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Measuring cotunneling in its wake
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We introduce a rate formalism to treat classically forbidden electron transport through a quantum dot (cotun-
neling) in the presence of a coupled measurement device. We demonstrate this formalism for a toy model case of
cotunneling through a single-level dot while being coupled to a strongly pinched-off quantum point contact (QPC).
We find that the detector generates three types of back-action: the measurement collapses the coherent transport
through the virtual state, but at the same time allows for QPC-assisted incoherent transport, and widens the dot
level. Last, we obtain the measured cotunneling time from the cross correlation between dot and QPC currents.
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I. INTRODUCTION

Quantum measurement is a probabilistic process where the
detector’s outcome is correlated with the system being in
a certain state. In turn, the detector’s back-action onto the
system affects it according to the specific outcome of the
measurement [1]. In a projective measurement this is described
by the wave-function collapse, in which the outcome of the
measurement is an eigenvalue of the measured observable,
and the system after the measurement is projected onto the
eigenstate corresponding to the obtained eigenvalue [2].

The implications of quantum measurement become par-
ticularly interesting when applied to yet another key feature
of quantum mechanics—to classically forbidden processes.
A striking example of such a forbidden process is that of
tunneling under a potential barrier, where a particle appears
on the other side of a barrier that it classically could not
surmount. Whereas this appearance indicates that a tunneling
event occurred, a direct observation of the particle during
its virtual passage under the barrier is required as additional
verification of this mechanism.

Indeed, such a proposition stands in direct conflict with
quantum measurement: if the particle is measured to be under
the barrier, it would collapse midway and not tunnel to the
other side. Additionally, in order for the particle to collapse in
the position of the barrier, it must obtain energy and appear
above the barrier. As a result, one may conclude that such a
measurement would correspond to effectively increasing the
potential barrier, and blocking tunneling altogether. Still there
is a constant interest in accessing the properties of a particle
tunneling under a barrier (e.g., its traversal time), with a variety
of approaches [3-7].

Beyond the scheme of projective measurement, a better
suited and more realistic approach in detecting the virtual state
under the barrier is that of a modification of the systems’s
state in a continuous process accompanied by a gradual
acquisition of information by the detector [8]. In particular,
in a weak measurement regime, as opposed to a strong
projective measurement, the detector’s outcome corresponds
to the measured state of the system, but the back-action does
not disturb it much. This allows for nontrivial effects in
conditional (postselected) measurements, e.g., the appearance
of weak values [9], and utilization of the measurement outcome
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in quantum feedback circuits [10,11]. Such effects have
been successfully employed in practical problems including
precision measurements [12—17], quantum state discrimi-
nation [18], or quantum state stabilization [11]. Moreover,
weak measurements have also been successfully employed
in the study of coherent quantum transport under a potential
barrier [7,19], as well as transport through many-body virtual
states [20].

The detection of a tunneling process via weak measure-
ments can be directly explored in electronic solid-state devices.
The typical system under consideration is that of transport
between two leads across a quantum dot. By tuning the
capacitance of the dot, one can position its eigenenergies
relative to the chemical potential of the leads, such that an
addition of charge onto the dot is unfavored by Coulomb
interactions. As a result, transport through the dot is classically
blocked [21]. In this regime, the transport through the dot
happens via cotunneling processes with a virtual (classically
forbidden) occupation of the dot [22].

Charge detection in quantum dots using a quantum point
contact (QPC) that is capacitively coupled to the dot is
experimentally well established [23-31]. The QPCs can
be tuned to be close to the quantum limit, making them
sensitive to the dot’s charge fluctuations. Theoretically QPC
detectors are well understood, and a proper formalism has
been developed to describe the many-electron macroscopic
classical signal therein in response to local charges [11,32].
Yet these descriptions are developed for classical transport
through the dot [32], or for coherent charge oscillations in
isolated systems, e.g., double quantum dots [11,32,33]. In a
recent work, measurement of cotunneling was addressed in the
regime of weak coupling between a dot and a QPC [20]. Using
aweak value approach extended to deal with the interacting dot
and a large bandwidth of the QPC, the short cotunneling time
was resolved. This led to a vanishingly small cotunneling time
in the regime of a diffusive 2D dot with sufficiently closed
contacts.

In this work, we extend the standard model of QPC
transport [11,32] to treat the partial measurement of virtual
occupation of the dot in the cotunneling regime. In our
scheme, we treat the interaction between quantum dot (QD)
and QPC exactly by utilizing a rate equation formalism,

©2014 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.90.205413

ODED ZILBERBERG, ASSAF CARMI, AND ALESSANDRO ROMITO

which is perturbative in the tunneling and exact in the regime
of an almost pinched-off QPC. We illuminate and study
three mechanisms of back-action that a detector induces
onto coherent transport, namely (i) increased phase space for
QPC-assisted transport, e.g., inelastic processes in which an
electron enters the dot with energy € and leaves the dot with
energy €’ # € while another electron crosses the QPC such
that the total energy is conserved, (ii) reduced elastic transport
(decoherence), and (iii) widening of the dot energy levels.
Thus, we can address some of the questions introduced above:
we find that due to (i) and contrary to the prediction above,
the measurement amplifies the current through the dot and
does not block it. Nonetheless, mechanism (ii) implies that
transport would be blocked if the dot is incorporated inside an
interferometer.

Alongside these main results, we find that the detector
signal shows nonmonotonous behavior as a function of the dot
variables, which we attribute to sensitivity to the directionality
of transport through the dot. Additionally, we determine the
correlation between the QPC transport and the successful
cotunneling passage through the quantum dot. Interestingly,
despite the fact that the regime considered here is different
from that of previous approaches which established such a
relationship [7,20], we can use the correlated-currents signal
to extract the time of the cotunneling process. The obtained
time is compared with the simple Heisenberg’s uncertainty
expectation of t.o ~ i/ AE, which is set by the inverse of the
“energy-debt” during the virtual transport.

Our results are relevant for contemporary transport exper-
iments [26,29], where different mechanisms of QPC back-
action are discussed and an estimation of the cotunneling time
is obtained from the linewidth of the differential conductance
through the dot. Note that, differently from other approaches
dealing with the many-body physics in the cotunneling system
and detector [20], our formalism addresses the regime where
single cotunneling events are correlated with single electron
signals through the QPC.

The paper is structured as follows: in Sec. II, we write
down the model of a dot measured by a QPC. In Sec. III,
we derive the essential tools and methods for describing
the measurement of cotunneling in its wake. Section IV
details the resultant interplay between dot and QPC, and its
implications on measurable currents on correlations, as well
as the ability of measuring the cotunneling time. In Sec. V, we
conclude and discuss possible future directions. We provide
a comprehensive Appendix A, which details the microscopic
calculation required to establish the formalism used in Sec. III.

II. MODEL

Our setup is divided into two components: the system, and
the detector that measures it,

H = Hsys + Hyer + Hine, (1)

where Hgys describes the system, Hye, describes the detector,
and Hj, describes the interaction between them. For simplicity,
we consider a spinless problem. The results can be directly
extended in some regimes to the spinful case. The system
consists of a single level quantum dot, that is tunnel-coupled
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FIG. 1. (Color online) A sketch of the setup: a single-level dot
is tunnel-coupled to two leads, S and D with amplitudes ¢ and
tp, respectively. The respective dot-leads chemical potentials are
us and pp, corresponding to a voltage bias eVsp = g — up. A
quantum point contact (QPC) is capacitively coupled to the dot, i.e.,
transport between the leads L and R is governed by a tunneling
amplitude € when the dot is empty, and 2 — §Q2 when the dot is
occupied. The respective QPC-leads chemical potentials are p; and
R, corresponding to a voltage bias eV g = ;. — pg.

to two electronic leads, the source S, and the drain D (see
Fig. 1). By applying a voltage bias, eVsp = s — ip, between
the source and the drain chemical potentials (us, wp), we
can measure the transport properties of the dot. We assume,
henceforth, that eVsp > 0. The quantum dot is capacitively
coupled to another lead, the gate lead. Varying the gate voltage
V, on the gate lead controls the number of electrons in the dot.
The Hamiltonian that describes the system is

Hsys = HSD + Hdot + HT, (2)
where
Hsp= Y €aClyCha 3
k,a=S,D
Hdot = Gddfd, (4)
Hr= Y tuc},d+Hc. (5)
k,a=S,D

The operator ¢ ,, annihilates an electron with momentum k and
energy € o in the lead « € {S, D}, d annihilates an electron on
the dot with energy €;, which is modulated by V,. We have
assumed that the tunneling coefficients #, between the lead o
and the dot are independent of the energy.

As long as ug > €5 > Wp, transport occurs via sequential
tunneling processes through the dot. When the dot level is
outside the energy window provided by the leads, up <
Us < €4 Or s > Up > €4, and at low temperature, 7 <
min{|pup — €4],|€4 — Ls|}, sequential tunneling is exponen-
tially suppressed. Nonetheless, a small current is still detected
in the drain. This small current is carried by the so-called
cotunneling processes, in which electrons from the source
virtually tunnel through the dot into the drain [22,34]. By
virtually we mean that the tunneling into the dot is classically
forbidden by energy conservation, but the overall cotunneling
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process is energy conserving. In the present work we focus on
this cotunneling regime.

We now turn to describe the detector. The detector is chosen
to be a QPC because of its noninvasive nature [10]. The QPC
consists of two leads, left and right, that are tunnel-coupled
to each other; see Fig. 1. It is described by the following
Hamiltonian:

Ho =Y Eajaj+ ) &ala, +)  Qala, +He), (6)
l r Lr

where a; (a,) annihilates an electron on the left (right) lead
with momentum [ (r) and energy & (&,). The tunneling
amplitude between the left and right leads, €2, is assumed to be
energy independent. The QPC is out-of-equilibrium, namely,
the chemical potentials of the left and right leads are different,
mr =eVir/2, ug = —eVig/2.

The QPC is capacitively coupled to the quantum dot, i.e.,
the tunneling amplitude €2 is modulated by the charge on the
dot,

Hp = —Y 6Qd'd(afa, +He). @)

l,r

The typical time scales for a tunneling event in the QPC
to occur are D~ and D~ for an empty and an occupied dot,
respectively [32]. They are given by D = 27 Q%p; preVir/h
and D = ZnQZprReVLR/h where Q = Q — 8Q. For sim-
plicity, henceforth, we assume the same density of states in the
left and right leads, p;, = pr = p.

Note that a single-level quantum dot model corresponds
to a quantum dot with appreciable level spacing, larger than
the other energy scales in the problem. Such a system can
be experimentally realized in semiconductors. Similarly, the
QPC detector can be easily tuned to detect single electron
tunneling in the sequential limit [35], and to weak coupling
in the cotunneling regime [29,30]. Furthermore, this model
provides a valid effective description of multilevel quantum
dots in the limit where the Thouless energy is the largest energy
scale [21].

III. METHODS

The currents through the dot and the QPC are carried by
tunneling processes between the source and the drain via the
dot, and from the left lead to the right lead in the QPC. In
order to obtain these currents and their cross correlations, we
use a rate equation formalism [36—38] and calculate the rates
for these tunneling processes (see Appendix A). We assume
that all the tunnel couplings are weak, namely, p, |, |2 < eVsp
and p|Q2 |2 « eVypg, and treat them perturbatively. Within this
approach the interaction term, that makes the QPC transport
dependent on the dot occupancy, is treated exactly.

We focus on cotunneling rates, in which the occupation of
the dot changes only virtually. Cotunneling can occur either
between two different leads (e.g., source to drain) or back
and forth between a lead and the dot (e.g., source to source).
During these processes electrons can tunnel through the QPC.
Therefore, the QPC current is sensitive to the virtual changes
in the dot occupancy. We denote by W, the cotunneling rate
from lead « to lead «’ (where a,a’ € {S, D}), during which n
electrons pass through the QPC.
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FIG. 2. (Color online) Sketch of the rate W2, of cotunneling
through the dot accompanied by no tunneling through the QPC [cf.
Eq. (8)]. Similar to Fig. 1, the upper part (brown) depicts the dot
system and the lower (blue) the QPC.

Toy model

To study the interplay between the QPC and the dot we
introduce a simplified version of our model. In this simplified
toy model, we wish to have, at most, one electron that tunnels
through the QPC during a cotunneling process through the
dot, namely, W7, is negligible for n > 1. Thus, only five
rates remain relevant in the analysis of the currents and cross
correlations: W, Wi,, W), Wi, and W}, [see Figs. 2
and 3(a)-3(d), respectively].

The rate WgD describes processes in which an electron
cotunnels through the dot while no tunneling events through
the QPC take place. Therefore, this rate contributes only to
the current through the dot. The rates W, and W/,¢ describe
processes in which, in addition to cotunneling through the dot,
an electron tunnels across the QPC. They contribute both to the
current through the dot, and to the current through the QPC.
Hence, they generate cross correlations between these currents.
The rates WSl ¢ and Wll) p are of processes that contribute to the
current through the QPC, but not to the current through the
dot. Here, the electron tunnels back and forth between the dot
and the same lead.

(/ Vsp

Vsp
“D
€ €17 ;
! ‘X"Er Vir ! ‘2\_,@ Vir
2% LR 1203 LR

FIG. 3. (Color online) Sketches of the relevant cotunneling rates
in our toy model that involve an electron tunneling through the QPC
[cf. Eq. (9)]. Similar to Fig. 1, the upper part (brown) depicts the dot
system and the lower (blue) the QPC. (a) The rate WS1 p- (b) The rate
W). (c) The rate W,. (d) The rate W) ,.
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In order to work in the regime of our toy model, we take the
following assumptions: First, we work in the zero-temperature
limit and assume that no tunneling events occur in the QPC
when the dot is occupied, i.e., we set Q =0. As a result,
transport through the QPC occurs only alongside cotunneling
events, i.e., only during the time interval in which the dot is
virtually empty, t.oc. We further take the limit where 7.y is
much shorter than the typical tunneling time in the QPC, i.e.,
Droor L 1.

The cotunneling time, 7., is related by Heisenberg’s
uncertainty principle to the difference between the energy of
the initial (or final) state, and the energy of the virtual interim
state, e.g., € —€; and € — ¢, in Fig. 3. Of all cotunneling
processes, the process with the longest cotunneling time is the
one with the lowest energy difference, namely, for ¢’ = up
(assuming g > up). Hence, the assumption above implies
that A’D < us — €4, tp — €4.

Note that this chosen working point of the QPC puts
the detector in a regime different from the one typically
considered in the context of weak measurements. In a typical
weak measurement one assumes to work at finite D and
D = D — §D. The measurement process is then characterized
by a measurement time, 73 ~ D/ 8D?, needed to resolve the
occupancy of the dot. One can then work in a regime with
Teot P > 1 and 1.6 D < 1, such that the detector’s bandwidth
is larger than the cotunneling time we are interested in
(D > 1/1.q), but the measurement during such a time remains
weak (Teor K Ty).

In our case 8D = D, and as 7.«D < 1 we do not have a
large bandwidth in the detector. Nonetheless, due to the very
same choice, D = 0, corresponding to a blocked transport
through the QPC, the current in the QPC is strongly correlated
with a cotunneling through the dot, and one can expect that
virtual transport through the dot could be resolved. In other
words, the point D=0is peculiar since, as soon as an electron
tunnels through the QPC, one can infer with certainty the
happening of a cotunneling event through the quantum dot.
This is not a weak measurement in the standard sense, but
resembles more a partial-collapse measurement [18,39—42].
Nonetheless, the rarity of such joint tunneling events generates
limited back-action, and the detector can be used as a nonde-
structive detector of the virtual occupation of the dot. In any
case, this parameters’ regime has the advantage of simplifying
the formalism, and rendering the processes involved in the
detection clearer [43].
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Experimentally, the small bandwidth of the QPC should not
serve as a hurdle, as there are sufficiently many cotunneling
events in the dot to obtain a measurable signal. We envision that
tuning in to this measurement regime corresponds to starting
from a conductance plateau in the QPC in the presence of
a full dot that is decoupled from leads, i.e., no virtual charge
fluctuation on the dot occurs. Increasing the coupling of the dot
to its leads allows for cotunneling. If at the same time a QPC
current is generated, it should correspond to the mechanism
reported here.

1. Derivation of the rates

In Appendix A 2, we rigorously derive the rates Wg D WS1 D>
W), Wis, and W}, . Here, we present a simpler, and intuitive
way, to calculate these rates.

We start by incorporating one of the effects of the coupling
with the QPC by bestowing a finite width to the energy level
of the dot, i.e., the single level gains an effective width A(D —
D)/2, which is proportional to the measurement strength. Note
that in our toy model the measurement strength is, therefore,
equivalent to #D/2. Hence, the cotunneling rate is simply
the standard cotunneling rate through a single-level dot with
energy €, and width 2D/2. This is indeed the effect obtained
by the microscopic calculation, which includes the dynamics
of the QPC in Appendix A 2.

The total cotunneling rate WgD, is the sum over the rates
of all possible cotunneling processes (namely, integration over
all incoming energies):

Wep
27 /“5 p tstp 2
= — € _—
hJu, psepi € —ihD/2
IsT'p 21 2(pns —€q) 1 (2(up —€q)
= tan ! [ 2—20 ) — tan” [ ———22) |,
nD D D

®)

where T’y = 27y |t,|?/h. For later use, we also denote the
total coupling I' = T's + I'p.

The cotunneling events through the dot, which are accom-
panied by a tunneling event through the QPC, consist of three
stages (see Fig. 3): First, the electron in the dot tunnels out
into the source or the drain. Second, a tunneling event occurs
in the QPC. Last, a new electron tunnels into the empty dot.
Here too, we include an effective width, A”D/2 to the energy
of the dot. The total tunneling rate is given by

2

Tty S2
e S(e+e —€ —¢)

. 27 Mo 0 , 1225 o)
Wow = 7[ dé/ de / dézf de, psPDPLOR
- Mo/ —00 R

(¢ —€;—ihD/2) e, + € —€ — €4 —iRD/2)

(eVir+€—¢€)

o

hzra Fa/D Mo e+eVir
= / de/ de' o el
47 e VLR Juy—evin M [(G — € + T][(EI — €+ T]

The integrals in Eq. (9) are solvable. Out of space consid-
eration, we choose to present these rates in integral form.
Here we notice the full extent of the interaction of the QPC
with the dot; the QPC affects the cotunneling through the dot
in two fashions: First, as previously noted, it gives a finite

C))

(

width to the energy level of the dot. Second, it allows new
QPC-assisted cotunneling processes through the dot, where
electrons are emitted from lead « inelastically into lead o/,
provided that the energy difference is compensated by the
QPC.

205413-4



MEASURING COTUNNELING IN ITS WAKE

When the dot and the QPC are decoupled (2 =0) all
the cotunneling processes are elastic, namely, an electron at
energy € in the lead «, can be emitted into lead o’ only at
the same energy, €. In our case, the dot and the QPC are
coupled (2 # 0), and the two systems can exchange energy.
Therefore, an electron with energy € in lead « can end up in
lead o’ having a different energy €’ # €. This is enabled by an
electron with energy €; which is transmitted from the left lead
of the QPC into the right lead with energy €, # €; keeping the
total energy conserved € + ¢, = €’ 4 ¢€,. Examples of inelastic
cotunneling processes are schematically depicted in Fig. 3.
The total cotunneling rate W), is the sum over the rates of all
possible cotunneling processes (namely, integration over all
energies in the relevant leads of the dot and QPC systems).

At zero temperature, the maximal energy that a QPC
electron can lose by tunneling is ;) — g = eV g (assuming
that ;> wg). Hence, the maximal energy that a dot electron
can gainis eV g, namely, € — €’ < eV [see Figs. 3(b)-3(d)].
Similarly, the maximal energy that the dot electron can lose is
eVsp [see Fig. 3(a)]. Increasing the applied bias voltages (both
on the dot and on the QPC) therefore increases the phase space
for QPC-assisted cotunneling processes. Hence, the total rate
W/ increases with the applied bias voltages.

In Fig. 4, we plot the rates W¢,, and W}, as a function
of "D/(up — €4) for different values of up —e€; and at
fixed Vsp, Vrg. In this configuration, up — €, affects all
possible cotunneling rates. Lowering €, suppresses the rate
of cotunneling processes, leading also to shorter cotunneling
times 7. This is seen in Fig. 4 by the overall decrease in
magnitude of both WgD and Wle as €, is lowered. As D
increases the probability for an electron to tunnel through
the QPC during the time window 7.,; grows. Hence, W?D
constantly decreases with D while W{, increases.

At a certain point, WS1 p peaks and decreases as well. At
this point the probability for two electrons to tunnel through
the QPC during a cotunneling event becomes relevant. We
highlight the regime in which our toy model is valid, i.e., the
regime in which Wg |, slightly decreases while W{ ) increases
but is still far from peaking. Note, however, that even beyond
the highlighted regime, in the weak QPC-tunnel-coupling
regime the rates Wg, with n > 1 appear as contributions of
o).

We have assumed throughout this section an additional
finite width #D/2 of the dot energy level. We stress that this is
aresult of the formal derivation of Egs. (8) and (9) that appears
in Appendix A 2.

2. Currents and correlations

Using the rates, Egs. (8) and (9), we are able to express
the currents and cross correlations of our setup [37,38]. The
average currents of the dot and the QPC are given by

(Liot) = e(Wp + Wgp — W — W), (10)
(Igpc) = e(Wsp + Whs + Wes + Wp)). an

The zero-frequency cross correlation between these currents,

S = 2/ dt[(lao(t + T)gec(1)) — (Laot) (Igpc) ], (12)

oo
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FIG. 4. (Color online) Plots of (a) W¢,, and (b) W, as a function
of hD/(up — €,4) with bias voltages eVsp = 4hT", eV g = 3.9AT,
and I's = ['p. The different curves are for different dot gating ¢,
suchthat up — €; = 4AT (dark blue); up — €4, = ShI' (medium-dark
blue); up — €, = 6AI" (bright blue). We highlight the area in which
our toy model is relevant, namely, where WJ, slightly decreases,
Wi, is far from peaking, and Wg, for n > 1 are negligible. Two
effects are seen here: (i) The higher the dot energy is, the higher
the cotunneling rates are; (ii) as AD/(up — €4) increases it is more
probable for electrons to pass through the QPC during the time
window in which the dot is empty. This is seen in the decrease in
W2, vs the increase in W{,. At the point in which W}, peaks, the
probability for two electrons to tunnel through the QPC during a
cotunneling event becomes relevant.

is given by

S =2e*(Wgp — Wpy). (13)

IV. RESULTS

In this section, we analyze the resulting currents through
the dot and the QPC, and their cross correlations. Also, we
relate these quantities to a conditional partial measurement of
the occupation of the dot, akin to null weak values [18]. This
quantity enables the determination of .

A. Current through the dot; measurement back-action

The current through the dot is carried by cotunneling
processes, in which the occupation of the dot is virtually
changed for a short time. The intermediate evolution state,
where the occupation of the dot is changed, does not preserve
energy. Thus, ideally a strong measurement of the charge on
the dot would destroy cotunneling processes. Given that the
current through the QPC is affected by the charge on the dot, it
can be used to measure this charge. Naively, one would expect
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0.25 0.55
eVir/(kp — Ed)

FIG. 5. (Color online) Plots of Iy [cf. Eq. (10)] as a function
of eVir/(up — €4) and pQ2 with eVsp = 4h0°, up — €, = ShI', and
I's = I'p. (a) A density plot of 4. The 14 along the vertical (green)
and horizontal (blue) mesh lines is plotted in (b) and (c), respectively.
The dashed lines represent equal-d = AD/(up — €,) lines. We can
see that the current increases with the coupling D of the QPC.
However, the effect does not depend exclusively on D, but it also
directly depends on the QPC parameters: the tunnel-coupling €2 and
the voltage-bias V.

.2 0.55 0.9
eVir/ (o — €d)

that turning on a weak coupling between the QPC and the dot
will slightly reduce the current through the dot. It turns out
that the opposite is true. As seen in Fig. 5, by increasing the
coupling between the dot and the QPC (increasing €2 in our toy
model), the current through the dot is even slightly enhanced.

Figure 5 depicts the current through the dot as a function
of the coupling to the QPC, €2, and as a function of the QPC
voltage bias V| g. The current is enhanced both by increasing
2 and by increasing Vg, or alternatively, by increasing D, and
V. Note that the regime in which our model is valid is d =
hD/(up — €4) < 0.3, where up to one electron is transferred
in the QPC during the virtual cotunneling time of the dot.
Therefore, the area in which 4o peaks and decreases is outside
the scope of our model’s validity.

The current through the dot has two parts, a “coherent” part
and “incoherent” part. The coherent part is carried by coherent
cutunneling processes, where electrons tunnel through the dot
without changing the state of the QPC, the total rate of these
processes is Wg p- The incoherent part is carried by cotunneling
processes through the dot that are accompanied by changes in
the state of the QPC, namely, tunneling through the QPC.
The rates for these processes are WS1 p and Wll) - As discussed
in Sec. III 1, increasing 2 or V g, and correspondingly D,
increases the probability for tunneling through the QPC, and
hence decreases W¢;, and increases W ,. Additionally, V, g
increases also the phase space for inelastic QPC-assisted
cotunneling processes through the dot. Hence Vg increases
W¢p (and W) even for a fixed D. Hence, the growth of I4e in
Fig. 5 is a result of the availability of phase space for inelastic
QPC-assisted cotunneling processes in W, being higher than
the decrease in W), as a function of these parameters.

The strong measurement nature of the incoherent channel
is highlighted by the fact that, in our simplified toy model,
having current through the QPC destroys the coherence of a
cotunneling process. If the dot would have been embedded into
the arm of a Mach-Zehnder interferometer a current in the QPC
could serve as a strong which-path measurement and would
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FIG. 6. (Color online) Plots of Igpc [cf. Eq. (11)] as a function of
eVir/(up — €4) and eVsp/(AI') with pQ = 0.15, up — €, = SAl,
and I's =Tp. (a) A density plot of Igpc. The Igpc along the
vertical (green) and horizontal (blue) mesh lines is plotted in (b)
and (c), respectively. Naturally, the current increases with the the
QPC voltage bias V. z. As the voltage on the dot Vip is increased
the following occurs: (i) The cotunneling to the drain and back W},
remains constant; (ii) the cotunneling to the source and back Wl
becomes less probable; (iii) the cotunneling from drain to source
W[l,s decreases, and disappears once Vsp > Vig; (iv) additional
cotunneling processes from source to drain in Wy, are allowed. The
latter features dominate the behavior of Igpc. We see initially a slight
decrease as W), vanishes with an overall increase due to W{,,.

reduce the interference signal. In this case, the interference
signal would be proportional to the decreasing Wg D-

B. Current through the QPC; measurement signal

The current through the QPC is sensitive to the virtual
changes in the charge on the dot during cotunneling processes.
In the discussed toy model, QPC-current pulses (electron
tunneling) occur only alongside cotunneling processes in the
dot. The cotunneling processes can be either between two
leads (from the source to the drain and vice versa), or back and
forth between the dot and one of the leads (source-to-source
or drain-to-drain). We find, here, a nonmonotonous signal that
is dependent on the directionality of the dot transport.

In Fig. 6, we plot Igpc as a function of the two bias
voltages: Vsp on the dot, and V. z on the QPC. Increasing
Vir has two effects: First, it increases the phase space for
elastic QPC-tunneling processes, where €; = €, (see Fig. 3
for clarification of the notations). Second, it increases the
phase space for inelastic processes with €; > ¢,. While the first
effect is relevant only for source-to-drain tunneling through
the dot, the second effect is relevant for all four possibilities
of cotunneling through the dot (from any lead « to any lead
a’). The amount of energy that can be lost in the QPC as
a compensation for inelastic cotunneling through the dot is
bound from above by eV, z. Hence, in cotunneling processes
that involve a single lead, raising V g allows for more energetic
particles-hole excitations to appear in the lead [see Figs. 3(c)
and 3(d)]. Similarly, drain-to-source cotunneling consumes
energy and therefore increasing V z enlarges the availability
of drain-to-source cotunneling [see Fig. 3(b)]. To conclude,
the rates Wo}a/ (all four combinations) increase with V; g and
hence Igpc increases with Vi .
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Raising the bias voltage on the dot, Vs, increases the phase
space for both elastic and inelastic source-to-drain tunneling,
and hence, it increases the rate WS1 p- The rate Wll) s however, is
suppressed by a raised Vsp as the drain-to-source cotunneling
processes require higher amount of energy for larger Vsp. For
afixed Vg, the available energies for inelastic drain-to-source
cotunneling through the dot are bounded from above. Hence,
increasing Vsp reduces the phase space for such processes,
where for Vsp > Vg such cotunneling becomes impossible.

The increase of Vgp has an additional effect: for a fixed
Wp it reduces the rate WS1 - The probability for a cotunneling
process to occur depends on the energy difference between
the dot and the available energies in the lead. Increasing
us — €4 increases the difference between the energy of the
electron in the dot and the available energies in the source [see
Fig. 3(c)], making the source-to-source cotunneling processes
less probable. Since wp is fixed, the drain-to-drain tunneling
processes are not affected by Vgp and hence, for a fixed up,
W), is independent of Vsp.

To conclude, Wy, grows with Vsp, while W},¢ and W
are reduced by its increase, and W}, is not affected by
it. As a result, Igpc generally grows with Vsp since the
dominant processes are QPC-tunneling processes accompa-
nied by source-to-drain cotunneling through the dot. Yet, for
a small bias voltage on the dot, Vsp < up — €4, the four
rates WSID, Wés, Wsls, and WBD are roughly of the same
magnitude and are determined mostly by V. g. Raising Vsp
in this configuration causes an increase in W, alongside a
decrease in W,%,S and WSIS, causing the current through the
QPC to slightly decrease. Igpc starts to increase when Vgp is
further increased. This can be shown in Fig. 6(b), where for a
relatively large Vi g, a small decrease in Igpc appears as Vsp
grows, before the overall current starts to increase.

C. Cross-current correlation; focusing
on source-drain processes

We finally arrive to describe the sensing of virtual change
in the charge on the dot during cotunneling processes from
source to drain. Here, we are interested in the cross-current
correlation between the dot and the QPC. This correlation
eliminates processes that contribute to the QPC-current from
cotunneling processes to a specific lead and back, as they do
not generate a current through the dot.

The correlation function S in Eq. (12) is plotted in Fig. 7,
as a function of the system’s parameters, Vsp and up — €,4. Its
behavior stems from the same effects considered above for the
currents, Iqo and I pc. The correlation is suppressed at Vsp <
Vg because of counterpropagating QPC-assisted processes.
Once the drain-to-source processes (W), ) are suppressed for
Vsp = Vig, the correlation increases monotonically with Vgp
because of the increased phase space for cotunneling events.
Also, quite intuitively, the deeper the dot’s energy level is, the
smaller is the probability for a cotunneling event to occur, and
thus the smaller S becomes. As to the effects of the detector
on the correlation, that we do not plot, a larger coupling to
the QPC or a larger V, leads to a stronger current across
the detector, which directly reflects in a larger signal in the
correlation.
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FIG. 7. (Color online) Plots of S [cf. Egs. (12) and (13)] as a
function of e Vgp /(AT') and (up — €4)/(hl) with pQ = 0.15,eV g =
1.5A,and I's = I'p. (a) A density plot of S. The S along the vertical
(green) and horizontal (blue) mesh lines is plotted in (b) and (c),
respectively. As the voltage on the dot Vs, is increased the following
occurs: (i) The cotunneling from drain to source W) decreases, and
disappears once Vsp > V,g;and (ii) additional cotunneling processes
from source to drain in Wy, are allowed. Hence S initially increases
with Vsp slowly, and only afterward increases as Wj,,. The deeper
the dot level is, the shorter the virtual time in which the dot is empty.
As a result, (i) cotunneling processes through the dot become less
probable, and (ii) it becomes less probable for a QPC electron to
manage to tunnel during this time window, leading to the descent
of §.

D. Weak values; cotunneling time

The current through the QPC is generated while the dot is

virtually empty, i.e., Iogpc = Y, Ié’gc is generated by processes

i for which the dot is virtually empty for time tc{(l)i with Iggc ~

eDrC{(’;{.

Since the correlation function § isolates the contributions
to the QPC current arising from cotunneling between the two
distinct leads, it encodes information on the physical properties
of these cotunneling processes, i.e., one can extract the time the
dot is virtually empty, when restricting to current-generating
cotunneling events. This can be defined via a weak value
procedure [9], where the detector’s signal is postselected by
retaining only processes of successful cotunneling current
from source to drain. In this framework the cotunneling
current through the dot plays the role of a postselection
operator [20]. This leads to the average over cotunneling times
of current-generating events [20] [cf. Eq. (12)],

[%2 ds[{Ion(t)Igpc(t — 5)) — (Iop) (Igpc)]
eD(’QD)

Tsp =

S

~ 2¢D(Igp)’ (9

The obtained tgp is plotted in Fig. 8 as a function of e Vgp and
(n — €q)/(RI).

We note that such a quantity generally depends on the
detector’s parameters as well. However, the effects of the
detector are minimal in the weak measurement regime, which,
as discussed in Sec. III, corresponds to AiD K eV g K up —
€4. This allows us to define an intrinsic (dot-dependent only)
cotunneling time when V;z — 0. The evaluation of Tsp that
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15

(1up — €q) /AT

FIG. 8. (Color online) Plots of 7sp [cf. Eq. (14)] as a function
of eVsp/(hI') and (up — €4)/(A") with pQ2 = 0.15, eV, p = 1.5AL,
and I's = I'p. (a) A density plot of Tsp. The Tsp along the vertical
(green) and horizontal (blue) mesh lines is plotted in (b) and (c),
respectively. Interestingly, as Vsp increases, Tsp increases as well,
i.e., it appears that the increased phase space adds processes with a
slower time into the average. As expected, the deeper the dot level is,
the shorter Tsp becomes.
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is reported in Fig. 8 is obtained within such a regime, and its
values do not depend on the detector parameters much.

In Fig. 8, we see that Tgp increases with Vgp, and becomes
shorter the lower the dot-level is. The decay of the cotunneling
time as a function of ;p — €, can be intuitively understood in
terms of the energy-time uncertainty principle: at equilibrium,
the virtual hole that is excited in the dot sets i/(up — €4)
as the typical time scale for the occupation of the virtual
state.

Discussion

We wish to make a more quantitative evaluation of our
obtained cotunneling time [cf. Tsp in Eq. (14) and Fig. 8].
Due to the finite bias voltage on the dot, in Eq. (14) we have
a weighted average over the cotunneling times of different
cotunneling processes. Within a simple comparative model,
this can be taken into account by averaging the cotunneling
times predicted by Heisenberg’s uncertainty principle, 7, =
h/(e, — €4), over all cotunneling processes, each characterized
by a different virtual energy, €, — €;, where up < €, < us.
Each cotunneling process occurs with probability P(e’) =
2mpsppltstp /(€ — g — iRD/2)|? [cf. Eq. (8)]. The averaged
cotunneling time is then

Ty =

"PE) — hD

The resulting 7, is plotted in Fig. 9, where it is compared
to Tsp. We see the following main differences: (i) there is,
approximately, an overall order of magnitude between the two
times, which can be attributed to an unknown prefactor in
the used 7,(¢") from the energy-time uncertainty principle;
(ii) whereas 7, decreases almost as 1/(iup — €4) (it exhibits
almost a linear decrease in a Loglog plot) with a slight
dependence on Vyp, the Tsp deviates from sucha 1/(up — €4)
descent and shows a stronger dependence on Vsp; (iii) the
dependence on Vsp is opposite in the two cases. With
increasing Vsp, in 7, additional faster cotunneling processes
are added into the average and it becomes shorter, whereas in
Tsp the average time becomes longer. The latter two differences
demonstrate the inherent discrepancy between our simplistic
model for 7j,, that takes into account only the finite width of the
dot level, versus the physical model of Tsp that incorporates
also an increased back-action from the detector by adding
phase space for slower QPC-assisted processes.

V. CONCLUSIONS AND OUTLOOK

We have presented a model for a direct detection of electron
cotunneling through a single-level quantum dot. The detector
has been modeled by a charge sensing QPC that is capacitively
coupled to the dot. In the regime where the transport through
the QPC is fully blocked when the dot is occupied, we obtain
a simplified model that allows us to incorporate a microscopic
description of the QPC into the rate equation formalism
of cotunneling through the quantum dot. We have, thus,
determined the current through the QPC (detector’s signal),

o PETE) 1 In[(AD)? + (s — €] = In[(FD)? + 4(up — €a)’] + 2Inljip — eq] = 2Inlus — el
arctan[2(uus — €4)/(WD)] + arctan[2(up — €4)/(hD)] '

as)

(

the cotunneling current in the dot (including the detector’s
back-action), as well as their correlations (related to weak
values and the cotunneling time).

We found that the detector’s back-action consists of three
different mechanisms: (i) a broadening of the dot energy levels,
(ii) a suppression of elastic (coherent) charge-transfer pro-
cesses, and (iii) an increase of phase space due to QPC-assisted
transport. In particular, the latter mechanism is responsible for
an increase of the cotunneling current upon increasing the
QPC voltage bias. The QPC current generally increases also
as a function of the dot voltage bias corresponding to the
increased probability of cotunneling processes. However, a
counterintuitive decrease of Igpc with the voltage bias across
the dot is predicted at small voltage biases. In this regime, the
dominant effect of the increase of voltage bias is a suppression
of the source-to-source, drain-to-drain, and drain-to-source
cotunneling processes, which in turn result in a suppressed
current through the QPC. Importantly, the current-current
correlations allow us, via a weak value based approach, to
access the cotunneling time. We find that the cotunneling time
obtained from such a direct measurement can be compared to
the time estimated from the energy-time uncertainty principle,
after taking into account proper averaging of all possible
cotunneling events.

Let us, finally, comment on the validity and applicability
of our simplified model. Our model essentially relies on the
assumptions that (i) transport through the QPC is fully blocked
for an occupied dot, and that (ii) only processes of single
electron transfer through the QPC during a cotunneling event
are considered. The former assumption is used in order to
obtain time-independent cotunneling rates in the presence

205413-8



MEASURING COTUNNELING IN ITS WAKE
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(up —€a)/n

FIG. 9. (Color online) LoglLog plots of Tsp and 7, [cf. Egs. (14)
and (15)] as a function of (up — €,)/(hI") with pQ2 = 0.15, eV, g =
1.5A, and I'y = I'p. The plots of Tsp have an overall shorter
time (blue) than those of 7, (red). For both plotted times the
curves are for Vsp = 2.5A (light), Vsp = 5.5A" (medium-light),
and Vsp = 8.5A" (dark). In the inset, we plot the approximate
slopes of the LoglLog curves, defined as (dInT)/[dln(up — €4)].
The overall magnitude difference between the two time models
can be attributed to an unknown prefactor in the time taken from
the energy-time uncertainty principle. The other differences can be
attributed to an inherent discrepancy between the two models, as
the former incorporates phase-space contributions of slower QPC-
assisted processes.

of the QPC. Introducing a Markovian thermalization time
in the QPC leads or cutting the infinite time integration in
the cotunneling rates by sequential tunneling rates should
cure this constraint. The latter condition appears to be quite
strong: in order to detect a cotunneling event of duration
Teot ~ h/(p — €4), the detector is expected to have a large
bandwidth 2>/h/7.y, corresponding to a large number of
charge-transfer events in the QPC per single cotunneling
event [20]. In our model we consider the opposite regime.
Nonetheless, the detector is equally sensitive to the short-lived
virtual cotunneling states, at the working point defined by (i),
since cotunneling processes are the only possible mechanism
of activating a current signal in the QPC. This implies that
any weak signal in the detector corresponds to obtaining full
information on the happening of cotunneling, which makes
our measurement of a partial-collapse type (i.e., a strong
measurement that happens with a small probability). Hence,
unlike in a weak measurement case, the measured cotunneling
time is affected by back-action.

Even in its simplified form, it is important to stress that
our simplified theoretical model provides a valid description
for experiments at the pinched-off working point of the
QPC. In this working point, the only approximation is the
assumption that the relevant rates are those corresponding to
single electron transfer across the QPC. Though this is the key
simplification, it is also a realistic physical approximation.
What our approximation neglects are the coherences between
subsequent electrons tunneling across the QPC, which decay
very fast due to the relaxation processes of electrons in the
bulk leads. Hence, contributions from a higher number of
transported QPC electrons per cotunneling process are small

PHYSICAL REVIEW B 90, 205413 (2014)

(cf. Fig. 4). In other words, the virtual cotunneling time is so
short that the assumption Dt < 1 is physically sensible.

Spinful electrons. In order to highlight the interplay between
measurement and coherent transport, we have assumed that
the electrons are spinless. Whereas spin physics do not play an
important role in QPC transport, in the dot system the Kondo
effect [44] could qualitatively change our predictions. Our
treatment is immediately applicable for polarized electrons,
e.g., in the presence of a strong magnetic field, which could be
realized in experiments. Moreover, also in the case of complete
spin degeneracy, where Kondo physics takes place, our
approach remains valid as long as the Kondo temperature 7} ~
V Palta|2Ue™U/@ralta) with U the charging energy on the dot,
is smaller than the different energy scales of the system, e.g.,
Tx < T <« eVsp. In this regime, the system is not sensitive
to the Kondo physics and our treatment is essentially correct.
Note that this specific limit can be achieved by making the tun-
neling between leads and dot arbitrarily weak. Importantly, ex-
tending our analysis to the Kondo regime is extremely interest-
ing, as it features an interplay between transport through a truly
many-body correlated virtual state and weak measurement.

Since our model can describe realistic configurations
[23-31], it becomes interesting to generalize it to include
experimentally relevant effects, e.g., finite temperature, many-
level dots, spin physics, and to extend the present results to the
more general regime of weak measurement.
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APPENDIX: DERIVATION OF THE COTUNNELING
RATES IN THE PRESENCE OF COUPLED QPC

We present here a rigorous model for the calculation of the
cotunneling rates appearing in Egs. (8) and (9). We start by
presenting a general model for the analysis of a QPC current
in Appendix A 1. Using this formalism we derive the rates in
Appendix A 2.

1. QPC analysis

We present here the microscopic derivation of the tunneling
probability amplitudes describing electron transport in the
QPC. This derivation is closely related to the one presented in
Ref. [32].

The QPC is out-of-equilibrium, namely, the chemical
potentials of the left and right leads are different, u; =
eVir/2, ur = —eVyr/2. Hence, the electron creation and
annihilation operators are defined with respect to a vacuum
state |0 ; e) in which all the levels in the left (right) lead are
initially filled up to the Fermi energy ;. (pg). We assumed
here that the dot is initially empty, denoted by e. Therefore,
the vacuum state |0 ; e) decays exponentially to states with
transmitted electrons from the left to the right leads (e.g.,

aI a;10 ; e), with an electron in the right lead and a hole in the
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left lead, aIaj,ala,/|O ; e) with two electrons in the right lead
and two holes in the left lead, etc.).

In the absence of interaction with the dot, the many-body
wave function that describes the electron dynamics in the QPC
can be written in the following form:

(1) e) = |:bo(f) +3 by (a)ay

ll~r1

+ Y bunn®alalaya, + - } 10z e).

Li<ly,ri<r

(AD)

where by, r,(t) with L,x; =1, ....l;,r1,...,r;, are the time-
dependent probability amplitudes to find the system in a state
with i electrons transmitted from left to right. The indices
l;,r; label the momenta of the transmitted electrons. The
initial condition is usually chosen to be by, r,(0) = 8,0, and
the probabilities are summed to 1,

SN b0 = 1.

i lr;

(A2)

The QPC is capacitively coupled to the quantum dot, i.e.,
the tunneling amplitude €2 is modulated by the charge on the
dot. Hence, the wave function of the electrons in the QPC is
also modulated by the charge on the dot.

We denote the vacuum state (of the QPC) in the presence
of an occupied dot with |0 ; f). Hence, the many-body wave

J

EBo(E) = Y QBy,y, (€) = iby(0),

lin

(€ + &, — &) Bin(€) = Bo(E) = Y @Byt () = iy, (0),

(5 + 511 + 512 — 5r1

where by, (0) are the initial conditions.

Now, a recursive replacement of each of the amplitudes
B in the sum, )  QB, by its expression from the subsequent
equation, e.g., plugging B, (£) from Eq. (A6) into Eq. (AS),
yields

QZ 2
-3 | B = Y Binn(€
[ 2 5+511_5r1:| 0(£) P, Lirirs (E)
. , by, (0)
=1iby(0 Q _— A8
iby(0) + i 25+511—5r, (A8)

Iiry

We replace sums by integrals, ), . — [ pLEDpr(ENAEAE,,
where p; and pg are the density of states in the left and right
leads, respectively. Consequently, the first sum in Eq. (A8) has
two contributions: (i) a sum over the singular part that yields
imQ?prpr Vg, and (ii) as sum over the principal value that
usually cancels out (unless the pole is close to the Fermi energy
which causes a rescaling of the energy levels). Usually, the

- grz)Blllzl‘lrz(‘c”) - QBllrz(‘c/’) + QBlzrz(‘c/’) - Z QBlllzl3r]r2V3(g) = iblllzrlrz(o)v ey
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function of Eq. (A1) becomes

|\p(t), f) = |:50(t) + Z Ellrl (t)ajl ap,

I,

+ Z Elllzrlrz(l)ajlajzallalz + - :| 10; £),

Li<l,ri<r,
(A3)

where by, ., (t) are the time-dependent probability amplitudes
in the presence of an occupied dot. These amplitudes satisfy
the same normalization condition as the amplitudes by, r, (f).

The explicit expressions for by, v, (¢) [El,-,r,- (1)] are obtained
by substituting Eq. (Al) [Eq. (A3)] into the Schrodinger
equation iA|W(t)) = Hgpc|W(#)) and choosing appropriate
boundary conditions. Note that the time evolution of Eq. (A1)
is performed by Hgpc = Hgei, and the evolution in time of
Eq. (A3) is performed by Hopc = Hget + Hin. Therefore, the
form of the coefficients b(¢) is the same as that of b(¢) with
Q replaced by Q = Q + §Q. Thus, the QPC current can be
used to measure the charge of the dot. The strength of the
measurement is encoded in the tunneling amplitudes, Q2 and
Q. In the following it suffices to present the formalism for the
case of an empty dot.

We substitute Eq. (Al) into the Schrodinger equation.
Performing the Laplace transform

1 [> .
BE) = / e C1Mp(nydt, (A4)
0
yields coupled equations for B(E):
(AS)
(A6)
Ly
(A7)

I373

(

second sum in Eq. (A8) can be neglected. Indeed, the prob-
ability amplitudes B(E) take the form of Green’s functions.
Hence, replacing By,,r,,,(£) = B(E,&,,,E,,6,,,E,) ~ 1/(E +
&+ &, — &, — &), the corresponding integral vanishes,
provided that V; g > Q?p. This is true up to corrections due
to the initial conditions. In fact, B(£,&;,,&,,&4,E,) ~ 1/(€ +
&+ &, — &, — &)+ b, (0). If there is a nonvanishing
initial condition on by,4,,,,,(0) # 0, we replace the amplitude
By 1,,r,(€) by its expression obtained from the subsequent
equation. The integral remains vanishing but we take into
account the possible initial conditions that may appear in the
other coupled equations.
Repeating this procedure for the other equations gives

(€ + ihD/2)By(€)

— Z Qj Z bl_,-r_, (0)

j=0 Lr; Hi:l [5 + an:l(glm - 5rm)] 7

(A9)
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E+&, -

(g + 5[1 + 512 — 5r1

where D = 27 Q2 p; preVir/h.
Performing the inverse Laplace transform

1 ey
b(t) = —/ e 'm B(E)E

> (A12)

we can incrementally obtain the time-dependent probability
amplitudes. The solutions depend on the initial conditions. Let
us first show the solution taking the standard initial condition
by, (0) = 80

bo(t) = e~ P21, (A13)

b () = g e~ P[] — lE=&/my

(A14)

Taking, for example,
8i18y,108y,r0, We obtain

the initial conditions by, (0) =

Q - il(Ep—E,9—i(D/ENt/R]
b e —— Ll § WP ,
010070 (1) - [ 1
(A15)
b11r1|l?r?(t) = (D)2t ,il(& =& )t/h]alll?arlr? + O(Qz), L
(A16)

J

&, +ihD/2) By, (E) — QBO(E)—IZ Q- 12

- 5”2 + lhD/z) Blllzrlrz(g) - QBllrl (5) + QBlzrz(g) = l Z
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Brye, (008,18,

; (A10)
j=1 Ir; Hk 2[5+Zm 1(51 rm)]
] ) Z b] ny (0)61111 8}‘1!'1 81212 87‘21‘
j=2 Ny Hk 3 5 + Zm 1(51 grm )]
ce (A11)

(

We shall see below that these solutions are relevant for the
calculation of the rates in the toy model regime.

2. Derivation of the tunneling rates

We use a rate equation formalism in order to describe the
transport through the setup of a quantum dot that is coupled
to a QPC. The input for the rate equation is tunneling rates. In
this Appendix, we provide a full derivation of these rates up to
fourth order in the tunneling elements of the dot. We work in
the interaction picture with respect to Hr [see Eq. (5)]. As we
have seen in the main text, since the QPC dynamics interplays
with the charge on the dot [cf. Egs. (A1) and (A3)], its time
evolution is also affected by Hr.

To zeroth order in Hr, there are no tunneling events in
the dot and the only dynamics are of the QPC. For example,
starting from the initial state with O electrons that have tunneled
through the QPC and empty dot, |0; e ;¢ = 0), the probability
amplitude to end up at time ¢ with i electrons that have tunneled
through the QPC with momenta l;,r; is

(Li,ri;a;t|0;e;t ZO)(O) _bl r,(t)(seou (A17)
where « is the charge on dot. Similarly,
L, 50051|05 f 31 =0) = by, v, (1S fo- (A18)

First order. To the lowest order in Hr, the transition rates
of the dot can be calculated using Fermi’s “golden rule.” The
probability amplitude for a sequential tunneling of an electron
with energy e from the source to the dot accompanied by
tunneling through the QPC is

: t
1 i i ’ i ’
Uxis f50105e30 =00 = —- f R R R T ()
0

(A19)

1222 . )~
:“IS/ i3 /. ‘”JPL/ ;e M by, (¢ = 1 ()
0

where tg,tp are the tunneling coefficients, blj,r/(t’) is the probability amplitude that, up to time ¢, j electrons with momenta 1;
were transmitted to momenta r;, and by, r,1,.r, (¢ — t') is the time-dependent conditional probability amplitude to find the system
attime ¢ in a state with i electrons transmitted from left momenta I; to right momenta r;, given that the aforementioned j electrons
were transmitted up to time #’. Similarly, tunneling from the dot to the lead reads

» t

l . . ’ H !

(i,rise;t|0; fir =00 = _ﬁ/ dr' (I;,r; ; e|e ™ Ho/ Wt pitHo /I . p=i(Ho /) )+ 1
0

i T e 8
= _ﬁ’Df dt’Zf dljp;/ drjppe MmO Mpy et — )by, e, ().
0 j —00 KR

Second order. To next order in Hr, the electron can virtually tunnel through the dot. We write the probability amplitude for a
cotunneling event where an electron with energy € tunnels from the source to the dot and an electron tunnels from the dot to the

(A20)
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drain with energy €’. During this process i electrons tunnel through the QPC,

<N\ 2 pt t

l . 7 . ’ " . "
L,rise;t]0 et =0)P = —= dt/ dt" ;. x; 5 e|e{Ho/MG=1) pp o =iCHo /)W =1") g o =i(Ho/P)" () - o

h

L . S .
dlkaf drk,oR/ dlj,oif dr;pr
—00 MR

x g illca=eNr /h]e*l[(éfed)t”/h]bli’ri‘lk’rk(t

tstD

dt dt”

0

- t,)glk,rkll_,-,r,- (t/ - t”)bl,-,r_, (t”)7
by, r,(t") is the probability amplitude that, up to time ¢”, j electrons with momenta 1; were transmitted to momenta r; while
the dot was empty, Elk,rk‘lj,rj (t' — t") is the time-dependent conditional probability amplitude to find the system at time ¢’ in a
state with k electrons transmitted from left momenta I to right momenta r; after a time evolution from time #” at a presence of
a full dot, given that the aforementioned j electrons were transmitted up to time ", and by, r,1, r, (f — t') is the time-dependent
conditional probability amplitude to find the system at time ¢ in a state with i electrons transmitted from left momenta I; to right
momenta r; after a time evolution from time ¢" at a presence of an empty dot, given that the aforementioned k electrons were
transmitted up to time ¢’
Similarly, the cotunneling event of an electron with energy ¢ to tunnel in and €’ tunnels out with an initially full dot is

(A21)

(ris f3105 £ z—0><2>—(——> / dt/ dt" (1 5 fle™ Ho/WE=1) p o =itH/ME =) o =itH/II |y £

tStD

dt dt”

w g~ ile—er'/h] ,—il(ca—er" /D1 -

Let us evaluate Eq. (A22) for the case of the toy model
described in the main text, i.e., for € = 0. Notice that, in this
toy model regime, no transport occurs in the QPC when the dot
is full. As a result, in Eq. (A22), we can set j = 0 and i =k,
leading to a cancellation of the internal energy integrals in the
probability amplitude, which sum over higher-order coherent
transport through the QPC.

We begin with considering the probability amplitude for a
cotunneling through the dot in the presence of zero electrons
passing through the QPC. Using Eq. (A13), Eq. (A22) in this
case becomes

(O'f'l|0'f'l=0(2)

ISID

dl‘ dl‘// —il(e—e)t'/R] —l[(éd eNt"/h] —(D/Z)t

(A23)

Performing the time integrals and taking the modulo square
of the result yields a probability for this process to occur
for equal source and drain energies ¢ (different € and €’ have

. o) .
dlkaf drk,oR/ dlj,oif dr;pr
KR

— Y1 e, (8 — )by, e (). (A22)

(

zero probability). Taking the time derivative of this probability
results in the integrand of the rate appearing in Eq. (8).

We now consider the probability amplitude for a cotunnel-
ing through the dot in the presence of one electron passing
through the QPC. Using Egs. (A13), (A14), and (A16), the
expression becomes

(03 £51105 f 51 =0)

IS’D/ dt/ At e=ile—ea' /] —ilea—er" /1)

Q

i IE =& =) /h]
&, — &,

o DI~ Gil(E, ~E '~ /Rl

(A24)
Here, too, the evaluation of Eq. (A24) followed by modulo
square of the result yields a probability for the process to
occur. The obtain rate is, then, integrated upon in Eq. (9).
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