PHYSICAL REVIEW B 77, 205305 (2008)

Optically induced shot noise enhancement and suppression in a A-type double-dot system
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In the sequential tunneling regime, we study the noise properties of a A-type double-dot system driven by an
optical field. It is found that the zero-frequency shot noise can be tuned between sub- and super-Poissonian
characteristics due to the dynamical channel blockade induced by the optical field. When the chemical potential

is within the ground and the excited states in the right dot, the Fano factor is enhanced to a super-Poissonian
value at a weak optical field but suppressed to a sub-Poissonian value at a strong optical field. The increase in
the dot-dot hopping can lead to two peaks of the Fano factor when the absolute value of the detuned frequency
approaches the strength of the dot-dot hopping. Moreover, the Fano factor at the two peaks approximate to 2

at a large dot-dot hopping.
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The study of shot noise has become an emerging topic in
mesoscopic systems! since it characterizes the correlation be-
tween charge transport events and can provide more infor-
mation than the mean current itself.>> Especially, the shot
noise’s behavior in single-level and two-level quantum dots
with electron bunching has both experimentally®® and
theoretically®~!? received noticeable attention. These investi-
gations indicate that a super-Poissonian shot noise results
from a dynamical channel blockade, which depends not only
on the Coulomb interaction but also on the coupling
strengths between the dot system and the leads. Recently, the
noise properties in a two-level quantum dot irradiated by an
optical field were studied and the emergence of super-
Poissonian noise in the dynamical channel blockade regime
was reported.'* It was found that the optical field can sup-
press the dynamical channel blockade and reduce the Fano
factor from a super-Poissonian to sub-Poissonian value since
it pumps electrons from a lower to an upper energy level.

Compared to a two-level single dot, the hopping between
the ground states of a double dot in the A-type system (a
three-level structure with two ground states and one excited
state) provides another degree of freedom. In quantum op-
tics, such three-level systems are usually used to realize co-
herent trapping and electromagnetically induced transpar-
ency (EIT)."> These effects have been predicted in A-type
dot systems!®!7 and can be measured through an optically
controlled current.'®2° An optically controlled current is
promising for the design of devices that can apply technolo-
gies of optical manipulation in real atom systems to semi-
conductor materials. Recently, the current of a three-level
system under the influence of an optical field is studied when
the chemical potential is below two energy levels in the right
dot.?! The current shows two symmetric or asymmetric peaks
when the field is resonant or nonresonant. A crossover from a
three-level to a two-level system is found when the detuned
frequency increases. Moreover, population inversion can be
observed by varying the frequency or the strength of the
optical field.

In this paper, we investigate the noise properties of a
A-type double-dot system driven by an optical field. It is
found that the effect of the optical field is quite different
from that in a two-level single dot.'* In our double-dot sys-
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tem, the dynamical channel blockade is induced by the opti-
cal field because the occupation of the excited state can occur
only when the optical field exists. However, at a strong op-
tical field, it will be suppressed by optical pumping. There-
fore, the optical field can induce and suppress the dynamical
channel blockade at the same time.

The system we consider (see Fig. 1) can be realized by
two lateral quantum dots modulated by the anisotropic two-
dimensional harmonic potentials. The large charging energy
(~meV) forbids more than one electron in the system at one
time. The ground states of the two dots are the lowest energy
levels of the two harmonic potentials, respectively. The ex-
cited state of the left dot can be manipulated so that the
energy difference between the excited states of the two dots
(~107" meV) is much larger than the tunneling energy 7.
(about 1 ueV).!” Therefore, electrons are allowed to tunnel
only between the two ground states. The energy difference in
the right dot corresponds to a frequency of 100 GHz, which
belongs to the microwave band. The transition between the
ground state of the left dot and the excited state of the right
dot by the optical field is neglected.?! The total Hamiltonian
of the system is H=H,,,+Hpop+Hr+H;, where
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FIG. 1. Schematic view of a A-type double-dot system driven
by an optical field (Ref. 21). The solid and the dashed horizontal
lines indicate two regions where the chemical potential of the right
lead is below and within the two levels in the right dot. The curved
arrows indicate the driving direction of the optical field.
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Here, |0) represents the empty state (no electrons in both
dots). |L), |R), and |E) correspond to one electron in the

ground state of the left or the right dot and the excited state
of the right dot, respectively. H;,,; describes the electron
reservoirs (leads), Hpop is the Hamiltonian of the dot sys-
tem, and Hy represents the tunneling between the leads and
the dot system. The interaction between the electrons and the
optical field is expressed in H; within the rotating-wave
approximation,'> where () indicates the coupling strength be-
tween the optical field and the quantum dot system. The
energy difference between the ground states of the two dots,
i.e., the band offset Ap=E; —Ep, is modulated by the gate
voltage. The detuned frequency A,=w—-(E,—Eg) can be
tuned by the frequency of the optical field or the energy level
of the excited state by manipulating the anisotropy of the
potential of the right dot.

By using the method of quantum rate equation, we
obtain the stationary current and the zero-frequency shot
noise. The states of the three-level system can be represented
by a column P=(py,p;,pr,pe,Relp ], Im[p z],Re[p £l
Im[ p; ], Re[ prel, Im[pgz],)”, of which the components are
the density matrix elements of the quantum dot system,

i), i=0,L,RE,
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PLR=<L|P|R>’ PLE=<L|P|E>’ PRE=<R|P|E>~ (2

The rate equations for the density matrix elements are

po=— 2 Tipo+Tip;,
i=LR.E

pL=T1po=Tp+iT(prr~ Pro)s
Pr=Trpo = Trpr + T (g, = prr) + 0.5iQpre = per),

Pe=TEpo = Uppp +0.5i1Qpgr — pre)»

1
prr=iT (py— pg) +0.5iQp; p— {E(FZ +1) = iAE:| PLR>
) | . .
PLE=— E(FL +Tp) +i(A, = Ap) |pre+0.5iQp1 g = iT pre,

) | . .
PRE=— |:5(FR +Ip) + lAw:| pre+0.51Upg = pp) = iTepyE,
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where T =T,f(E,), F,?(n:L,R):2772k|Vk,,|25(E,7—.ek,7),
and Tp=272,|Vix|*6(E,~€x) are the dot-lead couplings.
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frr(E)={1+exp[=(E—pug)/kgT]}™" is the Fermi distribu-
tion function in the left or the right reservoir, = represents
the population of the occupied or the empty state of the
leads. p;r (u=—mgr=eV/2) is the chemical potential of the
left or the right lead with V, the voltage of the bias. We set
') =I'y=Ip=I" as the unit of energy. Equation (3) can be

rewritten in the following matrix form:°
dp
— =MP(s). 4
- =MP() @

Therefore, the statistical averaging of any time-dependent
operator A(t) becomes

(A(1))=Ti Ap]
= > [AP(1)], = 2 [AOPV], = X [AT()PV],, (5)
k k k

where A is the matrix form of the operator A, PO is the
steady state solution of Eq. (3), and T(r)=exp(Mt) governs
the time evolution of P. It is well known that the noise power
spectra can be expressed as the Fourier transformation of the
current-current correlation function

S;yﬂ’(w) = 2<i77(t)j7}’(0)>a) - 2<i77>w<i77’>w' (6)

Moreover, the current-current correlation function can be ex-
pressed in the P representation as follows:

(10,0 = 6() 2 [T, T(OT , PO,
k

+0-02 [T, T-0T,PO%, (7
k

where I',, is the matrix form of the current operator.”’ Fi-
nally, the current-current correlation in the w space is

G010 =3 {L”F;’P@} R {ﬂw] |
k k

Nk —lw— iw—\
(8)

Here, P, is a projector operator associated with the eigen-
value A and M=, \P,.
Noting that the summation over k of the zero eigenvalue

is exactly canceled by the term (i n><i 77!), the eventual expres-
sion for the noise power spectrum is

Sy (@) = 8,y 3"

+22{

kN#0

—iw— N\ iw—N\

[T, P\, P, . [F,,,PXFUP(O)],(}

)

where Sf;h:Ek|[F,7P<O)]k| is the frequency-independent
Schottky noise originating from the self-correlation of a
given tunneling event with itself, which the double-time cor-
relation function Eq. (7) cannot contain. Here, we focus on
the zero-frequency shot noise. Due to current conservation,
in the two-terminal system, S;;(0)=Sgx(0)=S,4(0)
=Sk (0).22 We use the expression S=(1/4)[S;;(0)+Szz(0)
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+8:8(0)+Sg.(0)], and the Fano factor is defined as F
=S5/2el.

In the following discussion, we focus on two regions
where the chemical potential of the right lead wy is below
and within the two energy levels in the right dot. The chemi-
cal potential of the left lead is set to be far beyond the energy
level of the left dot, i.e., u;—E; > kT and f;(E;)= 1. Since
the energy spacing in the right dot reaches the scale of 0.1
meV, the thermal width (~kzT) of the Fermi distribution
function can be neglected. Hence, f*(E,) approaches zero
whether up is below or within the two energy levels in the
right dot. Moreover, the value of fx(Ez) mostly depends on
whether the chemical potential of the right lead is below or
beyond the ground state energy Ey. Therefore, when up
<ER<E, fi(Eg)=fr(E)=0, and when Ex<uz<E,,
Fr(EQ) =1 while fy(E,)=~0.

ur<Er<E,: In this regime, fz(Eg)= fR(E,)=0. Figure
2(a) shows the Fano factor as a function of the band offset at
different Rabi frequencies when the optical field is at the
resonance case. With an increase in (), the Fano factor un-
dergoes a transition from a global minimum to a local maxi-
mum at Ap;=0. When the coupling strength with the optical
field Q) is smaller than both the dot-dot hopping 7. and the
dot-lead coupling I', the global minimum of the Fano factor
locates at A;=0. When () increases, two symmetric valleys
of the Fano factor occur where the band offset roughly
equals one-half the value of (). For the case of a strong
optical field, the value of the peak between the valleys en-
hances and approaches a Poissonian value. The influence of
the detuned frequency is depicted in Fig. 2(b). Different from
the band offset, the Fano factor monotonously increases or
decreases with an increase in |A,| at a weak or a strong
optical field, respectively.

The competition among the coupling strength (), the dot-
dot hopping T,, and the tunneling rate ' results from the
correlation of two transport channels for electrons to flow
through the system. One is along the left lead —E; — Er—
the right lead, and the other is along the left lead —E;
— Ep— Ey— the right lead. In the limit of the nondriving
case (1=0), the excited state in the right dot does not con-
tribute to the transport, and the three-level system reduces to
two coupled single-level quantum dots with a dot-dot hop-
ping T.. Hence, the Fano factor becomes?®
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FIG. 2. (a) The Fano factor F
as a function of the band offset Ag
at different Rabi frequencies when
the detuned frequency A, equals
zero. (b) The Fano factor F as a
function of the detuned frequency
A, at different Rabi frequencies
when the band offset Ap equals
zero. T,=T".

_ 8Tel LR T+ T3+ T0)
[4T;(2T, + ) + T, TR

(10)

At a low coupling strength (), the transport through the ex-
cited state is much weaker than the one through the ground
state in the right dot. In this situation, the population of the
excited state decays faster than that of the ground state;
therefore, the Fano factor is most strongly suppressed when
there is no band offset. With an increase in (), the channel
through the excited state in the right dot gradually contrib-
utes to the transport. Since Coulomb interaction prevents a
double occupancy, the two paths have a negative correlation
with each other.2> Therefore, when the two transport chan-
nels have the same contribution, the Fano factor is sup-
pressed to its minimal value. With respect to that, the current
is proportional to the population in the right dot, the transi-
tion from a global minimum to a local maximum of the Fano
factor roughly occurs when the population inversion arises
(see Fig. 3).

When the strength of the optical field increases, the popu-
lation of the excited state will exceed the population of the
ground state until the band offset approximately reaches one-
half of (). Therefore, the Fano factor is suppressed to its
minimum due to the same contribution of the two transport
channels when the band offset roughly equals one-half of ().
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FIG. 3. The current / (solid line) and the Fano factor F (dotted
line) as a function of ) when Agz=A,=0 and 7.=T. Inset: Popula-
tion in the right dot as a function of ().
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If Q) is far beyond both 7, and I', photon-assisted Rabi os-
cillations dominate the tunneling processes and lead to a
Poissonian noise. The reason is that fast oscillations in the
right dot will result in the randomness of tunneling events.
Moreover, when the intensity of the optical field is fixed, as
the band offset increases and exceeds far beyond 0.5 (), the
system will gradually approach the coupled single-level dots
due to the faster decay rate of the population of the excited
state than that of the ground state. Hence, the Fano factor
will approach a Poissonian value at a large band offset. The
influence of the detuned frequency is different from the band
offset. The reason is that it can transfer the population from
the excited state to the ground state, whereas the band offset
suppresses the population of both. The effect of the optical
field decays with an increase in the detuned frequency, and
the Fano factor approaches the value of two coupled single-
level dots in series (see Fig. 3).

Er<pugr<E,: In this region, fx(Eg)=~1 while fz(E,) =0,
and a dynamical channel blockade occurs for a two-level
system.'# Different from the case of a single two-level dot, in
our considered system, the dynamical channel blockade not
only results from the Coulomb interaction but is also induced
by the optical field. In the absence of an optical field, the
transport can only occur due to the thermal excitation
through the ground state of the right dot, leading to a Pois-
sonian shot noise. When () is smaller than both 7. and I, the
occupation of the ground state blocks the transport through
the excited state, therefore, the dynamical channel blockade
occurs,'*?>2 which leads to a super-Poissonian noise. With
an increase in (), the pumping that drives electrons from the
ground state to the excited state suppresses the dynamical
channel blockade, thus resulting in a reduction in the Fano
factor. When () becomes sufficiently large, the Fano factor
can be suppressed to a sub-Poissonian value.'*

Figures 4(a) and 4(b) indicate the influence of the band
offset and the detuned frequency on the Fano factor at dif-
ferent coupling strengths under the influence of an optical
field. It is found that the Fano factor shows a minimum at the
point with A, =0 or Az=0 and have two symmetric peaks
when A, or Ay is nonzero. Since the band offset and the
detuned frequency can increase the population of the ground
state relative to that of the excited state, the super-Poissonian
peaks of the Fano factor occur due to strengthening of the
dynamical channel blockade. If either the band offset or the
detuned frequency becomes even larger, the transport
through the excited state is severely suppressed, leading to a
Poissonian noise because the current is restricted to occur
only through thermal excitation. With an increase in (), the
positions of the two peaks gradually move from the origin
point and their values rapidly decay. When () is large
enough, no apparent peaks appear and the Fano factor is
suppressed to be sub-Poissonian.

Now, we investigate the Fano factor as a function of the
detuned frequency at different dot-dot hopping 7. The result
is shown in Fig. 5. When T, is smaller than I, the two peaks
approximately locate at A = = I". When T, exceeds the value
of I, the two peaks almost exit at A= £ T. The value of the
peaks increase with 7, and have an asymptotic value of 2.
The behavior of the Fano factor can be explained as follows:
At a small T, the dot-lead coupling I" dominates the evolu-
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FIG. 4. (a) The Fano factor F as a function of the band offset Ay
at different Rabi frequencies when the detuned frequency A, equals
zero. (b) The Fano factor F as a function of the detuned frequency
A, at different Rabi frequencies when the band offset Ay equals
zero. T.=I".

tion of the density matrix of the double-dot system p
~exp(Mt).%% The dot-lead couplings contribute a decay rate
of I'"!, which results in the width of energy levels (~T") due
to the uncertainty relation. If the detuned frequency is within
this width, the Fano factor will increase with the detuned
frequency since the possibility of pumping electrons from
the ground state to the excited state is suppressed, and at the
same time the dynamical blockade is strengthened. However,
if the detuned frequency exceeds this width, the Fano factor
will trend to a Poissonian value. The reason is that the cur-
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FIG. 5. The Fano factor F as a function of the detuned fre-
quency A, at different dot-dot hopping T,. Ap=0 and Q=T".
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rent will be restricted to occur only through thermal excita-
tion. Consequently, the peaks of the Fano factor approxi-
mately locate at A ,= = T". With an increase in 7., electrons
gradually localize in the two ground states, and the coherent
tunneling between two dots dominates the evolution of the
density matrix. Due to the coherent tunneling, there exist two
paths of pumping electrons from the ground states to the
excited state, which can be seen from the nondiagonal den-
sity matrix elements pg; and pgg. Although the ground state
of the left dot does not have a direct transition to the excited
state, the electrons in it can be indirectly pumped to the
excited state by first hopping to the right dot. If A =0, the
two paths are distinguishable since they are apart from each
other in the time domain. When A, approaches *T7,, the two
paths incline to simultaneously pump the electrons to the
excited state. Although the current is strongly suppressed due
to the localization in the ground states, electrons tend to
reach and leave the excited state in pairs within the time
interval of empty ground states. Therefore, the Fano factor
asymptotically approaches 2. If A, becomes even larger, the
two paths resume to be apart in the time domain and are
more greatly suppressed, which leads to a Poissonian Fano
factor.

In conclusion, we study the shot noise behavior in a
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A-type double-dot system driven by an optical field. The
super-Poissonian Fano factor is found, which can be ex-
plained by the dynamical channel blockade. Different from
the case in a single two-level quantum dot, it is the optical
field that induces the dynamical channel blockade. The Fano
factor is enhanced when the coupling strength with the opti-
cal field is weak but suppressed for a strong optical field. The
results also indicate that the Fano factor has a strong depen-
dence on dot-dot hopping T,. When 7, is large enough, the
Fano factor shows two peaks approximately located at A,
= *=T,, which can be used as a probe for the dot-dot hopping
of strong coupling dots. It is further revealed that with an
increase in T,, the values of the peaks approaches 2. Our
study on the optically induced dynamical channel blockade
indicates a regime wherein the relationship between Cou-
lomb blockade and the coherent pumping quite differs from
that in a two-level system.
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