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Resonance fluorescence in driven quantum dots: Electron and photon correlations
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We study the counting statistics for electrons and photons being emitted from a driven two-level quantum
dot. Our technique allows us to calculate their mutual correlations as well. We study different transport
configurations by tuning the chemical potential of one of the leads to find that the electronic and photonic
fluctuations can be externally manipulated by tuning the ac and transport parameters. We also propose special
configurations where electron-photon correlation is maximal meaning that spontaneous emission of photons
with a well-defined energy is regulated by single electron tunneling. Interesting features are also obtained for

energy-dependent tunneling.
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I. INTRODUCTION

Quantum dots (QDs) offer an ideal playground for testing
coherent and quantum optical effects in an artificially de-
signed solid-state environment,! with the additional benefit
of having electronic transport>> as a “spectroscopy” by cou-
pling to external fermionic reservoirs and counting the flow
of single electrons. Complex behavior emerges through
electron-electron interactions and the interaction between
electrons and other bosonic excitations such as photons* or
phonons.’

The exchange of ideas between mesoscopic transport and
quantum optics has turned out to be quite fruitful. For in-
stance, thermal electron antibunching was observed experi-
mentally by performing Hanbury Brown—Twiss-type experi-
ments in mesoscopic conductors.® This fermionic
antibunching has also been used for regular photon sources
in p-n junctions’ and quantum dots.>® Reversely, bosonic
statistics can be studied in quantum conductors such as beam
splitters,'® nanoelectromechanical systems,!' or quantum
point contacts,'? where photon antibunching was predicted.'?
Another example is coherent population trapping and dark
states in multilevel atoms,'*!3 originally proposed for driven
three level quantum dots'® and then extended to triple quan-
tum dots in a simple triangle configuration.'”

Quantum transport also benefits from the adoption of the-
oretical tools that are well established in quantum optics.
Specially relevant in the last years has been the development
of noise!®!” and full counting statistics?*-> for electrons.
Here, many of the relevant ideas and techniques were, in
fact, originally developed in quantum optics in the context of
counting single photons that are emitted from a single atomic
source.”>28 Recently, electronic counting statistics has be-
come experimentally accessible for incoherent transport
through QD systems by the analysis of the time-resolved
current flowing through a quantum point contact electrostati-
cally coupled to them.?*-3> However, the back action of the
quantum point contact on the QD destroys its internal coher-
ence. Though traces of coherence have been measured in
shot noise through stacks of double quantum dots,> the ac-
cess to higher order cumulants is still a challenging problem.
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Our aim in this work is to study the influence of electronic
transport on the photonic emission statistics in a quantum dot
system and vice versa. Two-level systems give particularly
interesting features both for optical and transport quantities;
in optics, resonance fluorescence in two-level atoms is the
simplest case of a quantum photon source where photon an-
tibunching occurs.’* In transport, quantum dots with two or
more capacitively coupled levels show electronic bunching
in dynamical channel blockade configuration.’> As will be
shown, these properties can be studied in a two-level quan-
tum dot which is illuminated by a resonant ac electric field,
where bosonic resonance fluorescence (due to phonon or
photon-mediated relaxation processes) is modified by elec-
tronic transport, and dynamical channel blockade depends on
both coupling to a boson bath*® and the driving parameters.’’

We show how the combined statistics of fermions and
bosons is a very sensitive tool for extracting information
from time dependent driven systems. In particular, phonon
emission has been measured by its influence on the elec-
tronic current in two-level systems.>® We analyze the elec-
tron and photon noises and find that they can be tuned back
and forth between sub- and super-Poissonian characters by
using the strength of an ac driving field or the bias voltage.
For this purpose, we develop a general method to simulta-
neously extract the full counting statistics of single electron
tunneling and (boson mediated) relaxation events, as well as
their mutual correlations.

This paper is organized as follows. In Sec. II we present
our system and how to obtain the counting statistics of elec-
trons and photons which are calculated in Secs. III-V for
different chemical potentials in the right lead. In Sec. VI, we
present a special configuration where electron-boson correla-
tion is maximal. The energy-dependent tunneling case is
studied in Sec. VII. Finally, Sec. VIII presents our conclu-
sions. Due to the length of some of the analytical results, we
include some appendixes with the coefficients that allow
their calculation.

II. MODEL AND TECHNIQUE

Our system consists of a two-level QD connected to two
fermionic leads by tunnel barriers. The Coulomb repulsion
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inside the QD is assumed to be so large that only single
occupation is allowed (Coulomb blockade regime). The lat-
tice vibrations induce, at low temperatures, inelastic transi-
tions from the upper to the lower state. In analogy to reso-
nance fluorescence in quantum optics, a time-dependent ac
field with a frequency w drives the transition between the
two levels &, and &, close to resonance, A, =g,—&;—w=0
(we will consider e=fi=1 through the whole text), which
allows us to assume the rotating wave approximation. Thus,
the electron in the QD is coherently delocalized between
both levels performing photon-assisted Rabi oscillations.*>°
For simplicity, we consider spinless electrons. Studies of spin
currents in a quantum dot coupled to a quantized driving or
an ac magnetic field can be found in Refs. 40 and 41, respec-
tively.
This system is modeled by the Hamiltonian,

- B O A
A1) =2 edid;+ (e did) + He) + 2 orllolie
i ko

+ > Vm-(c,tafli +He)+ > wq&;,ﬁqv

kai q,v
+ 2 Nidldia_,,+al,), 1)
ij.qv

where dg,, Cr,» and cAl,- are annihilation operators of bosons
(with momentum ¢ and polarization v) and electrons in the
lead « and in the level i of the QD, respectively, and () is the
Rabi frequency, which is proportional to the intensity of the
ac field.

The terms proportional to V,; and )\gy in Eq. (1) give the
coupling of the electrons in the QD to the fermionic leads
and their interaction with the bosonic bath, respectively. In
the following, we assume a basis of quantum dot levels
where diagonal matrix elements of )\fljy play a minor role and
we set N\,,=0. For coupling to photons, this would corre-
spond to a usual dipole interaction with the electromagnetic
field. For phonons, this is justified if we are mainly interested
in weak-coupling and relaxation processes by spontaneously
emitted bosons in the relaxation from the upper to the lower
level. The electron-boson coupling term, in the rotating wave
approximation, can then be written as Eqv)\qy(;l;c?ldqy
+H.c.). For the sake of illustrating our results with concrete
physical processes we will refer to photon emission in the
following, i.e., the bosonic bath corresponds to the photon
vacuum without additional coupling to phonons. Finally, the
coupling to the fermionic and bosonic bath terms is respon-
sible for the incoherent dynamics and they can be considered
apart in the derivation of the master equation for the reduced
density matrix.

Considering the quantum-jump approach*>*3 to electronic
transport and boson emission events, the equation of motion
of the reduced quantum dot density matrix can be written as

p(t) = Lo()p(t) + L()p(1) + L, (t)p(1), ()
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where £, and £, are the Liouvillian jump superoperators
responsible for the incoherent events: electron tunneling
from the system to the collector and relaxation by spontane-
ous photon emission. Thus, we can consider a density matrix
resolved in the number of accumulated electrons in the col-
lector, n,, and the number of emitted photons, n,,

p(t)= 2 p"(1), 3)

Nty
where p"e"»)(f) gives the probability that, during a certain
time interval ¢, n, electrons have tunneled out of a given
electron-photon system and n, photons have been emitted.
This allows us to define the generating function,?®

Glt,505,) = 2 siesip""n(1), )

ngny,

by introducing the electron (photon) counting variables, s,,).
The derivatives of G(t,s,,s,) with respect to the counting
variables give the correlations

I Gt,1,1)
r?sf(?sg -

¢ m
[TIT . —i+ D, —j+1) ) (5)

i=1 j=1

up to any order.
One can derive the equations of motion for the generating
function as previously done for the density matrix,

G(t,se,sp) = M(s,,5,)G(1,5,,5,) s (6)

which generalizes the master equation, p(z)=M(1,1)p(z).
The jump superoperators affect only the diagonal elements of
the generating function in the same way that rate equations
involve only the occupation probabilities—given by the di-
agonal elements of the density matrix. The electronic one
acts as

[ﬁe(t)G(t’sevsp)]mm = 2 (ser;k + Szll_‘;qk)Gkk(t?se’sp s
k

(7)

where I, is the rate for processes that increase/decrease the
number of electrons in the collector by a transition from state
|k) to state |m). The same can be done for photons, with the
difference that the number of detected photons can only in-
crease. Then, one only has to introduce the corresponding
counting variables in those terms corresponding to the tun-
neling of an electron to the collector lead and the emission of
a photon. The relevant elements of the density matrix can be
written as a vector, p=(po,p11,P12:P21,P2) s Where py
gives the occupation of the empty state, p;; and p,, corre-
spond to the ground and excited electronic states, respec-
tively, and p;, and p,;=p;, are the coherences. Then, for the
case where the tunneling barriers are equal for both energy
levels, i.e., V, =V, the equation of motion of the generat-
ing function (6) is described, in the Born-Markov approxi-
mation, by the matrix*+
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=20, = (fi+ )T sj]FR
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where, by further considering that the density of states in the
leads is rather constant so d(w,,,)=d,, the tunneling rates
through the left (right) lead are equal to Iy
=27d;(g)|Vyr)|* We will consider a high bias configuration
where the chemical potential of the left lead is well above the
energy levels and the transitions between the right lead (with
a chemical potential u) and the state i in the QD are
weighted by the Fermi distribution functions f;=f(g;—u)
=(1+e®®F)~" and f,=1—f.. v is the spontaneous emission
rate due to the coupling with the photon bath: 7y
=272, [d*qg(q)|\,,|*|glv—e,+&,), where g(g) is the den-

sity of states.*> The decoherence is given by Aj,=—3[(f;

+/,)I'g+7]. The Fermi energy of the left lead is considered
high enough that no electrons can tunnel from the QD to the
left lead. All the parameters in these equations, except the
sample-depending coupling to the photon bath, can be exter-
nally manipulated.

Taking the Laplace transform of the generating function,
5(z,se,sp)=(z—M)‘1p(0), where p(0) is the initial state, the
long-time behavior is given by the residue for the pole near
z=0. From the Taylor expansion of the pole gz,
_Em w>0Cmn(s,—1)"(s,—1)", one can write trG(z,s,,s,)

(sg,s )e?' and obtaln from Eq. (5), the mean value
(ne(p)) as well as the higher order cumulants, K p)—((ne(P)

M),

Fg(1,D) (ag(1,1))?
Kﬁ;) + (c1o001) + 2¢20(02))1»

ﬁse(p) ﬁsg(p)
(9a)
(o _ e 3ag(1,1)82g(1,1)+2(ag(1,1))3
e() - 2
P (?se(p &se(p) z?se(p) (9se(p)
dg(1,1)
* 7 +(C1001) + 6C20(02) + 6¢30(03))1 (9b)
Se(p)

which give the variance and skewness of the probability dis-
tribution, respectively. In the large time asymptotic limit, all
the information is included in the coefficients c,,,. Thus, we
obtain the stationary current and the low-frequency noise,

~filk
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d
Se(p)(o) = EKe(p) = Cio001) + 2¢20(02)5 (11)
respectively.  Then, the Fano factor is F,;)=1

+2¢50(02)/ C10(01) SO that the sign of the second term in the
right-hand side defines the sub-(F<1) or super-(F > 1) Pois-
sonian character of the noise.

In the limit I'yz— 0, the pure resonance fluorescence
case for the noise of the emitted photons, formally equivalent
to the expression for emitted photons in quantum optics,?® is
obtained,

2023y —4A2)
(¥ +207 +4A7)%

yielding the famous sub-Poissonian noise result at resonance
(A,=0). The detuning between the frequency of the ac field
and the level energy separation, A, contributes to restore
super-Poissonian statistics, as seen in Fig. 2. In the follow-
ing, only the resonant case will be considered unless the
opposite was indicated.

Electron-photon correlations are obtained from

F,(I=0)=1- (12)

dg(1,1 dg(1,1
<nenp>: g( )C0]t+ g( )C10[+C11t+010C01t2.
(95(_, P
(13)
Then, by defining 0'1-2]=(nn) (n)(n;), where o7= K,
#g(1,1
o‘ip:%+cllt (14)
S, 35,

defines the variance between electronic and photonic events.
The long-time behavior is given by 02 ~c11t so the correla-
tion coefficient can then be defined as

O-gp _ C1 . (15)
N Uie("ﬁp V(Clo +2¢50)(cop +2¢0p)

Similarly to the electronic (photonic) correlations, where
the sign of the second-order cumulant, cyyy), defined the
sub- or super-Poissonian character of the noise, the sign of
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FIG. 1. When the chemical potential in the right lead u is above
the energy of both levels, the electron remains in the quantum dot
and photons are spontaneously emitted analogously as photons in
resonance fluorescent atoms.

c1; gives the character of the electron-photon correlations. If
¢11>>0, the detection of a transmitted electron would involve
the detection of a photon in a short lapse of time, while ¢y,
<0 involves distant events.

The electron-photon correlation coefficient is limited to
|| <1, having r=1 for the case where the number of detected
electrons is proportional to the number of detected photons:
n,%n, r=0 means uncorrelated events. Note that indepen-
dent events give r=0, but the opposite is not necessarily true,
as will be shown below. Analogously to the Fano factor for
the second-order cumulants, the deviation of the third cumu-
lants from the Poissonian statistics can be parametrized by
the coefficient

1 d €20(02) t €30(03
3 —14+ 6M. (16)
€10(01)

In what follows, different configurations will be discussed
concerning the relative positions of the energy levels with
respect to the chemical potentials of the contacts. As will be
shown, electron and photon fluctuations and their correla-
tions are strongly sensitive to the concrete configuration of
the system.

III. RESONANCE FLUORESCENCE LIMIT

The chemical potential of the left lead is considered to be
well above the energies of the QD, so it can be considered
infinite. If the chemical potential of the right lead, u, is also
above the energies of both levels, > &), the QD is always
populated by one electron and transport is canceled. Then,
this case is completely analogous to the resonance fluores-
cence problem, where spontaneously emitted photons play
the role of fluorescent photons; the trapped electron is coher-
ently delocalized by the driving field between the two levels
performing photoassisted Rabi oscillations until the emission
of a photon, then the electron is relaxed to the lower level
(cf. Fig. 1).

We consider a small correction to this behavior due to the
thermal smearing of the Fermi level for finite temperatures.
Then, there is a contribution of transport by a small but finite
probability for the electron to be extracted to the right lead
when it occupies the upper level. The Fermi distribution
function weighing this transition can be approximated by

fr=x=eP2 1 where B=(kzT)~" (see Fig. 1). The effect of
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FIG. 2. u=e¢,: dependence of the photonic current, Fano factor,
and skewness with the detuning for different field intensities in the
regime where no levels are in the transport window: &, <. I'j
=I")=I"=1, y=0.1, and x=0. Since electronic transport is canceled
in this regime, the photonic statistics are equivalent to the resonance
fluorescence problem. Sub-Poissonian photonic statistics are only
found near resonance. It must be noted here, however, that the
validity of these results, obtained within the rotating wave approxi-
mation, is guaranteed only for A,=0.

thermal smearing on electronic transport through a quantum
dot has been controlled recently.*’” Then, photons deviate
from the resonance fluorescence like statistics because the
QD may be empty during short lapses of time. It would be
the case if the resonance fluorescent atom could be eventu-
ally ionized. Then, from the Taylor expansion for low x, one
obtains a finite electronic current,

QT Ty
I =
‘ (72 + 292)(FL +Tg)

x+0(x?), (17)
which introduces a small contribution in the photonic emis-
sion,

] = Y’ YT RQ* + 34T +Tp)]
PT 4207 2[(¥2+20YAT, + )]

x+0(?).

(18)

The photonic resonance fluorescence behavior, as well as
electronic transport quenching, is recovered for x=0 (cf. Fig.
2). There, it can be seen that the sub-Poissonian photon be-
havior goes super-Poissonian in the vicinity of the resonance,
as described by Eq. (12). In those regions and opposite to
what is seen in resonance, the ac intensity increases the de-
viation of the statistics from the Poissonian values. From
Egs. (17) and (18) and the expressions shown in Appendix A
for the second-order moments, one obtains the contribution
of the thermal smearing of the collector in the electronic
statistics (for I';=I"3)=I") and the expected photonic Fano
factor,

l(zyr(yz—zm)

. +4 (71200 —Qz)x+0(x2), (19)
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FIG. 3. nw=e¢,: dependence of the photonic current, Fano factor,
and skewness and the electron-photon correlation with (a) the field
intensity, (), for different photon emission rates and (b) the photon
emission rate, vy, for different field intensities in the regime where
no levels are in the transport window: &, ,<u. I')=T'x=T"=1 and
x=0. F, and 7, show a pronounced minimum in their dependence
with the field intensity typical for resonance fluorescence. In the
nondriven case, [,=0, F,=n,= 1, and r=0.

60
F,=1-—F—">5+0(x). 20
» 71200 (x) (20)
The driving field induces sub-Poissonian photonic noise
which (ir; the limit x=0) reaches a minimum Fp,m:i for
Q,,=7y/V2 before the Rabi oscillations dominate the dynam-
ics over relaxation processes (cf. Fig. 3). The electron-

photon correlation coefficient becomes (see Appendix A)

r=[2Ty(y? = 100%) - OX(y2 +207)]

P 32
>< o), (21
\/16F(y4—2(22y2+494)+ &, @D

where it is clear that the ac field contributes to negative
electron-photon correlations (cf. Fig. 3). The third cumulants
become

n,=1+

§<2'yr(y2—492) 02
¢ 4

(Y+20%)% P+ 292)x +06) (22)

for electrons and

602y (37* — 4079 + 160%)
(¥ +20%*

= 1- + 0(x) (23)

for photons.

Interestingly, the strong photonic noise suppression coin-
cides with a region where the skewness almost vanishes [cf.
Fig. 3(a)], leading to the possibility to operate the device as
a regular boson source. Two asymptotic limits of the results
presented above, the undriven and high-field intensity limits,
will be considered.
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A. Undriven case: Q=0

In the absence of driving, once an electron occupies the
lower level—by direct tunneling from the leads or by relax-
ation from the upper one—there is no process able to remove
the electron from the lower level. Then, the stationary state
of the system coincides with p,=1 and both photon emission
and electron tunneling are canceled,

Cij=0 Vl,] (24)

As expected, the cancellation of photon emission makes all
the photonic cumulants Poissonian, so F »= 17,,=1. However,
a small contribution of the tunneling through the upper level
modifies the electronic shot noise, so the Fano factor

2xFLFR

F,=1+ (25)
(T +TR)Q2y+xIg) —xylg

and the skewness of the statistics

OxI {20 (y+xT'g) + Tg[xl'g — (x = 2) y]}
L Qy+xlg) + Tg[xl'g = (x-2) 7]}2

7 =
(26)

are spuriously super-Poissonian. Then, also the electron-
photon correlation is affected. For the case I';=1"3=T,

_\/ (4-x)yx
"N 22aT + (4= )y ][4l + (d—x)7]

(27)

All these deviations are obviously canceled as the rate for
extracting an electron from the upper level, xI'g, goes to
ZEero.

B. High intensity limit: ) — o

Increasing the intensity of the ac field, the electron tends
. . 20 +(2-x)T
to occupy the upper level with a probability: P2= 1T, +(@-0)T,

(~% when x—0). Then, it can tunnel to the right contact
(with a probability xI'g) or be relaxed to the lower level
(with a probability vy), contributing to finite electronic and
photonic currents,

2XFLFR

l,=—F/"""—, 28
¢ 4FL+(4_)C)FR ( )

020+ 2= 9Ty
Ip_ 4FL+(4—.X)FR ’ (29)

The electronic dynamics is then quite similar to the single
resonant-level case,*® so the Fano factor becomes slightly
sub-Poissonian,

8l '

Fe=1- [4T, + (4 - )T (30)

Since the occupation probability of the upper level at
high-field intensity is maximum, so it is the probability of
finding the QD unoccupied, POZ%’ after the extrac-
tion of the electron to the right lead. This introduces lapses of
time when photon emission is suppressed, affecting the pho-
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FIG. 4. Dynamical channel blockade configuration, where the
electronic transport is strongly suppressed through the lower level,
though there is a small probability introduced by thermal smearing
of the Fermi surface in the right lead. Again, the chemical potential
of the left lead is considered infinite.

tonic statistics by turning it super-Poissonian,

F,=1+ 2
P |:4FL+ (4_X)FR]2.

On contrary, electron-photon correlation is negative since the
detection of an electron (photon) reduces the probability of
detecting a photon (electron): when an electron has tunneled
out of the system (therefore the quantum dot is empty), pho-
ton emission is suppressed. On the other hand, when a pho-
ton has been emitted, the upper level is unoccupied and no
electron can be extracted from the quantum dot. For I'y
=Ip=T,

(31

B V2xy(8 = 3x) (3
V(4 = x)(64 - 24x + xH)[2xy+ (8 —x)T]

For the higher moments, one obtains

~ 24x[64 — (24 — x)x]

Ne = (8 _x)4 s (33)
6xy[(8 =x)’T' = (8 =3
=1+ A( (;c)_ = F(2 x)y] (34)

IV. DYNAMICAL CHANNEL BLOCKADE REGIME

If the chemical potential of the right lead lies between the
energy levels of the QD, &, <u<e, and therefore f1=1-x,
£>=0, where x=¢P®1=#) and B=(kzT)~", electronic transport
is strongly suppressed through the lower level (cf. Fig. 4).
Then, since only one electron is allowed in the system, the
occupation of the lower level avoids the entrance of electrons
from the left lead and the current is blocked. This mecha-
nism, which is known as dynamical channel blockade, pre-
dicts electronic super-Poissonian shot noise in multichannel
systems such as, for instance, two-level quantum dots3 or
capacitively coupled double quantum dots’®*’ as well as
positive cross correlations in three terminal devices.® It has
been proposed as the responsible of noise enhancement mea-
sured experimentally in multilevel quantum dots®' and stacks
of double quantum dots.??

The blocking of the current is not forever since the elec-
tron in the lower level has a finite but small probability of

PHYSICAL REVIEW B 78, 125308 (2008)

0.3

FIG. 5. Dynamical channel blockade: dependence of /,, F,, and
7, with (a) the field intensity, (), for different photon emission rates
and (b) the photon emission rate, v, for different field intensities in
the dynamical channel blockade regime: &, <u<e,. u<e,. I'y
=I'x=I'=1, Q=Q/T, y=v/T", and x=0. As discussed in the text,
the super-Poissonian electronic Fano factor, typical for dynamical
channel blockade, is turned sub-Poissonian by the ac intensity.

tunneling to the collector, xI', due to the thermal smearing
of the Fermi level. Then, the trapped electron eventually es-
capes to the right lead allowing electrons to tunnel through
the upper level before the lower one is again occupied. Thus,
the current is restricted to short lapses of time while for long
periods ¢~ (xI'z)~" transport is quenched. This bunching of
electrons is reflected in super-Poissonian shot noise.

Photon-mediated relaxation introduces an additional way
to occupy the lower level when current is flowing through
the upper one, shortening the lapse of time when transport is
allowed. Thus, the electrons are transferred in smaller
bunches and the super-Poissonian character of the electronic
noise is reduced. The detection of a photon is always at the
end of a bunch of electrons and implies the cancellation of
the current, leading to a positive electron-photon correlation.

The introduction of the ac field pumps the electron in the
lower state to the upper one, giving the electron a finite prob-
ability to tunnel to the right lead or to be relaxed by the
emission of one photon. This reduces the electronic shot
noise by reducing the duration of the lapses of time when
transport is blocked (opposite to the effect of photons). Thus,
when x=0, the electronic current and the photonic emission
are proportional to the driving intensity,

202, T
I,=—— — ., (39
Tr(T2+30Q%) + T, [Tr(2y+Tg) +4Q7]
O22r, +T
Y2, +T'g) (36)

I,= — — ,
T2 4302 + T, [Tr2y+ ) +402]

and channel blockade is removed (see Figs. 5 and 6). We
have defined fRz y+1'g. Considering, for simplicity, the case

I';=I'p=T" and I= v+I', the Fano factors become (see Ap-
pendix B)
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FIG. 6. Dynamical channel blockade: dependence of the photo-
nic current, Fano factor, and skewness and the electron-photon cor-
relation coefficient with (a) the field intensity for different photon
emission rates and (b) the photon emission rate, 7y, for different field
intensities in the dynamical channel blockade regime: g; < u<e,.
u<ej o I'p=T'p=I'=1 and x=0.

804 +2(29% + 15Ty +9I?)Q? - 2I'T?(3y+2T")

Fe =1- _
[702+T(3y+2D) ]
(37)
for electrons and
29Q%(22T% + 2891 — O?
Fo=1-"2 ( ke ) (38)

[[70>+T(3y+2D)]

for photons. As can be seen in Fig. 6(a), the minimum that
appeared in the resonance fluorescence configuration still ap-
pears, but its depth and position now depend on the tunneling
rates. The modification of the resonance fluorescence behav-
ior is also reflected in the super-Poissonian large ac intensity
asymptotic value (discussed below).

The electron-photon correlation coefficient will be consid-
ered in the asymptotic nondriven and high-field intensity
cases. As expected, the driving contributes to make the elec-
tronic noise sub-Poissonian and the photonic one super-
Poissonian. However, it has to compete with the photon
emission that contributes to bring the electron to the lower
state and to block the current. In Fig. 5(b), it can be seen how
the pumped electronic current is decreased by the photon
emission rate and the Fano factor tends asymptotically to be
Poissonian. The positive electron-photon correlation is de-
creased by the ac field since the emission of a photon does
not imply transport blocking anymore, as seen in Fig. 6.

A. Undriven case: =0

The most interesting features appear in the absence of the
ac field, where the consequences of the dynamical channel
blockade are maximal and there is a strong dependence of
the statistics on the thermal smearing factor, x. In the absence
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of photons (y=0), the electronic current and Fano factor are

2XFLFR

=, 39
¢ (x+1)FL+FR ( )

_ 20, [(1 —x)°T, + (1 = 3x)Tg]
b=+ =i an, e WO

It is interesting to see here how the Fano factor can be tuned
by the asymmetric coupling to the leads: F,=3 (if I';>T),
F,=2 (if I';=Tg), and F,=1 (if I',<Tg). In the latest case,
the contribution of xI'; is diminished and the left barrier
controls the transport (in this limit, the current is 7,=2xI";).
Then, the transferred electrons are uncorrelated one from the
others resembling the behavior of the single barrier problem
briefly discussed above. The case I';>1"; was studied in
Ref. 35 without considering the processes that introduce an
electron from the collector to the lower level, with a rate
(1=x)I"g. These transitions do not contribute in this particu-
lar limit, but that is not the case for the rest of configurations.

Considering photon emission and small x, one can expand
the first coefficients for the electronic and photonic statistics,
as well as for the electron-photon correlations. Relaxation by
photons contributes to shorten the bunches of electrons flow-
ing through the upper level when the lower one is empty,
thus reducing both the electronic current,

_ 2FLFR(')/+ FR)X
¢ FR(')/+ FR)+1—‘L(2')/+ I‘R)

+0(?), (41)

and Fano factor (noise reduction by noise),
FRfR +0(y+ fR)

F,=1+

[Cxlr+ T (y+ )P

—2I, Ty x+0(x%), (42)
without affecting to its super-Poissonian character [cf. Fig.
5(b)]. Again, we defined, for simplicity, T x= y+T. The pho-
tonic current and Fano factor become
WL gx
I,=
Prly+Tp) + T2y +Tp)

+00?), (43)

ol 290 Cr(y+ 2T + 2T g)x

2
! _[FR(7+FR)+FL(2y+FR)]2+0(x)’ (44)

while we obtain, for the electron-photon correlation coeffi-
cient (in the case I',=I'p=I"),

r_3\/ Ny+D)
- (3y+2I)(3y+4l)

+O(x). (45)

Interestingly, the electron-photon correlation is roughly inde-
pendent of x, which allows to extract information that is not
provided by the flat photonic Fano factor [cf. Fig. 6(b)].
The expected positive electron-photon correlations are ob-
tained. On the other hand, the presence of electronic trans-
port affects the Poissonian photonic statistics by introducing
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a sub-Poissonian component; once a photon has been emit-

ted, the electron is relaxed to the lower level blocking the

transport. A second photon will not be detected until the

electron tunnels to the collector and another one enters the

upper level, so photonic events are well separated in time.
From the third cumulants, one obtains

14 oI Tr(y+ 1) (20 +Tg)
[Cr(y+TR) + T 2y+ FR)]Z

7e +0(x),  (46)

6[’)’FLFR(’}/+ 2FL + ZFR)]X
[Cr(y+TR) + T2y +Tp)]

7= +0(x%). (47

B. High intensity limit: ) — oo

If the intensity of the driving field is large enough, the
dynamical channel blockade is completely lifted, finding
electronic and photonic currents,

1, I, 1

(48)

so sub-Poissonian electronic noise and super-Poissonian pho-
tonic noise are recovered,

8T, I'x

F=l-—"L% L ow. 49

=1, 1 aryr HOW (“49)
29Ix

F=1+—2F 0. 50

p= 1 ar, var, TOW (50)

Interestingly, in this regime, the photonic influence is washed
out from the electronic statistics. Also, the ac field allows the
extraction through the upper level of an electron that has
been relaxed by the emission of one photon. This means that
the electron-photon correlation becomes negative (for 'y

=Ik=I),
s 2y
r=->s 123(2y+49IN) +0W). 1)

Then, by tuning the driving intensity, one can manipulate
the character of the shot noise of electrons and photons, turn-
ing the super- (sub-)Poissonian statistics to sub- (super-
)Poissonian for electrons (photons) when increasing ().
Higher moments are also obtained, giving

1 24(x+ 1)[41 - (22 - x)x]

e (7—.X)4 b} (52)
6 -0 -(5-3
ny=1+ (x+1)7[((77_x;)4rz( x)v]. (53)

V. BOTH LEVELS IN THE TRANSPORT WINDOW
REGIME

If the energy of both levels are above u, &;,&,>u (f)
=f,=0), the two of them contribute to electronic transport

PHYSICAL REVIEW B 78, 125308 (2008)

I'r

FIG. 7. System configuration discussed in Sec. V, with the two
levels in the transport window, €;,&, > u.

(cf. Fig. 7). In this particular case, quantum interference ef-
fects may be important>? depending on the concrete geom-
etry of the system. However, in the weak-coupling and high-
frequency limit case considered here, g,—&,>1; r, they can
be disregarded. Contrary to the previous regimes, the contri-
bution of the empty state,

U'x

=, 54
Po o, + Ty (54)

plays an important role here. It strongly affects the sub-
Poissonian character of the photonic noise. Since the tunnel-
ing rates are considered independent of the energy, electronic
transport does not depend on the level that the electron oc-
cupies when tunneling through the QD. Then, the transport
characteristics (electronic current and noise) are independent
of the field intensity, detuning, and the spontaneous emis-
sion,

[ =—"% 55
© ol + T (53)
47 +T% (56)

¢T (0, +TR)?

This case is similar to the single resonant level with a factor
2 in the tunneling from the collector, reflecting that an elec-
tron in the left lead finds two different possibilities before
tunneling into the QD. Similarly to the single resonant level,
the Fano factor is sub-Poissonian. However, the contribution
of the two levels increases the noise. The normalized third
cumulant becomes (see Appendix C)

121, T R(4T7 +T%)
(L, +TR)*

Ne = 1- (5 7)
Interestingly, the two resonant-level statistics coincides with
the single resonant one when writing I'; /2 for I';. That is not
the case for the photonic statistics, which depends on the
population of the upper level and, therefore, on the ac field
parameters. For instance, the photonic current is

] = WL[2Q7 + T(y +2T%)]
P +TR) (P +202 + 39T +2I2)

(58)

The expressions for the second-order moments are quite
lengthy, unless one considers a simpler case, where the tun-
neling rates are the same through both barriers, I';=1",=T".
Then, one obtains a sub-Poissonian Fano factor,

125308-8



RESONANCE FLUORESCENCE IN DRIVEN QUANTUM...

TS o -
"= =b—r—t-g=777 "

0 5 10 15 200 2 4 6 8 10
Q Y

FIG. 8. &;,&,> u: dependence of the photonic current, Fano
factor, and skewness and the electron-photon correlation coefficient
on (a) the field intensity, £, for different photon emission rates and
(b) the photon emission rate, 7y, for different field intensities for u
<egy,. I't=I')=I'=1. The electronic statistics (not shown) is sub-
Poissonian and not affected by the ac field or by photonic relax-
ation. The electron-photon correlation coefficient is positive if y
>T.

_ 2y 2
Fp=1- Ar20% + (y+ ) (y+ 2F)]2[F(Y+2F) (y+4T)

+ (142 + 17Ty - )0 - 204, (59)

which can be tuned to super-Poissonian for high enough in-
tensities. The electron-photon correlation, obtained from Eq.
(C2), may be positive or negative depending on the concrete
parametrization of the system, as discussed below. In con-
crete, positive correlation is obtained when I'; <I'p as well
as, for low intensity driving, when the tunneling rates are
small compared to the photon emission rate (cf. Fig. 8).

A. Undriven case: =0

The emission of a photon, in this case, depends on the
tunneling of an electron from the left lead to the upper level.
Then, it can tunnel to the collector directly or after being
relaxed to the lower level by the emission of one photon.
Therefore, photons adopt the electronic sub-Poissonian sta-
tistics,

Z'YFLFR('}/+ ZFL + ZFR)

F=1- , 60
r (y+ FR)Z(ZFL + FR)2 (60)

which is maintained for all the low ac intensity regimes, and
the resonance fluorescencelike behavior is completely lost
(cf. Fig. 8).

The sign of the electron-photon correlation depends on
the asymmetry of the tunneling couplings. Concretely, in the

.. e T% . .

case y<<I'y, it is positive if I'; < 2y also if the photon emis-
sion rate is large enough compared to the tunneling rates.
Concretely once an electron occupies the upper level, it will
rather be relaxed to the lower level and tunnel to the collec-

PHYSICAL REVIEW B 78, 125308 (2008)

tor than directly tunnel from the upper level. Then, the prob-
ability of detecting consequently one photon and one elec-
tron increases, thus making the electron-photon correlation
positive if

T30, -Tg)

(61)
47 +T

This is more clearly seen when considering I'; =1"z=T,

r=(5y—F)\/ Y . (62)
10(y+ ) (79 + 109" +9I'?)
The coefficient
217y + 41Ty + 521y + 361

2Ty 4y Y ) (63

p 27(y+ 1)

also shows sub-Poissonian behavior.

B. High intensity limit: ) — o

For high ac field intensities, the contribution of the chemi-
cal potential of the collector is only reflected in the occupa-
tion probabilities. Particularly important for the photonic dy-
namics is the probability of finding the QD in its empty and
lower states, since it limits photon emission. The current, in
this case, is

e

I,=—7/"—"—. 64
Pl 4+ T, (64)

As seen in the previous regimes, the occupation of the empty
state affects the sub-Poissonian statistics (expected for reso-
nance fluorescence) by turning it to super-Poissonian values,

I
F YL R

=1l+—7. 65
PO, 4T, ©65)

Comparing to Egs. (31) and (50), the higher unoccupation of
the QD involves a higher super-Poissonian character in the
photonic statistics.

High intensities allow the emission of several photons be-
fore the electron is extracted to the collector. Also, an elec-
tron tunneling from the emitter to the upper level can be
extracted to the collector from the lower level without the
emission of a photon. Then, the electron-photon correlation
tends to be negative. However, if 'y is small, pg
~1-2I',/Tx>p;,p,, i.e., the probability of finding the QD
empty is almost one. Then, the detection of photons and
electrons is restricted to short lapses of time, which makes
the electron-photon correlation positive,

(Tg— 2T )\ g

r= — > . (66)
V2(4T2 + T2)[4T2 + 41T, + Tp(y+Tp)]
The third order coefficient gives
_ 1 T8I, = 2(y=4TpT, + Tyl(y +2Tp)]
p = 20T, +Tp)* '
(67)
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I

['R

FIG. 9. Diagrams of the selective tunneling configuration, where
each level is coupled to a different lead. Up: the particular system
considered here. Bottom: a possible physical realization by consid-
ering a triple quantum dot where the lateral ones are strongly
coupled to the leads so they behave as zero-dimensional leads.

VI. SELECTIVE TUNNELING CONFIGURATION

A particularly interesting configuration in the high bias
regime (f,=f,=0) where the electron-photon correlation is
paradigmatic, needs unusual coupling to the leads: electrons
can enter only to the upper level and tunnel out only from the
lower one. That is, I';;=T"z=I" and I';;=1",z=0 (cf. left
diagram in Fig. 9). This selective coupling to the leads could
be obtained by zero-dimensional contacts consisting in
neighbor single-level QDs strongly coupled to the leads.”?
Then, if the level of the left (right) dot is resonant with the
upper (lower) level, the emitter (collector) will be uncoupled
of the lower (upper) level (see lower diagram in Fig. 9). Any
eventual coherence between the central dot and the lateral
ones is assumed to be rapidly damped by the coupling to the
leads. We note here that such a system can also be used to
modulate non-Markovian dynamics by tuning the strength of
the coupling of the lateral dots to the leads.

A. Undriven case: Electron-photon identification

In the absence of driving field, an electron that enters the
upper level can only be transferred to the collector after be-
ing relaxed by the emission of one photon. Therefore, the
electronic and photonic statistics are completely identical
and c;p=c;. This configuration is analogous of having two
single-level quantum dots which are incoherently coupled,

U LRl4yA% + (74T (7 + Ty + Q)]

PHYSICAL REVIEW B 78, 125308 (2008)

FIG. 10. Selective tunneling: electronic current, Fano factor, and
skewness as a function of (a) the driving intensity for different
photon emission rates and (b) the photon emission rate for different
field intensities. I';=T'r=1"=1.

giving sub-Poissonian Fano factors®* and maximal electron-
photon correlation (see Appendix D),

YWil'g

I,=1 = , 68

R VY WS ) O (68)
290 Tp(y+ T+ T

Fe=Fp=1— Y L r(y L Rz)’ (69)
[+ T (y+TR)]

r=1. (70)

The third cumulants give, for I';=T",=T,

BGY+I+ (y+D)2¥ +T(y+D)]
Qy+D)* '

Ne=17,=1-06y

(71)

B. Driven case

The ac field allows the tunneling of an electron to the
collector without having previously emitted a photon as well
as the emission of several photons from the relaxation of the
same electron. This makes the electronic and photonic cur-
rents differ, thus uncorrelating the electronic and photonic
statistics. More interestingly, by looking at the dependence of
the electronic and photonic currents with the detuning,

I,= ,
Ty + TRV + 2T gy + 202 + T2+ 4A%) + T[4 yA2 + (y+ TR) (¥ + Ty + Q)]

?’FL{4FRA3, +(y+ FR)[Qz +p(y+Tp) ]}

(72)

] =
P Ty + TR (P + 2T gy + 202 + TR + 4A2) + T[4 yA2 + (y+TR) (Y7 + Try+ Q?)]

; (73)
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it can be seen that their second-order derivative obeys

(9218(,,
9AZ

PHYSICAL REVIEW B 78, 125308 (2008)

oc FR— v, (74)

which is reflected in a resonance to antiresonance crossover. As a consequence, one can extract information on the sample-
depending spontaneous photon emission rate, y, by externally modifying the tunneling couplings to the collector.”®> The

system, in this case, behaves as a photon emission rate probe.

Considering I';=I'g=T", for simplicity, and the resonance condition, A,=0, we obtain for the Fano factors

2(v +4T Y + 51292 + 3029 + 213y + 3T Q2 y + 204 + 41“202)

F,=1- 75
¢ 2y +3Ty+T2+30%? (73)
~ 2)/[21"4 QT2+ YT - Q4+ YA -0 + y(513 + 6921“)] (76)

P (29> +3Ty+I2+30%?

(cf. Figs. 10 and 13). From the Fano factor, it can be seen
that the electrons obey sub-Poissonian statistics while the
photons become super-Poissonian for high enough field in-
tensities. The driving field also contributes to make the
electron-photon correlation coefficient negative (see Appen-
dix D).

In the absence of relaxation, this configuration can be
mapped into a coherently coupled single-level double quan-
tum dot, where interdot hopping played the role of the ac
driving (within the rotating wave approximation). Then, in
the particular case where T'R<<I';, the noise is sub-
Poissonian in resonance, having two super-Poissonian peaks
in its vicinity, when the influence of photons is small, as seen
in Fig. 11. For y=0,%°

0.005F — om0 T T /’—JT\\\ T T 0.001
. Q=1 JPtas Seo =™
— -- Q=5 ___--7 ~ < 0.0005
0—— N T 1
12F T T T 1
(=4
[ i =TT N /”_—~‘~g" 0.9
[a ) - - - Nl S~<
e R N T N
T T T T
LT I B LA |
=y 1+ —_,,"’ R R -~ ‘\‘~Of —
0‘6 ......... pooecttt | | BRI
W S Fe— ] —_—
N ‘~~~\ ”,—’ ————— :
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(—)10 -5 0 5 10
A
(0]

FIG. 11. Selective tunneling: electronic current, Fano factor,
skewness, and electron-photon correlation as functions of the fre-
quency detuning for different field intensities. I';=1, I';=0.001,
and y=0.001. In the insets the corresponding photonic values are
shown. When the photon emission rate is much smaller than the
tunneling rates and ') >T"g, the system behaves as a coherently
coupled double quantum dot, showing a sub-Poissonian minimum
in the Fano factor which is between two super-Poissonian peaks.

b 24T = T)A, + Tr(202+ T+ 3T, Tp)]
‘ [TrQ%+ T (207 + T3+ 4A2)1

(77)

This kind of features has been the subject of recent works in
double quantum dot systems where the double peak structure
in the electronic Fano factor becomes asymmetric by the
effect of temperature.’®>7 In our case, the level energies are
not shifted, so the contribution of photon emission is con-
stant all over the ac frequency tuning and the double peak
remains symmetric. As a consequence, transport is not
quenched by detuning and electronic noise is sub-Poissonian
far from resonance (where the ac field has no effect on trans-
port), as expected from Eq. (69). Interestingly, the maximal

. | . T 0.0l ——
05 — Q=0 Smme o ENES
N < Q=1 - ~< — Vi
~ o el - -~ Ty
=5 - >~ 0,005 = 1
________ L \ RV | letaiaial:
0
——————— '———__.\\\ I ”"‘___"—-~-‘-—
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05k 0974 1N T
. ! . ! L : :
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W JAR AR s
R —
- 1\ —
o w095 2\ 4
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i . o7 Nd ]
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FIG. 12. Selective tunneling: photonic current, Fano factor,
skewness, and electron-photon correlation as functions of the fre-
quency detuning for different field intensities. I';=y=1 and I'g
=0.001. The insets show the electronic correspondents. The double
peak in the electronic Fano factor seen in Fig. 11 is washed out by
a larger photon emission rate.
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FIG. 13. Selective tunneling: photonic current, Fano factor, and
skewness as a function of (a) the driving intensity for different
photon emission rates and (b) the photon emission rate for different
field intensities. I';=I"z=I"=1. Inset: electron-photon correlation
coefficient as a function of the field intensity for different couplings
to the left contact, I';, with I'y=y=1. It is possible to tune the sign
of the electron-photon correlation by means of the tunneling cou-
pling asymmetry.

electron-photon correlation observed far from resonance van-
ishes for A,=0.

The double peak in the electronic Fano factor is washed
out for larger photon emission rates, even for the case I';
>,

(597 +407 +4A7)0°
(V2 +20% +4A2)?
Y °
L L e
r, Y +2Q0% +4A7

2T
Fe=1——R{1—
Y

)] +0(2), (78)

as seen in the insets of Fig. 12. On contrary, in this regime, it
is the photonic noise which is sub-Poissonian but for two
super-Poissonian regions around the resonant frequency, re-
covering the resonance fluorescence behavior (see Fig. 12).

C. High intensity limit: — o

An intense driving involves the delocalization of the elec-
tron between the upper and lower levels, so it has the same
probability of occupying each of them: p,=p,=I";/(2I';
+1I'g). In this case, the resonant currents are

1 1 1
=l (79)
FLFR '}/FL ZFL+FR

The electronic dynamics becomes independent of photon
emission so the Fano factor coincides with that obtained for
transport through a double quantum dot in the absence of
dissipation, being sub-Poissonian at resonance (A,=0),

PHYSICAL REVIEW B 78, 125308 (2008)

41 Tg

F,=1-——,
¢ (2, +Tg)?

(80)

and super-Poissonian close to resonance if I'; > I'5.36-7

The high probability of finding the QD empty, p,
=[p/ (2L +Ty), kills the resonance fluorescencelike photon
antibunching and the photonic statistics become super-
Poissonian,

29I
F YL R

=1l+——. 81
PTG, 4T (81)

As discussed in Secs. III-V, the electron-photon correlation
is lost by the influence of the ac field. However, if the cou-
pling to the leads is asymmetric and I, > 2I;, once the elec-
tron has tunneled out to the collector, the QD remains empty
for a long period of time (compared to the lapse of time that
it spends occupied). Then, the detection of electrons and
photons is restricted to the short periods of time, so r remains
positive [cf. inset of Fig. 13(a)],

VA R = 217))

=0 2 - (82)
VAL + TRMA; + 4T + T2y + TR)]
The third order cumulants give
12D TRAT +T3) (83)
e = (2T, +Tp)*
for electrons and
6L R[4T7 = 2(y— 2T )T, + Tp(y+T
77p=1+ Y. R[ L (y R) i R(?’ R)] (84)
@2r, +Tg)

for photons.

VII. LEVEL-DEPENDENT TUNNELING

If the left and right barriers are equal, the tunneling events
may differ depending on which level participates. This can
be due to the concrete orbital distribution of each level.
Then, one has V;;=Vy, for the couplings in Eq. (1) and elec-
tronic transport can be parametrized, if both levels are within
the transport window, by the tunneling rates I',=27d)|V),|?
and I';=27d)|V,;|* when the electron tunnels to or from the
upper or the lower level, respectively, through any barrier /.5

The equations of motion for the generating function,
G(t,se,sp):M(se,sp)G(t,sE,s,,), and the density matrix,
p()=M(1,1)p(?) (after setting s,=s,=1), are then given by
the matrix
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—Fz—rl Serl 0 O Serz
Q Q
I, =T i —i SpY
QO QO
0 l_ A12 + lAw 0 - l_
M(s,,s,) = 2 2 (85)
QO Q
0 —i— 0 Ap—iA, i—
2 2
QO Q
r 0 —-i— — —y-T
2 l > l 2 Y—12
in the same matrix form chosen to write Eq. (8). In this case, the decoherence term is given by A12=——F2+£]+7.

The dependence on the level which is occupied introduces the effect of the driving field and photon emission in the
electronic current even in the high bias regime. If, for instance, I'; <T',, photon emission will contribute to decrease the flow
of electrons. The electronic and photonic currents are, in the general case,

(D + DL, + T + 0% + Y (y+T +21)]

As expected, if I';<T',, the emission of photons inhibits

1,= , 86
C (y+ 3T+ [V +3Q%+3T,2y+T )0, +T,(292 + 2T y+ 3Q2) (86)
7 = A, + ) (I, +0%) + ] (87)
P (y+ 30 DO + [+ 302+ 30,2y + T )M, + T, (292 + 2 y+ 302
I
2(T, T, >
F(y<IT')=1+-|—+—-4]. 90
(y<T) +9(r2+r1 (90)

electronic transport. However, the opposite is not true: if
I', <T'y, electrons will rather tunnel through the lower level,
thus avoiding photon emission. These two limiting cases will
be further analyzed below. In the case I';=I",, the electronic
current is independent of both the relaxation rate and the
driving intensity, recovering the behavior described in Sec. V
(cf. Fig. 8).

A. Undriven case

In the absence of the driving field, the electronic and pho-
tonic currents are given by

I, 1, 1

Ci(y+ )T +T) 900, 290+ (y+30)T,
(88)

In this case, the difference in the tunneling rates of each level
is enough to define the sub- or super-Poissonian electronic
statistics,

1 21_‘2(1_‘:;, + fll—‘%) - 2F1[F1(7+ 2F2)2 + ’)’I‘zfz]
+ 9
[29T) + (y+ 3T )T,
(89)

e

where we have called f,-: v+1;. Interestingly, in the absence
of photon relaxation, the Fano factor depends linearly on the
asymmetry and increases as one of the levels becomes un-
coupled of the leads (this case will be considered below),

Photon emission diminishes this effect by contributing to
make the electrons be extracted from the lower level. Then,
the sub-Poissonian shot noise observed in the high bias re-
gime [cf. Eq. (56)] is recovered,

21 (T +Ty)

(L +T,)?% " 1)

F e(y > Fz) =1-
On the other hand, photonic statistics remain sub-
Poissonian, independently of the configuration,

_ 27F1F2(’y+2r]+2r2)
r [29T) + (y+30 )

(92)

The electron-photon correlation coefficient (see Appendix E)
shows how electrons and photons can be uncorrelated by the
manipulation of the tunneling rates.

B. High intensity limit: — oo

As the driving field couples the two levels, it tends to
annihilate the particular behavior introduced by the different
couplings to the leads. Thus, the currents depend simply on
their correspondent rate,

(93)

while and the electronic Fano factor and skewness become
independent of the tunneling couplings: Fe=g and ne=27—7,
consistently with Eq. (56). That is not the case for the pho-
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FIG. 14. Schematic diagram of the proposed setup for a level-
dependent tunneling configuration where 'y <T',.

tonic statistics, whose second and third moments depend on
the rates,

2y
F,=1+—"—, 94
r 9 +T) G4
29(y—-9T, - 9T
=1~ Wy-9TI', - 9I) (95)

27(I', +T,)?

As expected, electron-photon correlation becomes negative,

_ Y
B \/5[27+ or,+Iy)] (96)

C. F] <F2 limit

The zero-dimensional contacts introduced in Sec. VI can
also be employed to simulate energy-dependent tunneling. If
both zero-dimensional contacts are aligned (by tuning the
gate voltages of the left and right QDs) with the same level
of the QD, transport through the other level will be strongly
suppressed (cf. Fig. 14). Thus, the occupation of the off
resonant-level blocks the electronic current.

If the levels of the surrounding QDs are aligned with the
upper level, in the absence of driving, as soon as the lower
level is occupied (by the relaxation of an electron from the
upper level), transport is canceled in a high bias version of
dynamical channel blockade. Thus, electrons flow in
bunches, while photonic transport is highly suppressed.

Again, the driving field removes the blockade, producing
finite electronic and photonic currents,

2
£ — {2 - L , (97)
Fz Y '}/2 + '}’FZ + 302
thus reducing the super-Poissonian electron noise,
g 4 D2y D)= Q22+ 29T, - 1) - 20°
= =+ y
‘ [Hy+T,) +30°F
(98)

which becomes sub-Poissonian for high enough driving in-
tensities (cf. Fig. 15). This configuration resembles a single-
level quantum dot coupled to a localized state, where super-
Poissonian shot noise has been predicted.’® The obtained
Fano factor recovers their result for a nondissipative situa-
tion, y=0. Similar models were proposed to explain en-
hanced shot noise in single-quantum dots.®® For low intensi-
ties, the photonic noise is sub-Poissonian, resembling the
resonance fluorescence but, for > 2I',(2y+1I,), the con-

tribution of the empty state turns it super-Poissonian (cf. Fig.
16),
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FIG. 15. Level-dependent tunneling: electronic current, Fano
factor, and skewness as a function of (a) the field intensity for
different photon emission rates and (b) the photon emission rate for
different field intensities for the case I';=107> and I',=1.

2F2(2'}’+ Fz) - QZ
1"2(,)/2 + 392 + 'yF2)2 '

F,=1-2y0? (99)
It is interesting to note that though the electronic and photo-
nic mean counts are proportional, their variances are not,
which is reflected in the electron-photon correlation that
gives r<1 [see Eq. (E2)].

The undriven case gives a Fano factor that diverges when

. . r
the photon emission is reduced, Fe=1+272 and 7,

2 2
V+6I'5(y+1,) . . .
=2"—"=""2 1In this case, relaxation becomes a stochastic

process.

D. F2< Fl limit

This case is similar to the previous one with the difference
that the contribution of photon emission has the opposite

3 T T __I--- T T-d-I__ T
(a) LT R0 L ()T — Q=0 -1
— 7 Syl e Q=1
el -- =10 B - Q=5
olazls RESTTTTRTs R oK ]
: — : — — T
2t LT 7N
2T .- 1 —
e T T BRSO <
e : SRS
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FIG. 16. Level-dependent tunneling: photonic current, Fano fac-
tor, skewness, and electron-photon correlation coefficient as a func-
tion of (a) the field intensity for different photon emission rates and
(b) the photon emission rate for different field intensities for the
case I'1=1072 and I',=1.
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FIG. 17. Schematic diagram of the proposed setup for a level-
dependent tunneling configuration where I', <T';.

effect: the upper level is very weakly coupled to the leads so
its population quenches the electronic current (cf. Fig. 17).
Therefore, relaxation by photon emission contributes to un-
block the electronic transport.

In the absence of driving, the electrons tend to be trans-
ferred through the lower level (and the system is reduced to
the single resonant-level configuration*®), so there is no
chance for photon emission. The introduction of the driving
field populates the upper level thus reducing the electronic
current (cf. Fig. 18) and giving a finite probability to photons
to be emitted—thus acting as a photon pump [cf. Fig. 19(a)],

_ L+ + 0%

= , 100

292+ 290 + 302 (100)
¥’

I,= ) 101

P 292 4290, + 302 (100)

The ac field modifies the electronic Fano factor typical from
the single resonant level, F,=1/2, without changing its sub-
Poissonian character but for the range I'; > 20>y,

AY(y+1)*+ Q392 T +20%]

F,=1- 102
¢ (29 + 2T v+ 30%? (102)
The photonic Fano factor,
290 (Y - 5T y-21% + O
Fo=1+ YO (v 1Y 122 )’ (103)
29 +2Ty+30?

can be turned from sub-Poissonian to super-Poissonian by
increasing the field intensity if '} > %(\533+5)'y. Otherwise,
it will be always super-Poissonian. The electron-photon cor-

0.6———T—— T

04f." T N

FIG. 18. Level-dependent tunneling: electronic current, Fano
factor, and skewness as a function of (a) the field intensity for
different photon emission rates and (b) the photon emission rate for
different field intensities for the case I';=1 and I’,=107.

PHYSICAL REVIEW B 78, 125308 (2008)

T T —— 1 T d-=I__1 T T
(a) B N
2 =701 ’/ — Q=0""~~__
- //,’ =1 F o/ Q=1 1
e —— =10 / == Q5
0 D I R R 0’» """"""" [EEETTTIO oopen. Looeon.oo
S e I I | e
L - M-
U-qa ///’ /
i |
.’-‘. | | [ 1 1 1
2 r T A 2 T T [ —
S N |
SO \ ’
ok ~eo . A N7
) | . L So--4 SR NI R R
0= —— 0 : e
\\s-; .............................. \ R
Sem——— N “‘—
o o T - N -
| L " | | |
0.5, L 10 % s 10 15 20
Q Y

FIG. 19. Level-dependent tunneling: Photonic current, Fano fac-
tor, skewness, and electron-photon correlation coefficient as a func-
tion of (a) the field intensity for different photon emission rates and
(b) the photon emission rate for different field intensities for the
case I';=1 and I',=1073,

relation, calculated from Eq. (E2), is always negative.

The third electronic cumulant varies between 77e=41'x for
Q=0 and 776=27—7 for the high intensity limit, but it shows a
deep minimum for low voltages where it is negative (cf. Fig.
18). The photonic one is removed by the ac field from
7,=1 to the asymptotic limit,

_2(y-9TY)

: (104)
27T

7, =1
for () — o, Then, the skewness of the photonic statistics can
be tuned by the strength of the tunneling couplings.

VIII. CONCLUSIONS

A method for extracting the simultaneous counting statis-
tics for electrons tunneling through an ac driven two-level
quantum dot and for photons emitted in the intradot electron
relaxation processes is presented. It allows us to calculate all
the electronic and photonic cumulants as well as the correla-
tion between fermionic and bosonic statistics, showing how
they affect each other. For instance, photon emission is
shown to reduce the super-Poissonian electronic shot noise in
the dynamical channel blockade regime. On the other hand, a
purely quantum feature as is sub-Poissonian statistics in a
two-level photon source (resonance fluorescence) is lost as
the electron is allowed to escape from the system. Our
method can be applied to obtain the correlations between
processes of different kinds affecting to the same system as
could be spin dependent transport or three terminal devices.

It is shown how the character of the electronic and pho-
tonic fluctuations can be manipulated by tuning the external
parameters such as the intensity of the ac field, the chemical
potential of the right lead, or the tunneling barriers. By this
kind of measurements, information about electron relaxation
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times can be obtained. All the combinations of sub- and
super-Poissonian noises can be selected in this way.?’

We present an analysis of the electron-photon correlations
which gives a more complete understanding of the dynami-
cal behavior of each concrete sample configuration and the
importance of relaxation processes in transport properties. In
this sense, a configuration with a maximal electron-photon
correlation is proposed. Additionally, this configuration can
serve as a probe for the photonic emission rate.

A triple quantum dot system is proposed in order to con-
trol tunneling through the central two-level quantum dot,
while the levels of the neighbor dots act as zero-dimensional
leads. This way, assorted configurations which can be
mapped to coherently or incoherently coupled double quan-
tum dot systems or quantum dots coupled to localized states
can be achieved, providing a way to explore the effect of
coherence in electronic transport.

QIO +20%) - y(y-20)(y+2Q) (T, +Tp)]
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APPENDIX A: PHOTONIC RESONANCE FLUORESCENCE

When the chemical potential is above the energies of both
levels, so the probability for an electron in the upper level to
tunnel to the collector is xI'y, the up to second-order mo-
ments are given by the coefficients (considering the Taylor
expansion around x=0)

T 27+ 202, + Tp)] K+ 0L, (AD)

__ 3y YT, ( y(¥* - 1607 ? 23y2-8QZ> o "

VP20 (P20 AP 20T+ T AP 27209/ O (A2)
2 2 2 2

L T LRl A(y? = 100%) (T + Tp) - Q%(y7 +20 1o, "

2(92 + 2023+ TR)?

For the undriven and high ac intensity limits, one can give short expressions without having to do the Taylor expansion
around x=0. In the undriven case, =0, the electron-photon correlation is given by

corl Xl T = 2¢9(y + 20, + 2T%)]

8cipco1

In the opposite case, () — o obtains the electron-photon correlation from the coefficient

=

and the skewness of the electronic and photonic statistics from

Cll:FL(2y+xFR)+FR[xFR—(x—2)y]_ v+l (A4)
dxc, U T+ c{(y—4c,)(y+4L) —[(x —4)y+ 16¢,]'r} (A5)
(4, = (x =) g](y+xIg)
64X’
OZ AT+ -l (46)
A xY T[40, + (4= 30)g][20, + (2 — )] . (A7)

(4, + (4 - X)FR]S

APPENDIX B: DYNAMICAL CHANNEL BLOCKADE REGIME

If the chemical potential of the collector is between the energies of each level, so the occupation of the lower level avoids
electrons from tunneling through the upper one, until it is extracted with a rate xI'g; the second-order correlations are given by

(considering x=0)

[ TR(9 + 2T gy + 402 +T%)

C =

Oy + TRy + 2Ty + 302 4 T2) + T, (27 + 3y + 407 + T3]
5 Y +20%y+ 1305y + 613+ 8(y7 + Q) + 20, (597 + 8Ty + 407 + 3T7)

—Cro

(y+TRITr(Y + 2Ty +3Q% + T2) + T, (297 + 3Ty + 402 +T2)]

; (B1)
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YO (y+4T, +3T) — coil[ ¥ + 202y + 1305y + 615 + 8(7 + Q)T g + 2T, (592 + 8Ty + 402 + 3T'2)]
(y+TRITR(Y + 2T gy + 302+ T2) + T2 + 3Ty + 402+ T3)]

Co2 = Co1 , (B2)

~ — Y2 (y+4T, +3T%) + co T Tr(77 + 2Ty + 4Q% + T2) (B3)
= (y+TRITR(Y + 2Ty + 302 +T2) + T, (297 + 3Ty + 402+ T3)]

2e0 [V +2Q%y+ 6T 3+ (13y+ 6T NI+ 2(597 + 4QH)T, + 8(y* + 2Ty + Q)]

—c B4
10 (y+TRITR(Y + 2Ty + 302+ T3) + T,(297 + 3Ty + 4Q% + T3)] (B4)
For small x, in the undriven configuration, =0, the electron-photon correlation is given by
T p(y+Tp) 2T, +T
e1y= Y Lr(y Rl R)x2+0(x2). (B5)
[Crly+TR) + T2y +Tg)]
In the opposite limit, () — %, we find short expressions for the electron-photon correlation,
Ci1=— 3 N (B 6)
and the third order moments,
64(x + 1)°T;T;
C30= ( [Tl 3 (B7)
(41, + (3 = x)Tg]
(x+ 1)YTR8T7 +2(3 = 5x)['( I, + (3x* — 4x + 1)T'Z] (BS)

Cos =" [4FL + (3 —.X)FR]S

APPENDIX C: BOTH LEVELS IN THE TRANSPORT WINDOW

If the chemical potential of the collector is below the energy of both levels, the photonic shot noise and the electron-photon
correlation can be obtained from

H(y+ 2FR)QZ + 41—‘1‘[92 + Ty +20R) ]}
C
M0, +TR) (y+ 2T ) (Y2 + 3Ty + 202 + 2'2)

L Y 207y + 2T (597 + 12T gy +4Q% + 8T') + 21, [597 + 4Q% + 4T g4y + 3Tp)]

Cop =

o (20, + T)(y+ 2T ) (¥ + 3T gy + 207 + 2T2) ’ (€D
c = ar, Ty 2FR)(y12 Ay 2002212 [T, Lry(y+2TR)% + 2c0, T LR[57 + 402 + 4T p(4y+ 3T R)]
+ oA (y+ 2T ) Q2 + 4T [Q% + Tr(y+2TR) 1}
—2c10col Y + 2Q%y+ 2T (57 + 12T gy + 402 + 8T2) + 2T, [59 + 40% + 4T (4 + 3TR) T}]. (C2)
We also obtain the skewness of the photonic statistics for the undriven case, 1=0,
YTTH297 + 817 + TlR(y+ ) + 2T (3y+ TT)]
= (y+ T QL+ TP ’ )
and in the high ac intensity regime,
_ YTl -200) -

O340, + TR

APPENDIX D: SELECTIVE TUNNELING CONFIGURATION

In the configuration describe in Sec. VI, the electronic and photonic correlations are given by
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_ CIOZFLFR(Z’)/Z + 2FR7+ QZ)
C (y+TRICR(P + Try+ Q) + Ty (7 + 20y + 207 + T3)]
2 Y4202y + TR(T9 + TTpy+4Q% +T3) + 1[5+ 4Q% + 5T 2y + T'p)]
0 (y+TRITR(P + Tpy+ Q) + T (12 + 2Ty + 207 + T)]

€20

: (D1)

_ corA(y+ FR)QZ + 2I‘L[QZ +20R(y+ TR I}
(y+TRITR(Y +Try+ Q%) + (Y + 2Ty +2Q% + T'3)]
, VP + 202y + TR(T9 + Tlry+ 402 + TR) + T, [5Y2 + 402 + ST 2y +T'p)]
o (y+ TRTR(¥ + Tpy+ 02 + T, (2 + 2Ty + 202+ T3]

Cn2

; (D2)

and, considering I'; =I",=T", for simplicity,

AN+ 0Py + 1)~ yy= DD (y+ DO = (7 + Ty - 4120 - 0]
c11 = [30%+ (y+D)2y+ D) |

(D3)

In the undriven case, =0, the third order coefficients are

2P+ +T2) +3(y I + M+ T Ty)

(D4)
(W + g+ FLFR)S

313
C30=Cp3 = 73FLFR

APPENDIX E: LEVEL-DEPENDENT TUNNELING

The tunneling between the leads and the quantum dot may depend on the involved level of the quantum dot. We consider
here the case I';;=I";z=I";, where i={1,2}. In the undriven case ({1=0), the electron-photon correlation is determined by the
coefficient

ALY (6 T3+ (y+ 1) T3+ 129 + 30 y=THT, + 27y = T)T7]
e [29T) + (y+ 3T )T, T .

(E1)
We can give general expressions for the electron-photon correlation when tunneling though the one of the levels is suppressed.
For Fl < F 2

27F2(7+ [,)2- 0%y + F% +691,) - O*

= Q)
ar=y (4307 + 9T,)°

(E2)

and for F2< Fl

YO 2915 + (897 + QI + (677 + 40291, + QX (¥ + Q)] (E3)

==

(29y*+ 2l v+ 30?3
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