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1. Driving Rate Sensitivity Test 

As mentioned in the main text, the driving rate appearing in Eq. (6) of the main text, can be evaluated from the 

properties of the implicit baths and their couplings to the finite lead models.1 Nevertheless, for the sake of simplicity, in 

the present study we opted to approximate the value of the driving rate by examining the lead level spacing within the 

Fermi transport window. The chosen value of 𝛤 ≈
2𝛥𝜀𝑚𝑎𝑥

ℏ
≈ 0.05 fs−1 was extracted from the largest energy spacing 

within the transport window of 𝛥𝜀𝑚𝑎𝑥~0.016 eV. In Fig. S1a we plot the density of lead states for the 2500 atoms chain 

lead model using a Lorentzian broadening of ℏ𝛤. When using the value of 𝛤 = 0.05 fs−1 (red curve) a relatively smooth 

DOS curve is obtained that indicates a good representation of the corresponding DOS of the semi-infinite chain, as 

required. 

In principle, the simulation results should be insensitive to the specific choice of driving rate within a certain physically 

reasonable range.2–5 To check for this, we repeated our calculations for the 180° connected system strongly coupled to 

300 atom chains serving as EM lead portions (see main text for model details) that are coupled at their far end to 2500 

atom chain leads, on which the boundary conditions are imposed using driving rates of 𝛤 = 0.025 fs−1 and 𝛤 =

0.1 fs−1. Since the driving term is applied only to the lead sections this validity test should apply also to the 104° 

connected system coupled to the same lead models. Examining first the lead DOS with these two broadening values we 

find that for the larger value of 𝛤 = 0.1 fs−1 the discrete nature of the finite lead model states vanishes, and the van 

Hove singularities near the band edges broaden, whereas for the lower value of 𝛤 = 0.025 fs−1 the individual lead 

states are clearly manifested in the central region of the DOS (see inset in Fig. S1a). The corresponding effect on the 

steady-state currents, obtained using the Sylvester equation (see Eq. (7) and appendix A of the main text), is shown in 

Fig. S1b as a function of normalized magnetic flux threading the ring. The steady-state currents obtained using the three 

driving rates considered present minor quantitative variations throughout the half-AB period considered with the same 

qualitative behavior. This indicates that our choice of driving rate value is within the stability region of the system.2,4,5 

Nonetheless, since we are interested in time-dependent properties of Aharonov-Bohm type molecular junctions, we 

further verified that not only the steady-state currents but also the switching dynamics is insensitive to the choice of 

driving rate. To that end, we present in Fig. S2 the temporal current traces following the magnetic field switch-on for the 

three driving rate values considered at a fixed lead model size. The results clearly demonstrate that the three traces are in 

very good agreement thus indicating the validity of our choice of leads driving rate. It should be noted, that with the 

chosen 𝛤 values the leads are driven towards their respective equilibrium states at a rate that is of the order of the typical 

relaxation rate of the system. This, however, does not seem to strongly influence our ability to provide a reliable 

description of the systems dynamics. We attribute that to the presence of the extended molecule lead sections that are 

chosen to be sufficiently large to allow the system (ring) to relax even before the perturbation reaches the driven leads 
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dissipative region. Hence, for the calculations presented in the main text we set the value of the driving rate to 𝛤 =

0.05 fs−1 such that the finite lead model appropriately represents the electronic structure of its infinite counterpart while 

providing converged dynamical properties. We note that even better stability of the results with respect to the driving 

rate can be achieved by extracting state-dependent broadening factors from the properties of the implicit reservoirs and 

their couplings to the finite lead models.1 

 

Figure S1: Driving rate sensitivity analysis. (a) Density of states of the 2500 hydrogen atoms lead model obtained with 

Lorentzian broadening of ℏ𝛤 with 𝛤 = 0.025 𝑓𝑠−1 (black), 0.05 𝑓𝑠−1 (red), and 0.1 𝑓𝑠−1 (green). Zoom-in on the 

Fermi-window area is presented in the inset. (b) Steady-state current plotted against the normalized magnetic flux 

threading the 180° connected ring that is strongly coupled to 300 hydrogen atom chains (see main text for model 

details) serving as EM lead portions that are strongly coupled at their far end to 2500 hydrogen chain lead models, 

calculated for the above mentioned driving rates (same color code as in panel (a)). The applied bias voltage of 𝑉𝑏 =

1 𝑉 and electronic temperature of 𝑇 = 300 𝐾 are the same as those used to obtain the results presented in the main 

text. 

 

Figure S2: Driving rate sensitivity analysis for the real-time switching dynamics of the 180° connected ring that is 

strongly coupled to 300 atom chains (see main text for model details) serving as EM lead portions that are strongly 

coupled at their far end to 2500 hydrogen atom chain lead models. At time 𝑡 = 0 fs a magnetic flux of 𝜙 = 0.5𝜙0 is 

applied to a system that was at steady-state in the absence of the field and the current dynamics towards the new steady-

state is calculated for 𝛤 = 0.025 𝑓𝑠−1 (black), 0.05 𝑓𝑠−1 (red), and 0.1 𝑓𝑠−1 (green). The applied bias voltage of 𝑉𝑏 =

1 𝑉 and electronic temperature of 𝑇 = 300 𝐾 are the same as those used to obtain the results presented in the main 

text. 
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2. Convergence with respect to the Lead Model Size 

The Markovian approximation adopted in the driven Liouville von Neumann (DLvN) methodology requires the use of 

sufficiently large lead models, whose characteristic dynamic time-scale is larger than the typical memory relaxation time 

of the active molecule. In recent years, general criteria have been set for the lead model size required to assure validity 

of the Markovian approximation.2–5 Nevertheless, it is a good practice to verify that the simulation results are converged 

with respect to the chosen lead model size. This is especially true for weak coupling scenarios, where the lifetime of 

charge carriers on the active molecule is long. To that end, we repeated the steady-state calculations of the strongly 

coupled 180° connected system and the weakly coupled 104° connected system with various lead model sizes using the 

Sylvester equation (see Eq. (7) and appendix A in the main text) and the non-equilibrium Green's function (NEGF) 

scheme (see appendix C in the main text). 

In the DLvN calculations of the strongly coupled 180° system the two 300 atom chains that serve as extended molecule 

(EM) lead portions are further strongly coupled at their far end to hydrogen chain leads of sizes 1000, 2500, and 3000 

atoms. We note that with increasing finite lead model size its density of states (DOS) increases and the coupling of each 

lead state to the implicit bath states decreases.6 Therefore, the value of the driving rate, which serves to broaden the 

various lead states due to their coupling to the implicit bath, should be decreased accordingly. Fig. S3 shows the 

resulting steady-state currents flowing through the ring as function of the normalized magnetic flux threading its cross 

section. When increasing the lead size from 1000 (full black line) to 1500 (full purple line) and 2500 (full red line) 

atoms, the agreement with the NEGF results (full blue line) improves both qualitatively and quantitatively. Further 

increasing the lead models size to 3000 atoms results in very little variation of the current (green circles). 

 

 
Figure S3: Strong coupling finite lead model size convergence test. Steady-state DLvN current plotted against the 

normalized magnetic flux threading the 180° connected ring strongly coupled (see main text for the full model 

parameters) to two 300 hydrogen atom chains serving as EM lead portions that are strongly coupled at their far end to 

hydrogen chain lead models of sizes 1000 (full black line), 1500 (full purple line), 2500 (full red line), and 3000 (green 

circles) atoms, compared to the NEGF results (full blue line). The applied bias voltage of 𝑉𝑏 = 1 𝑉 and electronic 

temperature of 𝑇 = 300 𝐾 are the same as those used to obtain the results presented in the main text. 
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A similar behavior is found for the weakly coupled 104° connected system. In Fig. S4 we show that increasing the lead 

model size from 2500 (full black line) to 3000 (full red line) atoms improves the agreement to the NEGF results (full 

blue line). Further increasing the lead size to 3300 atoms (dashed green line) shows minor variations in the current-flux 

curve. 

We therefore conclude that, for the purpose of the switching dynamics simulations presented in the main text, it is 

sufficient to use the 2500 hydrogen atom chain lead models. These provide both good qualitative and quantitative 

agreement with steady-state NEGF results, especially in the switch region of the weakly coupled system (
𝜙

𝜙0
∈

[0: 0.01]), with reasonable computational burden. 

 

 

Figure S4: Finite lead model size convergence test in weakly coupled rings. Steady-state DLvN current plotted against 

the normalized magnetic flux threading the 104° connected ring weakly coupled (see main text for the full model 

parameters) to hydrogen atom chain lead models of sizes 2500 (full black line), 3000 (full red line), 3300 (dashed green 

lines) atoms, compared to the NEGF results (full blue line). The applied bias voltage of 𝑉𝑏 = 1 𝑉 and electronic 

temperature of 𝑇 = 300 𝐾 are the same as those used to obtain the results presented in the main text. 
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3. Spectrum Bandwidth Cutoff Validity Test 

The current generated in the system is determined by the properties of the molecule, the leads, and their mutual 

coupling. The molecule sets the nature and density of conducting states; the leads dictate the potential bias drop 

across the system via the chemical potentials and electronic temperatures of the reservoirs to which they are 

connected; and their coupling determines the lifetime of charge carriers on the molecule and the position of the 

molecular states. As demonstrated above, the lead model size is chosen to provide a sufficiently dense manifold of 

states within the Fermi transport window such that convergence of the obtained current is achieved. Nevertheless, 

since the typical lead bandwidth is significantly larger than the bias drop across the system, the vast majority of lead 

states resides outside the Fermi transport window and therefore contributes negligibly to the conductance properties 

of the system. Hence, a considerable reduction of computational burden, with little effect on the calculated current, 

can be achieved by applying an energy cutoff on the leads and molecule spectra excluding from the transport 

calculation all levels that reside well outside the Fermi window.7 To this end, following the transformation of the full 

system Hamiltonian to the state representation, we extract from it a reduced dimension Hamiltonian that includes all 

energy levels of the leads and the extended molecule sections that reside within an energy window of (𝐸𝐹 −
1

2
𝑉𝑏 −

𝑊, 𝐸𝐹 +
1

2
𝑉𝑏 + 𝑊). Here, 𝐸𝐹  is the Fermi energy of the entire finite model system, 𝑉𝑏 is the applied bias voltage, 

and W is the width of the buffer energy range set to obtain converged current values to within a desired accuracy. 

The latter depends on the reservoirs’ electronic temperatures and on the leads-molecule couplings. 

 

 

Figure S5: Spectrum cutoff convergence test. Steady-state current plotted against the normalized magnetic flux 

threading the 180° connected ring strongly coupled to two 300 hydrogen atom chains serving as extended molecule 

lead portions that, in turn, are strongly coupled at their far ends to 2500 atoms chain driven lead sections (see main 

text for model details) using an energy buffer range of 𝑊 = 0 𝑒𝑉 (full red line) and 𝑊 = 5 𝑒𝑉 (full green line), 

compared to results obtained using the full system Hamiltonian spectrum (full black line). The applied bias voltage 

of 𝑉𝑏 = 1 𝑉 and electronic temperature of 𝑇 = 300 𝐾 are the same as those used to obtain the results presented in 

the main text. 
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Fig. S5 presents the steady-state currents, calculated using the Sylvester equation (see Eq. (7) and appendix A in the 

main text) as a function of the normalized magnetic flux threading the 180° connected ring strongly coupled to two 

300 hydrogen atom chains serving as extended molecule lead portions that, in turn, are strongly coupled at their far 

ends to 2500 atoms chain driven lead sections (see main text for model details). Two energy cutoff windows of 1 𝑒𝑉 

(𝑊 = 0 𝑒𝑉; full red line) and 11 𝑒𝑉 (𝑊 = 5 𝑒𝑉; full green line) are considered. These correspond to total reduced 

Hamiltonian dimensions of 132 and 1,666, respectively. The result obtained using the full leads bandwidth and 

system dimensions (38 𝑒𝑉 and 5,652 energy levels, respectively) are presented for comparison (full black line). 

Clearly, excluding from the calculation all states that reside strictly outside the 1 𝑒𝑉 Fermi transport window results 

in non-converged current estimations that deviate considerably from the full system bandwidth calculations 

throughout the AB period. Extending the cutoff window to 11 𝑒𝑉 provides sufficiently converged results while 

reducing the dimensionality of the calculation by a factor of 3.4. Based on this analysis, the value of 𝑊 = 5 𝑒𝑉 was 

used to obtain all results presented in the main text. 
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4. Extended Molecule Size in Weakly Coupled Rings 

In molecular electronics calculations one often models an infinite system by a finite system subjected to appropriate 

boundary conditions. A useful approach to minimize the effect of the boundary conditions on the scattering region of 

interest is based on the notion of the extended-molecule.8–10 Here, the active molecule is augmented by portions of the 

lead sections, the sizes of which are set to obtain converged results. The choice of the geometry, chemistry, and size of 

the lead fragments taken to be part of the extended molecule region has also a crucial role when it comes to examining 

the coupling nature between the molecule and the leads.6,8 

Nevertheless, in the weak lead-molecule coupling limit the energy levels associated with the active molecule are very 

sharp. This requires the inclusion of extremely large lead portions within the extended molecule section to avoid 

artificial effects resulting from the discrete nature of their spectrum. To demonstrate this, we plot in Fig. 5 the magnetic 

flux dependence of the current passing through the 104° connected hydrogen ring, which is weakly coupled (see main 

text for model details) to hydrogen atomic chains that represent the extended molecule lead portions and are coupled on 

their far end to driven lead models. Two EM lead portion sizes are considered including 300 (full red line) and 600 (full 

green line) hydrogen atoms. The discrete spectrum of the 300 atoms EM lead portions is clearly manifested via strong 

current oscillations in the Aharonov-Bohm period. Doubling the EM lead portions size results in a reduction of the 

current oscillation amplitude but the discrete nature of their spectra remains evident. 

 

 

Figure S6: Steady-state current as a function of normalized magnetic flux threading the 104° weakly connected 

hydrogen ring described in the main text with EM lead portions size of 0 (black), 300 (red), and 600 (green) hydrogen 

atoms, compared to the NEGF results (full blue line). The applied bias voltage of  𝑉𝑏 = 1 𝑉 and electronic temperature 

of 𝑇 = 300 𝐾 are the same as those used to obtain the results presented in the main text. 

 

In principle, one could continue increasing the size of the EM lead portions until convergence of the current is achieved. 

Nevertheless, in the weak coupling limit, an efficient alternative would be to completely abandon the extended-molecule 

approach and couple the driven leads directly to the bare ring. As can be seen by the full black line in Fig. S6, this 

completely eliminates the current oscillations resulting from the discrete nature of the finite EM lead portions and 

provides results that are in fair agreement with non-equilibrium Green’s functions calculations. This suggests that in the 
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weak molecule-leads coupling limit, the boundary-conditions applied to the driven leads have a small effect on the 

scattering region even when they are directly coupled. Therefore, in this case the notion of the extended molecule, 

where the molecule is dressed by lead portions that buffer it from the boundary regions, becomes futile and may lead to 

unphysical behavior. We finally conclude that in a weakly coupled setup the molecule can (and probably should) be 

directly coupled to the driven leads, the energy spectra of which are appropriately broadened. 
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