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Fano Effect in T-Shaped Double Quantum Dot Structure with Decoherence Effect*
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Abstract By introducing a floating lead to mimic the decoherence mechanism, the Fano effect in the linear conductance
spectrum of a T-shaped double quantum dot structure is studied. We find that even in the case that the self-energy
arising from the decoherence mechanism is much smaller than the coupling strength between the connected quantum
dot and the conducting lead, the Fano lineshape can be largely destroyed. In addition, the decoherence renders the
high-order electron transmission paths unimportant to contributing to the Fano lineshape.
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1 Introduction

Fano effect,l) stemming from the quantum interfer-
ence between the resonant and nonresonant processes,
manifests itself as an asymmetric lineshape in many ob-
servable spectra of various physical fields. The recent ob-
servation of the Fano effect in the electronic transport
spectrum in QD structure confirms the quantum inter-
ference of the electron waves in the mesoscopic scale.2=4]
Unlike the conventional one, the Fano effect in the quan-
tum dot (QD) system has its peculiarity in that its key
parameters can be readily adjusted. Therefore, there has
been much interest to investigate theoretically the Fano
effect in the QD structure.[>~10

Although most electronic transport properties through
QD structures are dominated by quantum coherence,
the decoherence mechanism always exists and influences
the electronic transport to some extent. Therefore, it
is a practical issue to study to what extent the Fano
lineshape in the electronic transport spectrum survives
in the presence of the decoherence effect. There are
many decoherence mechanisms, e.g., the electron-phonon
interaction'*12l and the electron-electron interaction.!*3!
They destroy the coherent electron transport in different
ways. However, a general and simple approach to study
the decoherence effect is to introduce a floating lead cou-
pling directly to QD. The term “floating” indicates that
such a lead does not conduct a net current flow. In other
words, the floating lead is just a voltage probe. When an
electron enters such a lead, another electron in the lead
will certainly go into the QD to cancel the charge transfer.
But the electron phase is randomized in such a process to
give rise to the decoherence.!*

In the present paper, our purpose is to study the in-
fluence of the decoherence on the Fano lineshape of the
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electronic conductance spectrum through QD structure.
Following the simple physical picture depicted above, we
consider a T-shaped double QD structure coupled to form
a mesoscopic circuit to conduct the current flow. Thus
the different transmission paths are achieved for the Fano
interference. More importantly, to mimic the decoherence
mechanism we introduce one foating lead coupling to the
lateral QD. By adjusting the coupling strength between
the QD and the floating lead, the influence of the deco-
herence on the Fano effect can be studied in detail.

The rest of the paper is organized as follows. In Sec. 2,
the model Hamiltonian to describe electron behavior in
the double QD system is introduced first. Next, a formula
for linear conductance is derived by means of the nonequi-
librium Green function technique. Then, a Feynman path
analysis is performed for the electron transmission am-
plitude. In Sec. 3, the calculated results regarding the
conductance spectrum are shown. Then a discussion on
the numerical results, particularly those concerning the
change of the Fano lineshape of the linear conductance, is
given. Finally, the main results are summarized in Sec. 4.

2 Theoretical Model

The T-shaped double QD structure with the extra dot-
lead coupling to the dangling QD (QD-2) is schematically
illustrated in Fig. 1. The electron motion in this system
can be well described by a generalized Anderson impurity
Hamiltonian that reads

H:H0+HD+HT+He—ea (1)

where Ho and Hp are the Hamiltonians in the three
leads and the QDs, respectively, Hr describes the elec-
tron tunneling between the leads and the QDs, and H._
denotes the many-body terms due to the electron interac-
tion. They are given by

Ekacigackga , Hp= Z Ejd;r-adjg + Z(tldggdlg + H.C.) ,

o.j=1
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Hp = Z (Vlﬁckggdlo + H.c. +Z VQDCkUdeT + H. C
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In the above equations, c;rwa and d}a (koo and d;,) are
operators to create (annihilate) an electron of the contin-
uous state k in the leads and QD-j, respectively. @ = L
or R represents the lead coupled to QD-1 and o = D de-
notes the extra lead coupled to QD-2, and o is the spin
index. ero and €; denote the corresponding energy lev-
els. ¢ is the interdot coupling coefficient between the two
QDs. Vi and Vi denote the tunneling matrix elements
between QD-1 and the leads, which are all simplified as
constants. n;j, = dj-gdjg with ¢ = 1 or | are the electron
number operator in QD-j. Uj; indicates the strength of
intradot Coulomb repulsion of the electrons in QD-j. All
the interdot electron interactions are ignored since they
are usually much smaller than the intradot interactions
due to the screening effect. In addition, Vop denotes the
tunneling matrix element between QD-2 and the down
lead. Here, the down lead is considered as the floating

lead.

Fig. 1 A schematic illustration of the T-shaped double
QDs (denoted by €1 and e2) with the floating lead (de-
noted by D) coupling to the lateral QD. A current flow
occurs from the left lead to the right one (denoted by L
and R respectively) by tunneling through the QDs.

L R

In order to study the electron transport properties in
the system, the linear conductance between the left and
the right leads should be calculated. The linear conduc-
tance associated with the electron transmission function
can be expressed in terms of Green functions. It takes a
form as[15:16]

-G XL

where T,(w) is the transmission function, and it is ex-
pressed as(!”]

3)

|w EF

To(w) = F1L1F |G11,a(w)‘2- (4)

We need to point out that this formula is valid only in the
situation of Ip = 0, which just follows the definition of
the floating lead. T'" describes the coupling strength be-
tween QD-1 and the left lead, which is defined as [['1];; =
20V Vi pr(w). We will ignore the w-dependence of T'X

ZU Ny - (2)

since the electron density of states in the left lead, p.(w),
can be usually viewed as a constant. Similarly, we can de-
fine [['#] and [I'P]. In Eq. (4) the retarded and advanced
Green functions in Fourier space are involved. They are
defined as follows: G% (1) = —i0(t)({d;o(t),d],}) and

Got) = iG(—t)({alj(,(t),alja}>7 where 6(z) is the step
function. The Fourier transforms of the Green functions
can be performed via Gﬂa = f G]lg elwtdt,
These Green functions can be solved by the equation-
of-motion method. We introduce an alternative notation
((A|B))* with = r or a to denote the Green functions
in Fourier space. For example, G,  (w) is identical to

((djo \leU)Y'. The solution of Green functions is crucial for
the calculation of the conductance. To do so we employ
the equation-of-motion method of the Green functions.
However, if we incorporate the electron interaction terms
in the Hamiltonian, it is impossible to obtain exact solu-
tions of the Green functions. In such a case, we have to
truncate the equations of motion of the Green functions
at some order to obtain the approximate solutions of the
Green functions. To begin with, we notice that the Green
functions obey the following equation, '8!

(w £ 107)((A[B)"@ = ({4, B}) + (|4, H]|B))" . (5)

Starting from Eq. (5), we can first derive the equation of
motion of the retarded Green function <<djg|d;ro>>r, which
yields

(2 = &5 +1035) ({djo|d], )"

= 851+ ty-1 (1= 650) ((dj—101d],))"

+15(1 = 8j2)((dj1ald],))"

+ Uj{(dsongsld],))"
Here the notation z = w-+i0% isused, I';; = (PF, +T'F) /2,
and I'ys = I'P /2. In the above equation, besides the Green
functions ((dj,|d] V)" and ((dj1,]d] ))" with which we
are concerned, a new Green function <<djgnj5|dja>>r is
inevitably involved. We thus need to work out its equa-
tion of motion further. However, because of the many-
body terms in the Hamiltonian, we have to truncate the
equations of motion at some order to form a closed set of
equations. We arrive at the second-order approximation,

which is to truncate the equations of motion of the Green
function ((djgnj5|d;fo>>r in the following way:

U{(djanjold],))
= (njo) 01+ t;-1(1 = 8;1) (o) ({dj10d], )"
+ 151 = 82) (o) ({dj1ald],))"
— iTj5{njo) ((djold],)"
In Eq. (7) the approximations ((d10n25|d N A (
x({dao|d],))" and ({ckoanas|df,))” ~ (n2s)((choald],

(6)
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)

~
~
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have been used to eliminate these high-order Green func-
tions. The advantage of this approach is that it allows
for an explicit expression about the linear conductance
in terms of the equilibrium state Green functions, while
the cost of such an approach is that the influence of elec-
tron correlation on the transport properties is left out,
such as the Kondo effect.!” However, if we focus on the
conductance spectrum in the mixed-valence region, the
Kondo effect and the other co-tunneling mechanism will
only contribute to the spectrum trivially.

From the above equations, we can obtain the solution
of the retarded Green function, which is written in a ma-
trix form as

G(w) = |

-1

Mo

glo( ) ! _tT
_tl gga(z)

with
g.(2) = {( =)

being the zero-order Green function of QD-j unperturbed

Z*Ej*Uj
z—&;—U;j +Uj(n;s

; + il }_1 (9)

by another QD. Here the average electron occupation
number in QD is determined by the relations (nj,) =
—(1/m) [ dwImGY; .

3 Numerical Results and Discussions

With the formulation developed in the previous sec-
tion, we can perform the numerical calculation about the
linear conductance spectrum of this double QD system.
Thus the Fano effect in the presence of decoherence mech-
anism modeled by introducing a floating lead can be re-
vealed. Prior to the calculation, we need to introduce a
parameter ty, as the unit of energy. The linear conduc-
tance is only related to the equilibrium state properties
of the system, though the nonequilibrium Green function
technique has been used to derive the expression about it.
In equilibrium the system has a uniform Fermi energy and
it is taken as the zero point of energy.

First of all, we focus on the characteristics of the lin-
ear conductance spectrum in the absence of electron in-
teractions. This means U; = 0 for all QDs. Here we
choose the parameter values t; = tg, €1 = €9 + A, and
€9 = €9 — A to perform the numerical calculation. Surely,
€p can be shifted with respect to the Fermi level by ad-
And A can be fixed at differ-
ent values, accordingly we firstly assume that it equals .

justing the gate voltage.

Then, we change I'P to study the conductance spectrum
of the T-shaped QD structure with 'y = ' =Ty = ¢,.
The numerical results are shown in Fig. 2. From this fig-
ure we can firstly find that, in the absence of the lateral
lead (I'P = 0), an apparent Fano effect appears indeed.
It is just the result of the quantum interference. When
the floating lead is introduced, the Fano lineshape then
changes, which shows the distinct restraint of the Fano
peak, even if a comparatively weak dot-lead coupling. And

the destruction of the Fano resonance is more obvious with
the increasing of I'P.

€=y, E5=6—ty, Iy=t,

— =1P=00t,

10 =. A - - - 1P=01¢,
I N — g2,

P\ gy,

05 A

Conductance (e2/h)

-3 -2 -1 0 1 2 3

€ (in units of t)

Fig. 2 The linear conductance spectra of the T-shaped
double QD structure with the floating lead. Both of the
QD levels are tuned by the gate voltage (e1 = o + to
and €2 = €9 — to). The dot-lead coupling I’y = to. P is
modulated to 0, 0.1¢g, 0.2tg, and 0.3to.

To clarify the above numerical results, we need to
transform the coupled double QDs in the structure to its
molecular orbital representation. Accordingly, the Hamil-
tonian is given by

h=he+hg+ hs, (10)
with

he= Y,

ka€L,R,D

hy = Z (Uij;‘-ck‘L + Z ijfJTCkR

kL,j kR,j

+ Z fuij;-rckD + h.c.) .

kD,j

2
T _ § T
€kallqCha s ha = ejfj fj )
j=1

(11)
The mapping of the parameters is given as follows:

1
er = 5(51 +e3— /(1 —e2)2 +4t),

1
ey = 5(81 + €9 + (61 —82)2+4tg); (12)
and
5
v )
15 t(2)+(€1 781)2 18
5y (13)
v b
2 3+ (ea—e1)2 7
(61 — 1)
= Vop,
Vip t2 (e1—e1)2 2D
62 — 61
t2 €9 — 61 2 QD (14)
Here we need to define [y*];, = 270;qU}.pa(w) and

Yij = (%‘j + 75 + 'y”)/Q. Con51der1ng that our purpose is
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to study the Fano effect in the electron conductance spec-
trum, it is helpful to make a Feynman path analysis about
the electron transmission process through the QDs.[*9 It
will be seen that the Feynman paths give an intuitive pic-
ture about quantum interference, which is just the un-
derlying mechanism of the Fano effect. We start such
an analysis by rewriting the electron transmission func-
tion as T(w) = Tr[y*G"v*G?] = |Zil:1 t(4,0)|?, where
the new Green functions g7, = <<fj|flT>>T and the electron
transmission coefficients are defined as t(j,1) = Vr;G;)Vir
with Vjo = Vi, = vja\/27pa(w) (Besides, we define
Ujo = Un; = Vjar/Tpa(w) for the following discussion).
Furthermore, the transmission coefficient, e.g., t(1,1) is
expressed as a summation of Feynman paths with differ-
ent orders, i.e.,

o

t(1,1) = Z Vi191(—9192712721) Vir

Jj=0

t;(1,1), (15)

oo

<.

with g;(z) = (2 — e; + i7yj;)”! here. For example,

to(l, 1) = V5191 V1ir and
(16)

which consists of nine terms representing individual Feyn-
man paths. They are denoted as

t1(1,1) = =V0167 92712721 ViR

—V019101r0829202p0p191 VIR ,
= —V701919100p29202r0r191 V1R

)
)
)
) = —V1519101.0129202p0p191 V1R 5
)
)
) = —V019101pUp29202. 01191 V1R 5

(17)

We can find that introducing the floating lead brings lat-
ter five paths. The higher-order Feynman paths have more
complicated forms. In the same way, t(1,2) can also be

divided into a summation of Feynman paths. It is given
by

t1:(1,1) = =V51019150p2920200p1 1 VIR -

t(1,2) = > Vii(—g192m2)" 731 Ver
Jj=1
(18)

J

tj(l, 2),
1
and there are three different lowest-order Feynman paths
in t(1,2), they are,
t1a(1,2) = —=iV019101.9.292 V2R ,
t15(1,2) = —iVL19101r0r292V2R 5

t1c(1,2) = —1Vp19101p0p2g2 Vg - (19)

t1.(1,2) is from the introducing of floating lead. The other
two transmission coefficients #(2,2) and #(2,1) have the
similar expansions as ¢(1,1) and ¢(1,2). Obviously, the
introducing of the floating lead complicates the quantum
interference.

F () e=gytty, e5=5—to, Ly=1ty, r’=o N

10 — — -zero-order
- - - - first-order
second-order

05 &/ T exact result

0.0

10
- - - - zero-order

first-order
— — -exact result

Contribution to conductance (e2/h)

0.0

-2 -1 0 1 2
€p (in units of t()

Fig. 3 The linear conductance spectra calculated by the
approximations up to different order Feynman paths. (a)
The zero-, first-, and second-order approximations in the
absence of the dot-floating-lead coupling. (b) The zero-
and first-order approximations for the case of I'? = 0.3t,.

The above analysis is very helpful for us to explain the
distinctly different influences of the floating lead on the
Fano lineshape shown in Fig. 2. Surely, the Fano line-
shape should be considered as the result of interference
among electron waves passing through infinite-order Feyn-
man paths. But it can be anticipated that only the low-
order paths play the predominant roles to the conductance
spectrum. In Fig. 3, we give a comparison of the exact
linear conductance spectrum with those results calculated
with only some low order Feynman paths. By compar-
ing the spectra shown in Fig. 3, we can conclude that the
emergence of the floating lead results in the higher-order
Feynman paths unimportance. For example, when I'"
takes moderate values the calculated results within the
first-order approximation is very close to the exact con-
ductance spectrum, which is clearly shown in Fig. 3(b).
Among all the Feynman paths, to(1,1) and ¢y(2,2), the
two lowest-order paths are certainly the most important
contributions to the Fano lineshape. In Fig. 4(a) we plot
the contributions of these two paths. We can find that by
altering T'?, ¢¢(2,2) presents notable variation which pre-
dominantly contributes to the Fano resonance region. On
the other hand, ¢¢(1,1) does not change in principle with
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the increase of I'P. Furthermore, we can check the contri-
butions of other low-order paths. In Fig. 4(b) |t1(1,1)]?
is shown with the different I'?. Besides, in Figs. 4(c) and
4(d), [t1(1,2)|? and [¢1(2,2)|? are shown, respectively. We
can realize that they depend on I'” sensitively. Up to

Fig. 4 The contributions of the leading Feynman paths to the electron transmission function. (a) The contributions of
the zero-order Feynman paths corresponding to the increase of I'?. (b) The contributions of ¢;(1,1) with the adjusting

(a) ey=egtig, €5=gg—tg, [y =1,
1.0 --r1P=00t, ,
ee-TD_ n
ot
o —rP=02t,!!
i
A
= 05
0.0
-2 -1 0 1 2
(¢) er=egtty, €=&—tos \[y =1,
)
0.08 i A
== I'"=00¢, "
I
0.06 rP=o0lty 1}
~
= — rP=02t 1!
S U oozt b
= 0.04 + =t "
+ o
[
I, )

700

now the variation of the Fano lineshape relative to the
increase of the coupling of QD to the floating lead, as

shown in Fig. 2, has been well explained by analyzing the

contributions of the predominant Feynman paths.
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of T, (c) and (d) The contributions of ¢1(1,2) and #1(2,2) in the case of adjusting T'”, respectively.
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Fig. 5 The linear conductance spectra of the T-shaped double
QD structure. The structure parameters take the following
values: €1 = g9 + A and €2 = €9 — A; The dot-lead coupling
To =toand P = 0.2t5. A = 0.5t0, to, and 2.0tg, respectively.

On the other hand, by fixing I'” = 0.2t and letting A correspond to different values, we obtain the conductance
spectra in Fig. 5. Here we can find that the Fano lineshape can be changed remarkably with increasing A. This
phenomenon can be understood as follows. The increment of A causes Fano lineshape more apparent than the case of
small A, then the contributions of different order Feynman paths in the Fano region would become little for the same

1.0

05

Conductance (e2/h)

00 F

| e1=€g Ty, E5=€—ty, Ly=ty, U=10t,

— = '’=00t,
---TP=01t, P
— P—02f, b
=== 1'P=03¢,

Fig. 6 The linear conductance spectra of the T-shaped double
QD structure. The many-body effect is incorporated to the
second order approximation. The parameter values are U; =

€ (in units of tg)

U= 1.0to, €1 = €0 + to, €2 = €0 — to, and I'g = to.

coupling strength between the dangling QD and the floating lead.
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Now we incorporate the electron interaction terms into the calculation of the linear conductance spectrum. We
assume U; = U = tp and truncate the equations of motion of Green functions to the second-order approximation
following the description in the previous section. Figure 6 shows the linear conductance spectra. From the figure we
can find that two Fano peaks appear in the conductance spectrum, due to the Coulomb repulsion. In such a case, the
energy level of QD-2 splits into two: €5 and 5+ U, the zero values of which still corresponds to the antiresonant points.
In addition, another antiresonance occurs at €9 ~ —1.5¢y, which just corresponds to the electron-hole symmetry case
for QD-1 with e; = -U/ 2.15] However, the main features found in the noninteracting case remain, i.e., the Fano region
is drastically influenced by the floating lead. Therefore, we can conclude that the intra-dot Coulomb repulsion cannot
change the decoherence effect in principle. Of course, we only consider the many-body effect to the mixed-valence.
Then, one can pay attention to the influence of Kondo resonance on this structure. Such an interesting topic is beyond
the scope of the present work, and will be left for future study.

4 Summary

By means of a generalized Anderson impurity Hamiltonian, we have investigated the electronic transport through
a T-shaped double quantum dot system. The Fano lineshape appears in the linear conductance spectrum of this
structure. While introducing the floating lead coupled to the lateral QD, the influence of the decoherence mechanism
on the Fano lineshape is studied. We would like to emphasize two points concerning our results. First, we find that the
floating lead coupled to the lateral QD plays a crucial role in destroying the Fano lineshape. Secondly, the decoherence
mechanism inhibits the contributions of the high order Feynman paths to the conductance spectrum. This result
implies that an approximate approach with only the low-order paths included can give a quantitative description of
the conduction spectrum.
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