = (1 + (1=2)nT ("1 + U12)� (1=2)nT ("2 + U12)� nT ("1 + U12)nT ("2 + U22))nT ("1 + U11)n1�1 + nT ("1 + U12)((1=2)� nT ("2 + U22)) + nT ("2 + U12)((1=2)� nT ("1 + U11)) �� nT ("1 + U11)nT ("1 + U12)(1� nT ("2 + U22))n2�1 + nT ("1 + U12)((1=2)� nT ("2 + U22)) + nT ("2 + U12)((1=2)� nT ("1 + U11)) ; (28)K22 = (1 + (1=2)nT ("2 + U12)� (1=2)nT ("1 + U12)� nT ("2 + U12)nT ("1 + U11))nT ("2 + U22)n2�1 + nT ("1 + U12)((1=2)� nT ("2 + U22)) + nT ("2 + U12)((1=2)� nT ("1 + U11)) �� nT ("2 + U22)nT ("2 + U12)(1� nT ("1 + U11))n1�1 + nT ("1 + U12)((1=2)� nT ("2 + U22)) + nT ("2 + U12)((1=2)� nT ("1 + U11)) : (29)When all Coulomb interation energies are extremely large, Uij ! 1 or eV � "i + Uij , expressions for theeletron �lling numbers nj and the tunneling urrent for low temperatures have a very simple form:n1� = nT1 ("1)(1� nT2 ("2))(1 + nT1 ("1))(1 + nT2 ("2))� 4nT1 ("1)nT2 ("2) ;n2� = nT2 ("2)(1� nT1 ("1))(1 + nT1 ("1))(1 + nT2 ("2)) � 4nT1 ("1)nT2 ("2) : (30)The tunneling urrent is obtained from (26) by omitting all orrelators K and terms with fk("i + Uij):Ik = 4�k�p�k + �p (fp("1)� fk("1))(1� nT2 ("2)) + (fp("2)� fk("2))(1� nT1 ("1))(1 + nT1 ("1))(1 + nT2 ("2))� 4nT1 ("1)nT2 ("2) : (31)The determinant of system (19) an vanish or evenbeome negative for some hoie of the parameters,and therefore the eletron �lling numbers of the two-le-vel system an take negative values at some ranges ofthe applied bias voltage. Suh invalid system beha-vior is the result of our approximation beause we ne-gleted the interation between the two loalized elet-ron states due to the eletron transitions to the on-tinuous spetrum states in the leads and bak. To im-prove the results, it is neessary to inlude the orre-tions that an be found using the next-order perturba-tion theory in the parameter �i="i, retaining the termstk1tk2�0k+2�1� in Eq. (3). In this ase the �nal equa-tions for ni� have additional nonlinear terms and anbe shematially written asn1�(A11+�1n22�)+n2�(A12+�2n21�) = nT ("1);n2�(A22+�2n21�)+n1�(A21+�1n22�) = nT ("2): (32)The oe�ients Aij , �i, and �i have a rather simplebut umbersome form and depend only on the tun-neling �lling numbers and parameters of the tunnelingontat. We do not onsider this ase here.3. MAIN RESULTS AND DISCUSSIONThe behavior of ni� and I�V harateristis

strongly depends on the parameters of the tunne-ling system: energy level positions, the di�erene ofCoulomb interation between various loalized states,and the relation between tunneling rates. The generalfeatures of all dependenes are a multiple harge redis-tribution in the system with hanging the applied biasand step-like I�V harateristis with nonequidistantsteps related to the energies of various multieletronstates in the quantum dots. Besides, inverse oupa-tion of quantum dots levels and negative tunneling on-dutivity appear for a partiular range of the systemparameters and bias voltage.We �rst analyze the situation where tunneling ratesfrom both loalized states to the leads are approxi-mately equal, tk(p)1 = tk(p)2. Figures 2�7 demonstratethe behavior of �lling numbers and tunneling urrentobtained from kineti equations for di�erent values ofthe Coulomb energies Uij and various eletron level lo-ations relative to the sample Fermi level in symmetri,�ki � �pi, and asymmetri, �ki � �pi (�ki � �pi),tunneling ontats taking all-order orrelators into a-ount. The bias voltage in our alulations is appliedto the sample. Therefore, if both levels are above (be-low) the Fermi level, all the spei� features of hargedistribution and tunneling urrent harateristis anbe observed at negative (positive) values of eV .11 ÆÝÒÔ, âûï. 1 (7) 161



P. I. Arseev, N. S. Maslova, V. N. Mantsevih ÆÝÒÔ, òîì 142, âûï. 1 (7), 2012In the ase of both energy levels situated above(Fig. 2, Fig. 5) or below (Fig. 3, Fig. 6) the sampleFermi level, we observe the harge redistribution be-tween eletron levels of a reentrant harater. Whenthe applied bias inreases, two possibilities for hargeaumulation for large Coulomb energies Uij are reali-zed in turn. Charge an be loalized on both eletronlevels equally, n1 = n2, or mostly aumulated on thelower energy level (n1 < n2). Figure 3 shows two rangesof applied bias where the upper level beomes empty,n1 = 0 ("2 < eV < "1 and "2 + U12 < eV < "1 + U12),for large values of the Coulomb energies. Derea-sing the Coulomb energies leads to the situation whereharge is mostly aumulated on the lower energy level(Fig. 6), but n1 6= 0. In the partiular range of ap-plied bias "2 < eV < "1+U12, the harge is ompletelyloalized on the lower energy level: n1 = 0.Taking all-order orrelators into aount allows in-vestigating tunneling through the two-level system inthe ase of small Coulomb energies Uij � "i(j). Figu-re 5 demonstrates how �lling numbers and tunnelingurrent dependenes hange due to a derease in theCoulomb energies for a symmetri tunneling ontat,�ki = �pi (asymmetri ontats show the same tenden-ies). We demonstrate the ase of both eletron levelsloalized above the sample Fermi level.If the Coulomb interation is of the order ofsingle-eletron energies, three ranges of the appliedbias appear where inverse oupation ours: n1 >> n2 (Fig. 5b) ("2 + 2U12 < eV < "1 + U11, "1 ++ 2U12 < eV < "1 + U11 + U12, and "1 + U11 ++ 2U12 < eV < "2 + U22 + 2U12). Suh a situationexists due to the ondition that the system on�gu-ration with two eletrons on the upper level and oneeletron on the lower level has a lower energy thanthe on�guration with one eletron on the upper leveland two eletrons on the lower level for the parametersshown in Fig. 5b. Further dereasing the Coulomb ener-gies (Fig. 5) redues the inverse oupation e�et and�nally loal harge mostly aumulates on the lowerenergy level, as it should.We obtain that the e�ets of reentrant harge redis-tribution is more pronouned for an asymmetri on-tat if tunneling rates to the sample are larger thantunneling rates to the tip.It is neessary to mention that without Coulombinteration, �lling numbers for both eletron levels aresimple step funtions, whih orrespond to the tunne-ling �lling numbers nT ("i) shifted from eah other bythe value "1 � "2.The e�et of inverse oupation due to Coulomborrelations is more pronouned in a system with elet-

ron levels positioned on the opposite sides of the sampleFermi level (Figs. 4 and 7). Without the Coulomb in-teration, when �k(p)1 = �k(p)2, the di�erene of thetwo level oupation numbers,n1 � n2 � �k1�p2 � �p1�k2;vanishes. Taking Coulomb orrelations of loalizedeletrons into aount in the two-level system resultsin the inverse oupation of the two levels in a widerange of applied bias voltage (Figs. 4 and 7).In Fig. 4a,b, we show three applied bias rangeswhere the inverse oupation ours ("1 + U11 < eV << "2+2U12, "1+2U12 < eV < "2+U22+U12, and "1++U11 +U12 < eV ). It is evident (Fig. 3a,b) that whenthe applied bias does not exeed the value "1 + U12,the entire harge is loalized on the lower energy level(n1 = 0). As the applied bias inreases, the inverse o-upation ours and the loalized harge redistributes.The inverse oupation e�et strongly depends on therelation between tunneling rates. It is most pronounedin an asymmetri ontat with a stronger tunnelingoupling to the lead k (sample). But we have notfound the inverse oupation if the two-level system isstrongly oupled to the tunneling ontat lead p (tip)(Fig. 4). In this ase, as the applied bias inreases, theupper eletron level harge inreases but loal hargeis still mostly aumulated on the lower eletron level.Dereasing the Coulomb energies results in the dis-appearane of the inverse oupation (Fig. 7b,) andloal harge mostly aumulates on the lower energylevel. This learly demonstrates the role of Coulombinteration in the harge distribution e�ets desribedhere.The tunneling urrent is depited in (Figs. 2�7d�f)as a funtion of the applied bias voltage for differentlevel positions (tunneling urrent amplitudes are nor-malized to 2�k). For all values of the system pa-rameters, the tunneling urrent dependene on appliedbias has a step-like struture. The height and lengthof the steps depend on the parameters of the tunne-ling ontat (tunneling transfer rates and the values ofCoulomb energies). If both levels are loated belowthe Fermi level (Figs. 3 and 6d�f), the upper eletronlevel does not appear as a step in the I�V harateris-tis but harge redistribution ours due to Coulomborrelations.For approximately equal tunneling rates for both lo-alized levels, the I�V harateristis are mostly mono-toni funtions. But some new peuliarities appear ifthe tunneling rates are essentially di�erent. In Fig. 8and 9, we show some results for tk(p)1 6= tk(p)2. In this162
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