

  entropy-21-00527




entropy-21-00527







Entropy 2019, 21(5), 527; doi:10.3390/e21050527




Article



Current Correlations in a Quantum Dot Ring: A Role of Quantum Interference



Bogdan R. Bułka *[image: Orcid] and Jakub Łuczak[image: Orcid]





Institute of Molecular Physics, Polish Academy of Sciences, ul. M. Smoluchowskiego 17, 60-179 Poznań, Poland









*



Correspondence: bogdan.bulka@ifmpan.poznan.pl







Received: 29 April 2019 / Accepted: 22 May 2019 / Published: 24 May 2019



Abstract

:

We present studies of the electron transport and circular currents induced by the bias voltage and the magnetic flux threading a ring of three quantum dots coupled with two electrodes. Quantum interference of electron waves passing through the states with opposite chirality plays a relevant role in transport, where one can observe Fano resonance with destructive interference. The quantum interference effect is quantitatively described by local bond currents and their correlation functions. Fluctuations of the transport current are characterized by the Lesovik formula for the shot noise, which is a composition of the bond current correlation functions. In the presence of circular currents, the cross-correlation of the bond currents can be very large, but it is negative and compensates for the large positive auto-correlation functions.
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1. Introduction


In 1985, Webb et al. [1] presented their pioneering experiment, showing Aharonov-Bohm oscillations in a nanoscopic metallic ring and a role of quantum interference (QI) in electron transport. Later, Ji et al. [2] demonstrated the electronic analogue of the optical Mach–Zehnder interferometer (MZI), which was based on closed-geometry transport through single edge states in the quantum Hall regime. Theoretical studies [3,4,5,6,7] predicted coherent transport through single molecules with a ring structure, where, due to their small size, one could show constructive or destructive quantum interference effects at room temperatures. From 2011, these predictions have been experimentally verified, using mechanically controllable break junction (MCBJ) and scanning tunneling microscope break junction (STM-BJ) techniques [8,9] in various molecular systems: Single phenyl, polycyclic aromatic, and conjugated heterocyclic blocks, as well as hydrocarbons (for a recent review on QI in molecular junctions, see [10,11] and the references therein).



Our interest is in the internal local currents and their correlations in a ring geometry to see a role of quantum interference. An interesting aspect is the formation of a quantum vortex flow driven by a net current from the source to the drain electrode, which has been studied in many molecular systems [7,10,12,13,14,15,16,17,18,19,20,21] (see also [22]). It has also been shown that, under some conditions, a circular thermoelectric current can exceed the transport current [23]. In particular, our studies focus on the role of the states with opposite chirality in the ring and on the QI effect and the circular current. Correlations of the electron currents (shot noise) through edge states in the Mach–Zehnder interferometer have been extensively studied by Buttiker et al. [24,25,26,27,28] (see also [29] and the references therein). However, in a metallic (or molecular) ring, the situation is different than in the MZI, as multiple reflections are relevant to the formation of the circular current. Our studies will show that the transition from laminar to vortex flow is manifested in the shot noise of local currents. In particular, it will be seen in a cross-correlation function for the currents in different branches of the ring, which becomes negative and large in the presence of the circular current.



The paper is organized as follows. In the next chapter, Section 2, we will present the model of three quantum dots in a ring geometry, which is the simplest model showing all aspects of QI and current correlations. The model includes a magnetic flux threading the ring, which changes interference conditions as well as inducing a persistent current. The net transport current and the local bond currents, as well as the persistent current (and their conductances), are derived analytically, by means of the non-equilibrium Keldysh Green function technique. It will be shown that the correlation function for the net transport current can be expressed as a composition of the correlation functions for the local currents inside the ring. We will, also, show all shot noise components; in particular, the one for the net transport current (given by Lesovik’s formula [30]). The next chapters, Section 3, Section 4 and Section 5, present the analyses of the results for the case Φ=0 (without the magnetic flux), for the case with the persistent current only (without the source-drain bias V), and for the general case (for V≠0, Φ≠0) showing the interplay between the bond currents and the persistent current. Finally, in Section 6, the main results of the paper are summarized.




2. Calculations of Currents and Their Correlations in Triangular Quantum Dot System


2.1. Model


The considered system of three quantum dots (QDs) in an triangular arrangement is presented in Figure 1. This system is described by the Hamiltonian


Htot=H3QD+Hel+H3QD−el,



(1)




which consists of parts corresponding to the electrons in the triangular QD system, in the electrodes, and in the coupling between the sub-systems, respectively. The first part is given by


H3QD=∑i∈3QDεici†ci+∑i,j∈3QDt˜ijci†cj+h.c.,



(2)




where the first term describes the single-level energy, εi, at the i-th QD and the second term corresponds to electron hopping between the QDs. Here, the hopping parameters t˜12=t12eıϕ/3=t˜21*, t˜23=t23eıϕ/3=t˜32*, and t˜31=t31eıϕ/3=t˜13* include the phase shift ϕ=2πΦ/(hc/e), due to presence of the magnetic flux Φ; where hc/e denotes the one-electron flux quantum. The spin of electrons is irrelevant in our studies and so it is omitted. We consider transport in an open system with the left (L) and right (R) electrodes as reservoirs of electrons, each in thermal equilibrium with a given chemical potential μα and temperature Tα. The corresponding Hamiltonian is


Hel=∑k,α∈L,Rεk,αckα†ckα,



(3)




where εk,α denotes an electron spectrum. The coupling between the 3QD system and the electrodes is given by


H3QD−el=∑k(tLckL†c1+tRckR†c2+h.c.),



(4)




with tunneling from the electrodes given by the hopping parameters tL and tR, respectively. The model omits Coulomb interactions and, therefore, one can derive all transport characteristics analytically.




2.2. Calculation of Currents


We consider a steady-state current, with the net transport current through the 3QD system, Itr=I12+I13, expressed as a sum of the bond currents through the upper and the lower branches


Iij=eıℏ(t˜ij⟨ci†cj⟩−t˜ji⟨cj†ci⟩).



(5)







We use the non-equilibrium Green function technique (NEGF), which is described in many textbooks (e.g., see [31]). To determine the currents, one calculates the lesser Green functions, Gji<≡ı⟨ci†cj⟩, by means of the equation of motion method (EOM). The coupling with the electrodes is manifested by the lesser Green functions gα<=2π(gαr−gαa)fα, where gαr,a denotes the retarded (r) and advanced (a) Green functions in the α electrode, and fα=1/(exp[(E−μα)/kBTα]+1) is the Fermi distribution function for an electron with energy E, with respect to a chemical potential μα and at temperature Tα. For any Green function Gji<, we separate contributions from the left and the right electrodes (i.e., we extract the coefficients in front of gL< and gR<) and, after some algebra, the bond current can be expressed as


Iij=−e2πℏ∫−∞∞dE[GijL(E)fL−GijR(E)fR],



(6)




where the dimensionless conductances for the upper and the lower branches are


G12L=2ΓLt12ℑ[d23,31d23,23*]/A,



(7)






G12R=2ΓRt12ℑ[d23,31*d31,31*]/A,



(8)






G13L=2ΓLt31ℑ[d12,23d23,23*]/A,and



(9)






G13R=2ΓRt31ℑ[d12,31d23,31]/A.



(10)




Here, we denote the coefficients: d12,23=e−ıϕt12t23−t31w2r, d12,31=t12t31−e−ıϕt23w1r, d23,31=eıϕt23t31−t12w3, d23,23=t232−w2rw3, d31,31=t312−w1rw3, and the denominator


A=|w1rt232+w2rt312+w3t122−w1rw2rw3−2t12t23t31cosϕ|2,



(11)




where w1r,a=E−ε1−γLr,a, w2r,a=E−ε2−γRr,a, w3=E−ε3, Γα=2ℑ[γαa]tα2, and γαr,a=gαr,atα2.



Note that Equation (6) includes the transport current due to the bias voltage applied to the electrodes, as well as the persistent current induced by the magnetic flux [a term proportional to sinϕ], which can be written as I12=I12tr−Iϕ and I13=I13tr+Iϕ, respectively. These coefficients are coupled with those in (7)–(10):


G12L=G12−GϕL,G12R=G12+GϕR,



(12)






G13L=G13+GϕL,G13R=G13−GϕR.



(13)




The first part is


Iijtr=−e2πℏ∫−∞∞dE(fL−fR)Gij(E),



(14)




where the bond conductances are


G12=ΓLΓRt12w3[t23t31cosϕ−t12w3]/A,and



(15)






G13=ΓLΓRt23[t12t31w3cosϕ−t23t312]/A.



(16)




The net transport current is Itr=I12tr+I13tr and the transmission is given by


T≡G12+G13=ΓLΓR[2t12t23t31w3cosϕ−t122w32−t232t312]/A.



(17)




The persistent current is expressed as


Iϕ≡−eπℏ∫−∞∞dE(GϕLfL+GϕRfR),



(18)




where


GϕL=ΓLt12t23t31sinϕ[2t232−(w2a+w2r)w3]/A,and



(19)






GϕR=ΓRt12t23t31sinϕ[2t312−(w1a+w1r)w3]/A.



(20)







In the next section, we will show that the voltage bias can induce the circular current, where the bond conductances Gij are larger than unity or negative.




2.3. Calculation of Current Correlations


Here, we consider a single-particle interference effect which takes place in a Mach–Zehnder or Michelson interferometer, but not in a Hanbury Brown and Twiss situation with a two-particle interference effect. The current fluctuations are described by the operator ΔI^ij(t)−⟨I^ij(t)⟩, and the current–current correlation function is defined as [32]


Sij,nm(t,t′)≡12⟨I^ij(t)I^nm(t′)+I^nm(t′)I^ij(t)⟩−2⟨I^ij(t⟩⟨I^nm(t′)⟩.



(21)







We consider the steady currents, for which the correlation functions can be represented, in the frequency domain, by their spectral density


Sij,nm(ω)≡2∫−∞∞dτeıωτSij,nm(τ).



(22)







In this work, we shall restrict ourselves to studying the current correlations at the zero-frequency limit ω=0. As the net transport current is I^tr=I^12+I^13, its current correlation function can be expressed as a composition of the correlation functions for the bond currents


Str,tr=S12,12+S13,13+2S12,13.



(23)




The correlation functions Sij,in can be derived by means of Wick’s theorem [31] and are expressed as


Sij,in=e2πℏ12{tijtin(⟨ci†cj⟩⟨cicn†⟩+⟨ci†cn⟩⟨cicj†⟩))−tijtni(⟨ci†ci⟩⟨cncj†⟩+⟨cn†cj⟩⟨cici†⟩))+tjitni(⟨cj†ci⟩⟨cnci†⟩+⟨cn†ci⟩⟨cjci†⟩))−tjitin(⟨ci†ci⟩⟨cjcn†⟩+⟨cj†cn⟩⟨cici†⟩))}.



(24)







Once again, we use the NEGF method. As the lesser Green functions, Gji<≡ı⟨ci†cj⟩, and the greater Green functions, Gij>≡−ı⟨cicj†⟩, have the same structure, one should only exchange the Green functions in the electrodes: gα<=2π(gαr−gαa)fα↔gα>=−2π(gαr−gαa)(1−fα). Separating coefficients in front of fL(1−fL), fR(1−fR), and fL(1−fR)+fR(1−fL), and after some algebra, one can derive a compact formula for any current–current function. The auto-correlation function for the net transport current is given by the well-known Lesovik formula [30,33,34] (see also [32,35] for a multi-terminal and multi-channel case)


Str,tr=e2πℏ∫−∞∞dET2fL(1−fL)+fR(1−fR)+T(1−T)fL(1−fR)+fR(1−fL),



(25)




where T is the transmission through the 3QD system. For a given temperature TL=TR=T, one has fL(1−fR)+fR(1−fL)=coth[(μL−μR)/2kBT](fL−fR) and, thus,


Str,tr=2ItrcotheV2kBT−e2πℏ∫−∞∞dET2fL−fR2.



(26)




When the scale of the energy dependence ΔE of the transmission T is much larger than both the temperature and applied voltage (i.e., ΔE≫eV≫kBT), one can obtain the well known explicit relation (see Blanter and Buttiker [32])


Str,tr=e2πℏ2kBTT2(EF)+eVcotheV2kBTStr,trsh.



(27)







The first term is the Nyquist-Johnson noise at equilibrium and the second term, with Str,trsh=T(EF)(1−T(EF)), corresponds to the shot noise [30,32,34].



The correlation functions for the bond currents are calculated from Equation (24) and are expressed as


Sij,ik=e2πℏ∫−∞∞dESij,ikshfL(1−fR)+fR(1−fL)+[GijLGikLfL(1−fL)+GijRGikRfR(1−fR)],



(28)




where Gijα are given by (7)–(10), and the dimensionless spectral functions of the shot noise components are


S12,12sh=ΓLΓRt122|d23,312−d23,23d31,31*|2/A2,



(29)






S13,13sh=ΓLΓRt312|d12,23*d23,31*+d12,31d23,23*|2/A2,



(30)






S12,13sh=ΓLΓRt12t31ℜ[(d23,312−d23,23d31,31*)(d12,23*d23,31*+d12,31d23,23*)]/A2,and



(31)






Str,trsh≡S12,12sh+S13,13sh+2S12,13sh=ΓLΓR|t12(d23,312−d23,23d31,31*)+t31(d12,23d23,31+d12,31*d23,23)|2/A2.



(32)









3. Bond Currents and Their Correlations: Driven Circular Current in the Case of Φ=0


Let us analyse the bond currents in detail; first in the absence of the magnetic flux, Φ=0, and for a linear response limit V→0. Using the derivations from the previous section, one can easily calculate the bond conductances and current correlation functions. The results are presented in Figure 2 for an equilateral triangle 3QD system (with all inter-dot hopping parameters t12=t23=t31=−1, which is taken as unity in our further calculations) and for various values of the energy level ε3 at the 3rd QD. The central column corresponds to the case ε1=ε2=ε3=0, when the eigenenergies are given by Ek=2tcosk, for the wave-vector k=0 and the degenerated state for k=±2π/3. It can be seen in the transmission (black curve), which is equal to T=1 at E=−2 and T=0 at E=1, where the Fano resonance takes place, with destructive interference of two electron waves. At low E<0, the incoming wave from the left electrode is split into two branches and the bond conductances are positive, 0≤G12,G13≤1 (see the blue and green curves in the top panel of Figure 2). The cross-correlation function S12,13sh (for the currents in both branches) is positive (see the red curve in the bottom panel in Figure 2). Note that, at the lowest resonant level, all correlation functions S12,12sh=S13,13sh=S12,13sh=0, which means that the currents in both branches are uncorrelated.



For E>0, the conductances G12 and G13 can be negative and exceed unity (with their maximal absolute values inversely proportional to the coupling Γα). This manifests a circular current driven by injected electronic waves to the 3QD system, which can not reach the drain electrode; therefore, they are reflected backwards to the other branch of the ring. The circular current can be characterized by the conductance (see also [16])


Gdr≡G12forG12<0,−G13forG13<0,



(33)




where the superscript “dr” marks the contribution to the circular current driven by the bias voltage, in order to distinguish it from the persistent current induced by the flux (which will be analysed later). There is some ambiguity in definition of the circular current. Our definition (33) is similar to the one given by the condition sign[G12]=−sign[G13] for the vortex flow, used by Jayannavar and Deo [36] and Stefanucci et al. [16] (see [37]–which refers to [7] ).



For the considered case in Figure 2b, with ε3=0, the circular current is driven counter-clockwise for 0<E<1 and changes its direction to clockwise at the degeneracy point, E=1 (i.e., when G13 becomes negative). All correlation functions are large in the presence of the circular current; their maximum is inversely proportional to Γα2. The cross-correlation S12,13sh is large but negative and, therefore, this component reduces the transport shot noise, Str,trsh=S12,12sh+S13,13sh+2S12,13sh to the Lesovik formula T(1−T), which reaches zero at the degeneracy point E=1 (see the black curve in Figure 2e). This situation is similar to multi-channel current correlations in transport through a quantum dot connected to magnetic electrodes [38], where cross-correlations for currents of different spins usually reduce the total shot noise to a sub-Poissonian noise with Fano factor F<1 (however, in the presence of Coulomb interactions, the cross-correlations can be positive and lead to a super-Poissonian shot noise with F>1).



The plots on the left and right hand sides of Figure 2 give more insight into the circular current effect. They are calculated for the dot level ε3=∓2 shifted by a gate potential, which breaks the symmetry of the system and removes the degeneracy of the states. Three resonant levels can be observed with T=1, where two of them are shifted to the left/right for ε3=∓2; however, the state at E=1 is unaffected. There is still mirror symmetry, for which one gets three eigenstates, where two of them are linear compositions of all local states, but the one at E=1 has the eigenvector 1/2(c1†−c2†)|0⟩, which is separated for the 3rd QD. Therefore, the bond currents are composed of the currents through all three eigenstates, and their contribution depends on E. From these plots, one can see that the circular current is driven, for E>ε3, when the cross-correlation S12,13sh becomes negative. The direction of the current depends on the position of the eigenlevels and their current contributions. For ε3=−2, the current circulates clockwise, whereas its direction is counter-clockwise for ε3=2.



Here, we assumed a flat band approximation (FBA) for the electronic structure in the electrodes (i.e., the Green functions gαr,a=∓ıπρ, where ρ denotes the density of states). Appendix A presents analytical results for the currents and shot noise in the fully-symmetric 3QD system coupled to a semi-infinite chain of atoms. The results are qualitatively similar. However, the FBA is more convenient for the analysis than the system coupled to atomic chains; in particular, for the cases with ε3=∓2, when localized states appear at −2.99 and 2.56 (i.e., below/above the energy band of the atomic chain).



The above analysis was performed under the assumption of a smooth energy dependence of the conductance in the small voltage limit V→0 and at T=0. However, the conductances exhibit sharp resonant characteristics in the energy scale ΔE∝Γα and, therefore, one can expect that these features will be smoothed out with an increase of voltage bias and temperature. Figure 3 presents the Fano factor F=Str,tr/2eItr, which is the ratio of the current correlation function to the net transport current, which was calculated numerically from Equations (17) and (26). At E=−2, one can observe the evolution from the coherent regime, from F=0 to F=1/2 in the sequential regime, for eV≫Γα or kBT≫Γα. Quantum interference plays a crucial role at E=1, leading to the Fano resonance for which the transmission T=0 and F=1 in the low voltage/temperature regime. An increase of the voltage/temperature results only in a small reduction of the Fano factor.




4. Persistent Current and Its Noise: The Case V=0


The persistent current and its noise has been studied in many papers (e.g., by Büttiker et al. [39,40,41,42], Semenov and Zaikin [43,44,45,46], Moskalates [47], and, more recently, by Komnik and Langhanke [48]) using full counting statistics (FCS), as well as in 1D Hubbard rings by exact diagonalization by Saha and Maiti [49] (see, also, the book by Imry [50]).



Here, we briefly present the results for the persistent current and shot noise in the triangle of 3QDs. Notice that, in the considered case, the phase coherence length of electrons is assumed to be larger than the ring circumference, Lϕ≫L [51]. The circular current is given by Equation (18), which shows that all electrons, up to the chemical potential in the electrodes, are driven by the magnetic flux Φ. Figure 4 exhibits the plots of Iϕ, derived from Equation (18), for different couplings with the electrodes. In the weak coupling limit, where Γ→0 and the perfect ring is embedded in the reservoir, the persistent current can be simply expressed as


Iϕ=e∑kvkfk=−eℏ∑k2tsin(k+ϕ/3)fk,



(34)




where fk=1/(exp[(EF−Ek)/kBT]+1) is the Fermi distribution for the electron with wave-vector k, energy Ek=2tcos(k+ϕ/3), and velocity vk=(1/ℏ)∂Ek/∂k=(−2t/ℏ)sin(k+ϕ/3), and where ϕ=2πΦ/(hc/e) is the phase shift due to the magnetic flux Φ. The sum runs over k=2πn/(Na) for n=0,±1, where N=3 and a=1 is the distance between the sites in the triangle. The current correlator is derived from Equation (24)


Sϕ,ϕ=e2ℏ∑k4t2sin2(k+ϕ/3)fk(1−fk).



(35)







This result says that fluctuations of the persistent current could occur when the number of electrons in the ring fluctuates (i.e., an electron state moves through the Fermi level and Iϕ jumps). We show, below, that the coupling with the electrodes (as a dissipative environment) results in current fluctuations [40,41], as well.



At the limit, V→0, the integrand function of the noise Sij,in, Equation (28), is proportional to f(E)(1−f(E)), which becomes the Dirac delta for T→0 and, therefore, one can analyze the spectral function Sϕ,ϕ=S12,12+S13,13−2S12,13, where the components are Sij,in=Sij,insh+GijLGinL+GijRGinR (see Equations (7)–(10) and (29)–(31)). Figure 5 presents the correlation function Sϕ,ϕ and its various components for the Fermi energy EF=−1.5 and the strong coupling ΓL=ΓR=1 when fluctuations are large. Notice that the fluctuations of the bond currents S12,12 and S13,13 (the blue and green curves, respectively) are different, although the average currents are equal. The cross-correlation function S12,13 is positive at ϕ=0, but it becomes negative for larger ϕ, due to the quantum interference between electron waves passing through different states (as described in the previous section).



Figure 5 also shows (G12L)2 (blue-dashed curve) and (G12L)2 (blue-dotted curve), which correspond to the local fluctuations of the injected/ejected currents to/from the upper branch on the left and right junctions, respectively (see Equation (28)). The magnetic flux breaks the symmetry, inducing the persistent current and, therefore, the local conductances G12L and G12R are asymmetric.




5. Correlation of Persistent and Transport Currents, Φ≠0 and V≠0


In this section, we analyze the currents and their correlations in the general case, derived from Equations (6), (14), (18), and (28), in the presence of voltage bias and magnetic flux. The results for the conductances and the spectral functions of the shot noise are presented in Figure 6. The magnetic flux splits the degenerated levels at E=1 and destroys the Fano resonance. Figure 6a shows that there is no destructive interference for a small flux ϕ=2π/16, and the transmission is T=1 for all resonances. One can observe the driven circular current for E>0, with negative G12 and G13, but their amplitudes are much lower than in the absence of the flux (compare with Figure 2b for ϕ=0). For a larger flux, ϕ=2π/4, there is no driven component of the circular current (see Figure 6b, where G12,G13≥0). It can also be seen that, for the state at E=0, the electronic waves pass only through the lower branch of the ring, and the upper branch is blocked (with G13=1 and G12=0, respectively).



The lower panel of Figure 6 presents the spectral functions of the shot noise. According the Lesovik formula, Str,trsh=0 at the resonant states (as T=1). This seems to be similar to the case ϕ=0 presented in the lower panel in Figure 2. However, there is a great difference in the components of the shot noise Sij,insh, indicating the different nature of transport through these states and the role of quantum interference. Let us focus on the lowest resonant state, at E=−2, in Figure 6c, and compare with that in Figure 2e, in the absence of the flux. In the former case, the currents in both branches were uncorrelated, and S12,12sh=S13,13sh=S12,13sh=0. In the presence of the flux, quantum interference becomes relevant, which is seen in the shot noise (Figure 6c). Now, the currents in both branches are correlated; S12,13sh is negative close to resonance and fully compensates for the positive contributions S12,12sh and S13,13sh at resonance. For ϕ=2π/4 (see Figure 6d), all shot noise components are large, which indicates a strong quantum interference effect.



Figure 7 shows the Fano factor in the presence of the flux ϕ=2π/16 and for various bias voltages. Compared with the results in Figure 3 for ϕ=0, one can see how a small flux can destroy quantum interference and change electron transport. It is particularly seen close to E=−1, where the states with opposite chirality are located. In the case ϕ=0, one can observe the Fano resonance with a perfect destructive interference, T=0 and F=1. With an increase of the flux ϕ, the Fano dip disappears, the two states are split, and transmission reaches its maximum value T=1; the Fano factor F=0 when the splitting ΔE>Γα. A similar effect was seen in the case of Figure 2, where a change of the position of the local level ε3 removed the state degeneracy and destroyed the Fano resonance.



For the strong coupling ΓL=ΓR=1, the intensity of the transport current is comparable to the persistent current and, therefore, one can expect a significant driven circular current. Figure 8 presents the flux dependence of the total circular current Ic and its driven component Idr, as well as the transport current Itr, for various voltages. For the considered case EF=0.9, the driven current circulates counter-clockwise and deforms the flux dependence of the circular currents, which become asymmetric.




6. Summary


We considered the influence of quantum interference on electron transport and current correlations in a ring of three quantum dots threaded by a magnetic flux. We assumed non-interacting electrons and calculated the bond conductances, the local currents, and the current correlation functions—in particular, the shot noise—by means of the non-equilibrium Keldysh Green function technique, taking into account multiple reflections of the electron wave inside the ring. As we considered elastic scatterings, for which Kirchhoff’s current law is fulfilled, the transmission T=G12+G13 is a sum of the local bond conductances and the shot noise for the transport current is a composition of the local current correlation functions, Str,trsh=S12,12sh+S13,13sh+2S12,13sh=T(1−T), which gives the Lesovik formula.



In the system, having triangular symmetry, the eigenstates E0=−2 and E±=1 (with the wavevector k=0 and k=±2π/3) play a different role in the transport, which is seen in the bond conductances and the shot noise components. An electron wave injected with energy close to E0 is perfectly split into both branches of the ring and the current cross-correlation function S12,13sh is positive. At the resonance E0, the transmission T=1 and all correlation functions S12,12sh=S13,13sh=S12,13sh=0, which means that the bond currents are uncorrelated. The magnetic flux changes quantum interference conditions and correlates the bond currents; the cross-correlation S12,13sh becomes negative at the resonance and fully compensates the positive auto-correlation components S12,12sh and S13,13sh (with Str,trsh=0).



Quantum interference plays a crucial role in transport through the degenerate states at E±=1, where one can observe Fano resonance with destructive interference. In this region, the circular current Idr can be driven by the bias voltage. The bond conductances have an opposite sign, their maximal value is inversely proportional to the coupling, Γα, with the electrodes, and they can be larger than unity. The direction of Idr depends on the bias voltage and the position of the Fermi energy EF, with respect to the degenerate state E±. The auto-correlation functions S12,12sh, S13,13sh are large (inversely proportional to Γα2) close to the resonance. The cross-correlator S12,13sh is negative in the presence of the driven circular current. Our calculations show that a small magnetic flux, ϕ=2π/16, can destroy the Fano resonance, and two resonance peaks (with T=1) appear. The driven component, Idr, is reduced with an increase of ϕ, and it disappears at ϕ=2π/4. However, quantum interference still plays a role; the bond currents are strongly correlated (with large S12,12sh and S13,13sh and negative S12,13sh). For a large coupling, the driven part Idr can be large and can profoundly modify the total circular current Ic=Idr+Iϕ.



We also performed calculations of the bond currents and their correlations for rings with a various number of sites; in particular, for the benzene ring in para-, metha-, and ortho-connection with the electrodes. The results are qualitatively similar to those presented above for the 3QD ring: Quantum interference of the travelling waves with the eigenstates of opposite chirality leads to the driven circular currents, accompanied by large current fluctuations with a negative cross-correlation component. To observe this effect, the two conducting branches should be asymmetric; in particular, in the benzene ring, the driven circular current appears for the metha- and ortho-connections, but is absent in the para-connection, where both conducting branches are equivalent (see also [7]).



An open problem is including interactions between electrons into the calculations of the coherent transport and shot noise. Coulomb interactions can be taken into account in the sequential regime [52], or by using the real-time diagrammatic technique [53,54,55]; however, in practice, one includes only first- and second-order diagrams with respect to the tunnel coupling and the role of QI is diminished. In principle, one can treat QI on an equal footing with electron interactions in the framework of quantum field theory [56], as was done for the Anderson single impurity model, by means of full counting statistics (FCS), where the average current and all its moments were calculated [57]. However, this is a formidable task, even for the simple 3QD model.







Author Contributions


Both the authors have a similar contribution to the paper in its concept, research, and manuscript preparation




Funding


The research was financed by National Science Centre, Poland—project number 2016/21/B/ST3/02160.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A. Coupling to Atomic Chain Electrodes: Analytical Results


The results for the conductances and shot noise may be simplified when we take all hopping integrals equal to t, the same position of the site levels ε=0, and the symmetric coupling tL=tR=t, with the electrodes as a semi-infinite atomic chain. In this case, the Green functions in the electrodes are gr=eık/t and ga=e−ık/t and the electron spectrum is Ek=2tcosk. From Equations (7)–(10), one can calculate the dimensionless bond conductances as


G12L=2sinksink+sin3k−sin(2k+ϕ)/A,



(A1)






G12R=2sinksink+sin3k−sin(2k−ϕ)/A,



(A2)






G13L=2sinksink−sin(2k−ϕ)/A,and



(A3)






G13R=2sinksink−sin(2k+ϕ)/A,



(A4)




where the denominator


A=4+cos2ϕ−2cosϕ(3cosk−cos3k)−cos4k.



(A5)







It is seen an asymmetry with respect to the direction of the magnetic flux (to ϕ) for the conductances GijL and GijR from the left and the right electrode. The transmission, T, is expressed as


T≡G12L+G13L=G12R+G13R=G12+G13=2sin2k[1−4cosk(cosϕ−cosk)]/A,



(A6)




where the driven part of the bond conductances are calculated using Equations (15) and (16)


G12=4sin2kcosk(2cosk−cosϕ)/A,



(A7)






G13=2sin2k(1−2cosϕcosk)/A,and



(A8)






GϕL=GϕR=2sinϕsinkcos2k/A,



(A9)




and, from Equations (19) and (20), the part induced by the flux is


GϕL=GϕR=2sinϕsinkcos2k/A.



(A10)




It can be seen that the conductance G12 becomes negative at k=π/2 (i.e., when the circular current becomes driven).



The shot noise for the bond currents is expressed as


S12,12sh=4sin2k|eıϕ(cosϕ−2cosk)+cos2k|2/A2,



(A11)






S13,13sh=4sin2k|cosk−eıϕ|2/A2,



(A12)






S12,13sh=−4sin2k2cosϕcosk(cosϕ−cosk)2+sin2ϕ/A2,and



(A13)






Str,trsh=T(1−T)=4sin2k(cosϕ−cosk)2[1−4cosk(cosϕ−cosk)]/A2.



(A14)




Notice that the cross-correlation S12,13sh can be positive or negative in the laminar or the vortex regime, respectively.
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Figure 1. Model of the triangular system of three quantum dots (3QDs) threaded by the magnetic flux Φ and attached to the left (L) and the right (R) electrodes. 






Figure 1. Model of the triangular system of three quantum dots (3QDs) threaded by the magnetic flux Φ and attached to the left (L) and the right (R) electrodes.



[image: Entropy 21 00527 g001]







[image: Entropy 21 00527 g002 550]





Figure 2. (Top) Transmission and dimensionless bond conductances: T—black, G12—blue, and G13—green. (Bottom) Dimensionless spectral function of the shot noise: Str,trsh—black, S12,12sh—blue, S13,13sh—green, and −S12,13sh—red; calculated as a function of the electron energy E for the equilateral triangle system of 3QDs (with the inter-dot hopping t12=t23=t31=−1, which is taken as unity in this paper) in the linear response limit V→0. The dot levels are ε1=ε2=0 and ε3=−2, 0, 2, for left, center, and right columns, respectively. The coupling with the electrodes is taken to be ΓL=ΓR=0.25. Note that the cross-correlation function S12,13sh (red) is plotted negatively to show the zero crossing more clearly. 
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Figure 3. Fano factor as a function of the Fermi energy EF for the equilateral triangle 3QDs system (t12=t23=t31=−1 and ε1=ε2=ε3=0) (a) for various bias voltages eV=0.01, 0.5, 1.0, 1.5, and 2.0, at T=0; and (b) for various temperatures kBT=0.001, 0.1, 0.2, 0.3, and 0.4, for V→0. The coupling to the electrodes is taken as ΓL=ΓR=0.25, and the chemical potentials in the electrodes are μL=EF−eV/2 and μR=EF+eV/2. 
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Figure 4. Persistent current Iϕ versus the flux ϕ threading the equilateral triangle system of 3QDs (t12=t23=t31=−1 and ε1=ε2=ε3=0). The coupling is taken as ΓL=ΓR=Γ=0.01 and 0.25; the Fermi energies are EF= −1.5 (black), −0.75 (blue), 1.5 (red); and T=0. 
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Figure 5. Flux dependence of spectral function of the persistent current correlator Sϕ,ϕ (black) and its components: S12,12 (blue), S13,13 (green), -S12,13 (red), and S12,12LL=(G12L)2 (blue-dashed), S12,12RR=(G12R)2, (blue-dotted), respectively. We assume strong coupling: ΓL=ΓR=1.0, EF=−1.5, and T=0. 
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Figure 6. (Top) Energy dependence of driven conductance G12 (blue), G13 (green) and transmission T (black). (Bottom) Shot noise Str,trsh (black) with the components: S12,12sh (blue), S13,13sh (green), and −S12,13sh (red) for the considered triangular 3QD system threaded by the flux ϕ=2π/16 (left) or ϕ=2π/4 (right); the coupling is ΓL=ΓR=0.25, and T=0. Note that we plot −S12,13sh. 
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Figure 7. Fano factor as a function of EF for the considered 3QD system threaded by the flux ϕ=2π/16 and for various bias voltages eV=0.01, 0.5, 1.0, 1.5, and 2.0. The coupling is ΓL=ΓR=0.25, the chemical potentials are μL=EF−eV/2 and μR=EF+eV/2, and T=0. 
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Figure 8. Circular current Ic=Idr+Iϕ (solid curves), its driven component Idr (dashed curves), and the net transport current Itr (dotted curves) versus ϕ for various bias voltages: eV=0.01, 0.5, 1.0, and 1.5. We assume a strong coupling ΓL=ΓR=1, the chemical potentials are μL=EF−eV/2, μR=EF+eV/2, EF=0.9, and T=0. 






Figure 8. Circular current Ic=Idr+Iϕ (solid curves), its driven component Idr (dashed curves), and the net transport current Itr (dotted curves) versus ϕ for various bias voltages: eV=0.01, 0.5, 1.0, and 1.5. We assume a strong coupling ΓL=ΓR=1, the chemical potentials are μL=EF−eV/2, μR=EF+eV/2, EF=0.9, and T=0.



[image: Entropy 21 00527 g008]








© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
=2

€3

83:

L ©)

-2
83: l

I

vj
.\Qk%
“ y
Y

k14
“NNNM?W
.mmwu
&l :
“ Y
.waql
&l £

Y

-2

-3





nav.xhtml


  entropy-21-00527


  
    		
      entropy-21-00527
    


  




  





media/file16.png
l T ] l ] L j
L4
..........
---- -
=" N, & ettt
Ld L]
.. ..
L. . NN\ s Tee, -
....
..........
o
- o0 L evee, —
o® U L4 ®eoq
........ -..' ......‘-.-..
L]
L4
...
L ] - -

el
— 0.01
— 0.5

1— 1.0
{— 15

0.5





media/file2.png
OO®F Q@Q OO0





media/file5.jpg
08
. 06
04
02

00014
ol
02
05
04






media/file3.jpg
S






media/file1.jpg
@--@





media/file7.jpg
— 075

— L5





media/file10.png
Noises

1= =S12,13
— S13,13
1— Si2.12
R S1512
... nglz

0.5






media/file12.png
o=

2n/16

o=

2n/4

b)

4~
Q

-05

= AN <
=) =)

SIT o SIS[o TITIo <A1
ysS T S S Ty

-2

-3





media/file9.jpg
Noises

= Sso
— =Si213
— Si3,13

— S

L
-- Sizi2
s RR
- SER,






media/file0.png





media/file14.png
eV

1 — 001
1— 05
1= 10
] — 15
1 — 2.0

4 3 2 -1 01 2 3 4





media/file8.png
)

S = N W

2
3

———
- a) r=0.01

_ E,
5 5 — 15
{— —0.75
{1{— 1.5
B Lo oo o B Ll 1 L, ~
-0.5 -0.25 0 0.25 -0.25 0 0.25 0.5
&2r &2





media/file11.jpg
o=22/4






media/file6.png





media/file15.jpg
[, [@ropr

el
0.01
0.5
1.0
L5





