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Quantum interference effects appearing in mesoscopic heterostructures have been extensively studied
in static conditions over the last decades. It is interesting to examine the dynamics of these phenomena
and get insight into the process of the formation of interference patterns. In this work, we analyze the
time required for the formation of Fano-like resonances in a double quantum dot system. We examined
the time evolution of conductance upon establishing an abrupt connection between quantum dots.
Asymmetric Fano lines are characterized by the close coexistence of resonant enhancement and resonant
suppression. Therefore, we pay particular attention to voltages, which in the static case, correspond to
both these features. Our research shows that the analyzed resonances are characterized by two time
scales: (i) the first one related to charge oscillations between subsystems and mostly governed by the
interdot coupling constant and the relative position of energy levels of quantum dots, and (ii) the second
one associated to the electron scattering on a continuum of states and responsible for the relaxation.
We also show that the time required for achieving a static solution is different for voltages corresponding
to local minima and local maxima.
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1. Introduction

The analysis of steady-state electron transport in
multiple quantum dot systems proves to be valu-
able for understanding of the formation of quan-
tum interference effects in various configurations.
In particular, the interplay of Fano-type interfer-
ence with other many-body effects such as Coulomb
blockade [1, 2], Kondo resonance [3–5], or proximity-
induced local pairing [6–9] were investigated both
theoretically and experimentally [5, 10–13]. The
analysis of electron dynamics allows for the inspec-
tion of the time required for the formation of res-
onances previously predicted (or observed) in sta-
tionary conditions.

Novel experimental techniques allow real-time
measurements of the electron time-domain with
precision below picoseconds [14–16]. Motivated by
these works, we explore the time required for the
formation of the Fano resonance in a T-shape dou-
ble quantum dot (DQD) system (cf. Fig. 1). One
of the few works considering the time evolution of
Fano-like resonances in DQD systems was written
by G. Michalek et. al. [17]. In their work, the au-
thors focus mostly on the specific case when the
energy level of the side dot (QD2) coincides with

the energy level of the interfacial dot (QD1). In such
a case, the abrupt coupling of a side dot causes a sin-
gle Lorentzian to evolve into two peaks separated by
a symmetric deep announcing destructive interfer-
ence. The symmetry of the central deep is a reminis-
cence of the vanishing asymmetry parameter q. Tra-
ditionally, Fano-type resonance is associated with
an asymmetric line shape originating from the close
coexistence of resonant enhancement and resonant
suppression of conductance [18]. Such a line shape
in DQD conductance can be obtained when the en-
ergy level of the quasidiscrete level differs from the
energy level of the main transport channel. Here, we
analyze a system where the energy level of the side-
attached quantum dot is slightly shifted from the
energy level of the interfacial dot. This approach
allows for the inspection of the evolution of both
the resonant peak and the deep in their recogniz-
able shape.

2. Investigated system

The setup discussed in this work is schematically
presented in Fig. 1 and it is composed of two quan-
tum dots hybridized with two metallic electrodes.
In this configuration, we assume that one of QDs is
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Fig. 1. Scheme of the considered system consisting
of two quantum dots (QD1 and QD2) and two ex-
ternal electrodes (L and R) connected in a T-shape
geometry. Here, ΓL and ΓR denote the coupling
strengths of QD1 to the electrodes, while the time-
dependent t12θ(t − t0) represents the interdot cou-
pling.

strongly hybridized to the external electrodes, while
the second one is coupled only to the first QD. In
such a configuration, the interference of electrons
transmitted between the source and drain electrode
via the interfacial quantum dot (QD1) and electrons
scattered on the side level of QD2 give rise to Fano-
like interference. Fingerprints of such interferences
can be observed as asymmetric lines in differential
conductance [11]. In this work, we will estimate how
much time it takes for such interference patterns to
emerge upon a sudden connection between the dots
or, equivalently, a sudden switch of the energy level
of the side dot.

The considered system can be described in terms
of the Anderson-like Hamiltonian which reads as

Ĥ =
∑
β=L,R

(Ĥβ + ĤTβ) +
∑
i=1,2

ĤQDi + Ĥt, (1)

where Ĥβ =
∑
k,β,σ ξkβ ĉ

†
kβσ ĉkβσ corresponds to

the external electrodes β = L,R treated as
a free electron gas, where the electron energies
ξkβ are measured with respect to the correspond-
ing chemical potentials µβ . The chemical poten-
tials are tunned when the voltage V is applied
across the junction, i.e., µL − µR = eV . Two single-
level non-correlated quantum dots Hamiltonian
and the tunnel coupling between them are rep-
resented by, respectively, ĤQDi=

∑
σ εid̂

†
iσd̂iσ and

Ĥt =
∑
σ θ(t−t0) t12 (d̂†1σd̂2σ+d̂†2σd̂1σ), where t0

represents the time at which the side dot (QD2)
is abruptly coupled to interfacial one (QD1) with
a interdot hoping strength t12, and θ(t) is the Heav-
iside step function. It is useful to introduce the
reduced time parameter t̃ = t − t0, which repre-
sents the time elapsed from the quench. The term
ĤTβ =

∑
k,σ Vkβσ(ĉkβσd̂

†
1σ + h.c.) stands for hy-

bridization of each electrode to an interfacial quan-
tum dot. We introduce the wide-band limit coupling
constant Γβ = π

∑
k,σ |Vkβσ|2δ(ω− ξkβ). In our cal-

culations, the total coupling of QD1 to the external

electrodes ΓN = ΓL + ΓR is used as the energy
unit, i.e., ΓN ≡ 1 (we assume VkLσ = VkRσ and
ΓL = ΓR).

Our aim is to calculate the time-dependent dif-
ferential conductance G(t, eV ) = dI

dV . We adopt
a method that was used previously in [19]. The
charge current I(t) (assuming e = h ≡ 1) can be
calculated using the following equation
I(t) =

2 Im

∑
k,σ

[
VkLσ

〈
d̂†1σ(t)ĉkLσ(0)

〉
− iΓL〈n̂1σ(t)〉

2

]
(2)

and it is encoded in two time-dependent av-
erages: (i) QD1 occupation number n1σ(t) =

〈d̂†1σ(t)d̂1σ(t)〉 and (ii) dot-lead correlation function
〈d̂†1σ(t)ĉkLσ(0)〉. In our approach, we calculate a set
of ordinary differential equations of motion for the
desired averages in the Heisenberg representation,
and use the fourth-order Runge–Kutta method to
solve these equations numerically. We assume the
following initial conditions: n1↑(0) = n1↓(0) = 1

and n2↑(0) = n2↓(0) = 0 (niσ = 〈n̂iσ〉 = 〈d̂†iσd̂iσ〉).
The quench protocol. In order to minimize the

influence of dot-lead coupling on transient effects,
i.e., conductance oscillations, the quench protocol
assumes that at first (at t = 0) only QD1 is coupled
to the external electrodes and we wait long enough
for a well-pronounced central peak emerging around
eV ∼ ε1 with all fluctuations suppressed (cf. [20]).
After t0 (where t0 is much larger than the time re-
quired for thermalization), the side dot is abruptly
connected and we observe the evolution of the Fano
resonance near ε2. In particular, we will focus on the
evolution of conductance for the source-drain (S-D)
voltages corresponding to the position of resonant
enhancement and resonant suppression (obtained in
static conditions).

3. Time-evolution of conductance

The resonances analyzed in this work are charac-
terized by two time scales. One of them is related
to charge oscillations between subsystems and is
mostly governed by the interdot coupling constant
t12 and the relative position of the energy levels
ε1−ε2. Another one is associated with electron scat-
tering on the continuum of states, which is responsi-
ble for relaxation and which is governed by ΓN . The
total time of achieving stationary conditions results
from these two processes.

To gain an overall view of conductance evolution,
we present a density plot (Fig. 2) that shows the dif-
ferential conductance as a function of source-drain
voltage and time, obtained for ε1 = 0 and ε2 = ΓN .
Initially (at time t = 0) QD1 is coupled only to
electrodes L and R. Around ε1 = 0, we can ob-
serve the evolution of the Lorentz curve and small
fluctuations on side of it. After a few units of time
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Fig. 2. Density plot of differential conductance as
a function of source-drain voltage (eV ) and time (t)
obtained for t12 = 0.3ΓN (ε1 = 0, ε2 = ΓN ).

(being ~/ΓN ) the fluctuations are suppressed and
the Lorentz curve centered at ε1 achieves its stable
shape. Safely later, at t0 = 20~/ΓN , we abruptly
connect the second quantum dot. In the vicinity of
ε2, a resonant enhancement is visible and resonant
depletion of conductance starts to evolve. One could
note strong conductance oscillations on both sides
of these features. The frequency of the oscillations is
the higher, the farther eV is from the resonant fea-
ture. One can note that those fluctuations are tuned
down by a similar factor after each cycle. Conse-
quently, the relaxation process of the oscillations is
the faster, the farther they are from the resonant
feature. In Fig. 2 one can see that oscillations near
the resonant feature are still pronounced well even
after t = 100~/ΓN , while oscillations far away from
the feature (e.g., at eV = −ΓN ) are strongly re-
duced at t ' 40~/ΓN .

However, in very close vicinity of ε2, resonant
enhancement appears and increases monotonically
without oscillations. The evolution of the resonant
minima (which in the static case appears exactly
at eV = ε2) resembles damped oscillations. Ac-
cording to [17], the oscillations of transmittance
for ε1 = ε2 ≡ ε in the very weak coupling regime
t12 � ΓN are dependent on the difference be-
tween S-D voltage and the energies of quantum dots
(eV −ε). In such conditions, the transmittance (and
conductance) for energy (voltage) corresponding to
local minima, i.e., ω = ε (eV = ε) after quench is
continuously tuned down without oscillations. Our
results indicate that for ε2 6= ε1, conductance oscil-
lations have vanishing frequency not for eV corre-
sponding to local minima (ε2), but for nearby local
maxima.

In the static conditions, the energy correspond-
ing to local maxima is given by fr = 1

2

(
ε1+ε2 ±√

(ε1−ε2)2 + 4t212
)
, where the sign “+” refers to

the case when ε2 > ε1 and “−” to the opposite
case. Note that for a vanishing interdot coupling
t12 → 0+, one gets fr → ε2 ± 0+. Indeed, for

TABLE I

Local extrema relaxation times τmin and τmax ob-
tained for ε1 = 0, ε2 = ΓN , and several couplings
t12.

t12 [ΓN ] τmin [~/ΓN ] τmax [~/ΓN ]

0.3 40.70 16.85
0.4 19.78 10.37
0.5 12.53 7.42
0.6 9.06 5.89

TABLE II

Local extrema relaxation times τmin and τmax ob-
tained for ε1 = 0, t12 = 0.5ΓN , and several ener-
gies ε2.

ε2 [ΓN ] τmin [~/ΓN ] τmax [~/ΓN ]

0.0 2.76 2.44
0.25 3.41 2.93
0.5 5.67 3.69
1.0 12.53 7.42
1.5 19.07 9.71

a very weak t12, the resonant enhancement and res-
onant suppression occur in very close vicinity. The
Fano minima appear exactly at eV = ε2 (at the
static conditions), thus for the nonvanishing t12, it
is slightly shifted from eV = fr, which explains why
conductance as a function of time under these con-
ditions resembles damped oscillations.

3.1. Relaxation time

In order to quantify the relaxation process, we
fit an exponential function representing the decay
of the difference between the initial and the final
value of conductance at voltages corresponding to
local minima (i.e., eV = ε2) and local maxima (i.e.,
eV = fr). Such a function can be read as

G(t− t0) =

G(∞)−
[
G(∞)−G(t0)

]
exp

(
t0 − t
τ

)
,

(3)
where G(t0) and G(∞) represent the conductance
values, respectively, just after the quench and in
the static conditions. The relaxation factor τ rep-
resents the time after which the difference between
the initial and final value of conductance decreases
e ' 2.718 times. Determined values of τmin and τmax

corresponding to the found time evolution of the in-
vestigated features in the static local minima and
maxima, respectively, for ε2 = ΓN and ε1 = 0 and
several values of t12 are presented in Table I. The
fitting of function (3) was performed to the data
presented in Figs. 3 and 4. Analogously, the results
for the fixed constant coupling t12 = 0.5ΓN and
a few energies of the side dot ε2 are presented in
Table II (cf. also Fig. 5).
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Fig. 3. Suppression of conductance at static min-
ima (i.e., for eV = ε2) obtained for t12 = 0.3ΓN

(blue line), t12 = 0.4ΓN (orange line), t12 = 0.5ΓN

(green line), t12 = 0.6ΓN (red line); cf. also Fig. 4
for corresponding colour legend (ε1 = 0, ε2 = ΓN ).

Fig. 4. Evolution of the resonant enhancement of
conductance calculated at a voltage correspond-
ing to static maxima (i.e., for eV = fr) obtained
for t12 = 0.3ΓN (blue line), t12 = 0.4ΓN (orange
line), t12 = 0.5ΓN (green line), t12 = 0.6ΓN (red
line); corresponding colour lines are given from the
bottom-right (ε1 = 0, ε2 = ΓN ).

From both tables one can notice that the dif-
ference in the obtained relaxation times for local
maxima and minima is greater for smaller interdot
couplings. On the contrary, the smallest difference
of relaxation times occurs when ε2 coincides with ε1
and interdot coupling is strong.

3.2. Extrema evolution

Damped oscillations near static minima (briefly
discussed in the previous section) for different cou-
plings t12 are presented in Fig. 3. Analyzing Figs. 2
and 3, one can note that the amplitude of the oscil-
lations diminishes by a similar factor after each full
period (independently of t12). The period of such
oscillations, however, is dependent on t12 and the
relative position of the initial energy levels (ε1− ε2)
(cf. Fig. 5). In the case of weak interdot coupling,
the period is considerably larger and the station-
ary condition is achieved much later. Analyzing the

Fig. 5. Comparision of minima (dashed lines, lo-
cated at eV = ε2) and maxima (solid lines, located
at eV = fr) evolution obtained for ε2 = 0.25ΓN

(black lines) and ε2 = ΓN (red lines). The other
parameters are taken as ε1 = 0 and t12 = 0.5ΓN .

evolution of the structure near eV ' fr, we notice
that the enhancement of conductance is monotonic
over time (oscillations are not present). In Figs. 3
and 4, we see that the monotonic building up of
the resonant peak is considerably faster than the
resonant suppression (cf. also Table I). To empha-
size this observation one can, e.g., compare the val-
ues of each feature near t̃ ' 50~/ΓN . The values
of the maxima for all values of t12 studied (ex-
cept for t12 = 0.3) are very close to stable, while
for the minima one can still see clear oscillations
for all t12.

The relative position of energy levels of the quan-
tum dots (i.e., ε1−ε2) has the opposite effect on the
period and the relaxation process than t12. Namely,
the time required to achieve stationary conditions is
longer when ε2 is shifted far away from ε1. This can
be seen in Fig. 5 and Table II collecting estimated
relaxation times for a few different ε2.

4. Conclusions

In this work, we investigated the dynamics of the
Fano resonance in a double quantum dot system.
The time dependence of conductance versus source-
drain voltages and the evolution of local minima
and maxima after the quench are presented. con-
ductance oscillations for voltages corresponding to
a static position of the local minima were obtained.
The period of these oscillations and the relaxation
time depend on both the coupling t12 between the
dots and the relative position ε1 − ε2 of dots ener-
gies. On the other hand, for voltages corresponding
to the maxima, frequency of oscillations tends to 0
and, consequently, building up of the resonant en-
hancement occurs in monotonic way. We calculated
the characteristic times for relaxation processes τmin

and τmax for the local minima and the local max-
ima. We found that difference between these times
strongly depends on t12 and ε1 − ε2. However, for
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all ranges of considered parameters, the formation
of the resonant enhancement is faster than the res-
onant depletion of conductance.
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