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Phonon-dependent transport through a serially coupled double
quantum dot system
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Using Keldysh nonequilibrium Green function formalism and mapping a many-body electron—phonon interaction
onto a one body problem, the electron transport through a serially coupled double quantum dot system is analyzed. The
influence of the electron—phonon interaction, temperature, detuning, and interdot tunneling on the transmission coefficient
and current is studied. Our results show that the electron—phonon interaction results in the appearance of the side peaks
in the transmission coefficient, whose height is strongly dependent on the phonon temperature. We have also found that
the inequality of the electron—phonon interaction strength in two dots gives rise to an asymmetry in the current—voltage
characteristic. In addition, the temperature difference between the phonon and electron subsystems results in the reduction
of the saturated current and the destruction of the step-like behavior of the current. It is also observed that the detuning
can improve the magnitude of the current by compensating the mismatch of the quantum dots energy levels induced by the

electron—phonon interaction.
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1. Introduction

Study of transport through quantum dot-based devices
has attracted a lot of attention, both experimentally and
theoretically.l'-1®) One of the most interesting devices is com-
posed of two serial or parallel quantum dots (DQD) because
of their molecular-like behavior. The discreteness of the en-
ergy levels, strong electron correlations, interference effect,
and so on result in the novel and interesting phenomena in
the electron transport through DQDs, such as: Coulomb and
spin blockade effects, 817201 Kondo effect,['421-24] ratchet
effect,[25] negative differential conductance (NDC),[26’27] etc.
In addition, the DQD systems are promising candidates for
spintronic applications.?®!

The electron—phonon interaction (EPI) in mesoscopic
systems is a very interesting issue that has been exten-
sively addressed in the last two decades.*%2~43] The EPI
significantly influence the electron transport through QDs
and molecules. Coupling of the center-of-mass motion of
the molecule and electron hoping,*”! and thermally induced
acoustic phonons!*¥ are the main origin of the coupling be-
tween the electronic and vibrational degrees of freedom. The
EPI in single QD devices has been widely studied, from
both experimental and theoretical point of views. The mas-
ter equation approach3%-32-331 and the Keldysh nonequilibrium

31,37,42,43,45,46

formalism! | have been used to investigate the ef-

fect of the EPI on the current and conductance. The results

show that the EPI results in the NDC,[*3%41] appearance of the

45,46

sidebands in the density of the state spectrum,[*>*¢! phonon-
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31421 and so on. However,

assisted peaks in the conductance,
the influence of the EPI on the transport properties of the DQD
system is a very interesting issue which needs more research.
In this article, we analyze the electron transport through a
DQD system by taking into account the EPI. We assume that
the electron of each dot interacts with a dispersionless opti-
cal phonon mode. Using the Keldysh nonequilibrium Green
function formalism and nonperturbative scheme proposed by
Bonéa and co-workers,#7] the current and transmission coef-
ficient are analyzed as a function of temperature, energy lev-
els of the QD, and EPI strength. Unlike rate equation for-
malism, this scheme is valid for strong EPI and explains the
quantum coherence effects. Bonga’s scheme allows us to con-
vert a many-body problem into a one-body problem. Here,
we assume that there are a lot of channels for the transport of
the electron inside each dot. The number of channels is equal
to the phonon number. The electron can change its phononic
channel in the QD due to the electron—phonon interaction. Us-
ing the mentioned scheme, the electron—phonon interaction
term is eliminated from the Hamiltonian of the whole system
and, as a result, the problem becomes analytically solvable.
The same problem was investigated in Ref. [43] with concen-
tration on the shot noise of the system. We have also consid-
ered the influence of the temperature difference between the
phononic and electronic subsystems on the transport proper-
ties of the system. The phonon temperature can be more than
the electron’s temperature because of the smaller heat capac-
ity of phonon subsystems. This difference can result in several
interesting phenomena, such as the appearance of the absorp-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

057302-1


http://dx.doi.org/10.1088/1674-1056/23/5/057302
mailto:rahimpour@guilan.ac.ir
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 23, No. 5 (2014) 057302

tion sidebands for increasing temperatures. *®4°1 Furthermore,
the influence of the inequality of the EPI strength in two dots
on the transport properties of the system is analyzed. This in-
equality can significantly affect the current—voltage character-
istic of the system. Although the same system was examined
in Ref. [43], the influence of the temperature difference of the
electron and phonon subsystems, and asymmetric EPI were
not considered there. In the next section, the Hamiltonian and
formalism used to describe the system are given. Section 3 is
devoted to the numerical results, and at the end a summary is
given.

2. Model and formalism

We consider a serial DQD system and assume that the
electrons of each dot interact with a dispersionless optical
phonon mode. The Hamiltonian describing the whole system
is given as

H :Hleads +HDQD+HT7 (1)

where Hieads = Y ako eakgclkccakg describes the leads using
the non-interacting quasi particle approximation. cjxk - creates
an electron with wave vector k, spin 0, and energy €gio in
lead ¢ =L, R. Hpgp is given as

Hpop = Y. Yleionisc + wialai+ Aila) +ailnis]  (2)
i=L.R ©

+ Zt[dZGdRG + dI-ngLO']v
c

where d;fo is the creation operator in the ith dot, n;sc = leGdiG
is the occupation number, € denotes the energy level of the
ith dot, and we assume €rg = €5 + A, where A stands for the
detuning. The g; is the phonon annihilation operator, while A;
describes the coupling of the electronic and phononic degrees
of freedom. The ¢ describes the interdot tunneling assumed
to be spin-independent. It is assumed that each QD can have
up to one electron because the one-site Coulomb interaction is
order of a few meV and, as a result, the population of the QD
can be easily controlled using a gate voltage in experiments.
The tunneling between the QDs and the leads is described by
Hy

Hr =Y Muo ] 1odLo + VRroCrodro +hec],  (3)

ko

where Vg is the tunneling matrix element.

Equation (2) describes a many-body problem involving
the phonon absorption and emission when the electron tunnels
to the QD. We can map the problem to a one-body problem by
means of the method introduced by Bon&a and co-workers. [47]
Each QD can have one electron and n phonons; thus, a polaron

eigenstate can be used to describe the state of each dot'3!:43]

(a;r)n

lio,n) = di_~—2|0),

i n=0, “4)

where |0) is the vacuum state. Note that because the elec-
trodes are normal metals and no magnetic field is applied, the
spin index will be omitted in the following. Using the above
transformation, Hpqp is written as
Hpgp = Z {8,-,,|i,n>(i,n|+l\/ﬁ(|i,n+1><i,n|
i=L,R,n>0
+i,n) (i,n+1))}+ Y t[|L,n) (R, n|+|R,n)(L,n|],(5)
n>0
where g;, = € + nw;. Because of the transformation, Hjeads
and Ht become

Hleads == Zgakn|akn><akn|, (6a)
okn

Hr = Z[VLk\Lkn><Ln|+VRk\Rkn><Rn|+h.c]7 (6b)
kn

where €y, = Eqro + N0y, and |ak) denotes an electron state
with wave vector k in lead o. Indeed, there are various chan-
nels for the transport of the electron through the system and the
number of the channels is equal to the number of phonons. The
phonon population is conserved in the tunneling from the leads
to the QDs, or from one QD to the other, because the tunnel-
ing is assumed to be an elastic process. On the other hand, the
electron of the QD can change transport channel by absorbing
or emitting a phonon. The probability of being in the nth chan-
nel is given by a weight factor, P, = e "@/¥Ton (1 — ¢~ i/KTpn)
where Ty, denotes the phonon temperature. Because the heat
capacity of phonon subsystem is smaller than the electron sub-
system, the phonons can have a higher temperature than the
electron’s temperature. Such a difference can result in the ap-
pearance of absorption sidebands as temperatures increase in
the carbon nanotube QDs. [48:47]

Now, we define the Dirac brackets as operators: 3!]

T

dy, =|on), ¢l = |akn), (7

n =
thus, equations (5) and (6) are mapped in the operator repre-
sentation as

_ i
H = Zgakncak,,cakn
akn

+ Z{gannan +AvVn+ l[d;n+1dan + d:;ndom+1]}
on
+1 Y {d] dra+ di,dia}
n
N i
+ Y {Vike] din + VriChydra +hecl, (®)
kn

where these operators satisfy the anticommunication relations
as

{dan;d;m} = o Oum, {Caknaczuk/m} = Oga Okt O (9)

The electronic current crossing from the nth channel and the
lead « is given as

; »
lan(t) = —e( TNaw ) = =<(HNea),  (10)

where Nop = Y c:;kncakn. With respect to Eqgs. (8) and (9), we
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have
¢ *
Iom % Z VakGan akn ) VockGakn on (tv I)} 5 (1 1)
k
where the lesser Green functions are defined as:

Gén akn(t7t/) = l< Ockn( )dom( )>’
i{dyn (1) coun(t)). To compute the Green functions presented

and Gy, o, (t,1') =

in Eq. (11), the equation of motion technique within the
Keldysh nonequilibrium Green function formalism is used.>"!
Using the Langreth continuation theorem,! it is straightfor-

ward to show that

Ginatnt:) = Vet | 401(Goy 1110500 (11,1

+Gonan (1,118t (11,1)], (12a)
G n(ts") = Vak [ 018140 (0.1 G n11.)
+g§kn(t7t1)Gboltn,an(tl’t)]’ (12b)

ion(£:1) = FIO (1 T ') ({Cqpn (1), €l (1)) s the re-
tarded (advanced) Green function of the isolated electrode,
whereas ngf,?am = TFiO (£t T ) {don(t),dlm (1) }) stands for
the retarded (advanced) Green function of the ¢th dot in the

where gr(a) (¢,1")

Using the wide band approximation in which the lead-dot cou-
pling is assumed to be energy-independent and setting the un-
perturbed Green functions of the leads in Eq. (12), the current
is given by

lan = T [ delf2(e)Gzle)
(1_foc( )) ocnocn(g)]

where Iy, = 2 Y, |Var|? is the coupling strength between
the ath dot and lead, and f%(g) = (1 + exp((e — nwy —
Ue)/kT))~! is the Fermi distribution function of the lead o
and Uy = Er £V /2 (a plus sign for the left lead and a negative

(14)

sign for the right lead). In order to compute the Green func-
tion of the system, the equation of motion technique is used,
so that the retarded Green functions obey the following matrix
equation
[8 £am+l/2Fa] om. Bn(&‘)
= Oqp Omn + Ao \/rGam-&-l Bn (8)
+)La\/%Gfxm—l,Bn( ) +tG(x 'm ﬁn( )

where o' = R(L) is opposite of & = L(R). Now, one can easily

s5)

compute the retarded Green function in the matrix form as

presence of the couplings. Using the identity, G — G* = | |
G~ — G<, equation (11) becomes Goman(€) = [Hia(€) — Hy(H3a(€))” Halyy,, (162)
G, (6) = [(H3w (€)' H2GEy i(€)] (16b)
€ m,o’'n 3o mns
lan = 5 X Vol [ 41165 (11005001, et e
where the matrices presented in the above equations have a
— 8ot (t:11) G g (11,1)]. (13)  size equal to the number of phonons and are given as
|
—Aa E—€q+i/2Iy  —\2Ag 0 ..
Hla(g) == 0 _\/E)ya 8_8a2+1/2Fa _\/gla eee 9 (17)
t 0 ..
H,=|101 ..], (18)
...... t
8—8a/0+i/2Fa/ —}Lal 0 0
_la’ s—ea/1+i/21"a/ —\/Q}La/ 0
H;,(e) = 0 —\V2Ay 3y ... (19)

G<(*)(¢) is computed by using the Keldysh Green func-
G'X<(>)G% where the self-energies
are given as X<(>)(¢g),,, = j:ZaFafgc+(7>(£), where [~ =

tion technique as G<(>) =

1 — f3;- Indeed, because the correlated Hamiltonian, Eq. (1), is
mapped to a one-body problem, Eq. (8), the tunneling is con-
sidered as an elastic process and the QDs are serially coupled
to the leads, and the self-energy matrices are diagonal and pro-

portional to the tunneling. Therefore, one can easily obtain the

€—Eyn+1i/20

following equation for the lesser (greater) Green function
<(> . +
Gar(t,a)n(g) = ilZ[F(Xf(;n ( )‘Gan Ocm( )

+ T foy 7€) Ganarm(€) ).

2

(20)
By substituting Eq. (20) in Eq. (14), and summing on all
phonon channels, the final expression of the current crossing
from the lead o is given by

= it [ ae{nsi(e) B (531G p(e)F

n,m B=L,R
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< (1= fg(e))] = Bu(1 = fa(e))
< ¥ [31Ghpn(© 5 (€] }- @1
B=L.R
Now, we define the transmission coefficient as T(g) =

trace(I1.G"(€)IRG?(€)) which is given as follows:

Ta(e) = Y ILIR|Gig (€], (22a)

T(e) = Y PJLIRIGI R o,

nm

(22b)

where T is the elastic contribution to the transport, so that the
phonon population is conserved during the transport, whereas
T describes the total transmission coefficient. For simulation
purposes, we set the phonon energy as the energy unit.

3. Results and discussion

Figure 1 describes the elastic and total transmission co-
efficients as a function of energy for both EP equilibrium and
EP nonequilibrium. In the absence of the EPI, T;; and Tiy
are identical and show two peaks located in the bonding state,
€ = gL —t, and antibonding state, € = & +¢. In the presence of
the EPI, the height of the peaks decreases, whereas the num-
ber of peaks significantly increases. First, we analyze the EP
equilibrium case. The position of the peaks is changed due
to the polaronic shift. Furthermore, 7 is no longer identi-
cal to Tiot. One can observe the phonon-assisted peaks whose
distance from the main peaks is equal to n® where n is an
integer. Although the height of the side peaks is low in T,
Tt exhibits higher peaks, indicating that the inelastic trans-
port is dominant. When the EPI is present in both dots, the
distance between main peaks increases; however, the height
of the peaks of T reduces, which shows that a higher portion
of the transport is due to inelastic processes. Therefore, the
height of the phonon-assisted peaks is significantly increased.
In the case of the EP nonequilibrium, the phonon temperature
is comparable with the phonon energy, so more phonons are in
the system and, as a consequence, the transmission coefficient
shows more peaks. For T, the height of the peaks reduces
while their number increases, which shows that the phonon
channels have a more significant role in the transport. It is also
observed that, although the height of the main peaks of Tiy
reduces in the EP nonequilibrium, the height of the phonon-
assisted peaks increases.

To analyze the influence of the EPI in more detail,
we define the local density of the states (LDS) as Agq =
—2Im{tr(Gy, 4 (€))} containing important information about
the QD-lead couplings, QD-QD coupling, and EPI. As one
expects, Ag o shows two main peaks in the bonding and anti-
bonding states when A; = 0. The behavior of the LDS is very
interesting when the EPI is just in one dot, the left dot. In this
case, Ar 1. and Argr have different behaviors. Ay, exhibits two
main peaks in the bonding and antibonding states. In the EP

nonequilibrium there are extra peaks due to the phonon emis-
sion and absorption. Unlike Ay, Arr has three main peaks
and the third one is located in the resonance energy, € = &g.
This peak is only observed in the EP nonequilibrium for Ayy,
with low height. Note that, when Ag = 0, there is a detun-
ing in the QDs’ energy levels, resulting in an asymmetry. An
increase of phonon temperature results in the appearance of
side peaks in Agg. When A, = Ag Arp and Argr behave in the
same manner, so that main peaks are located in the bonding
and antibonding states. It is clear that the height of the side
peaks is controlled by the EPI’s strength because the probabil-
ity of the phonon participation in the transport is enhanced by
an increase of A;.

(a) —— =0, Ag=0, KT},,=kT
0.8
- = =AL=06, Ag=0, KT}, =kT'
AU ) e AL=06, Ay =06, KTy, =kT
S ——AL=06, Ay =0, KT}y, =5kT
\—— A\, =06, Ax=0.6, KT}y =5kT
0 .
0 1 2 3 4 5

0 — % 3

Fig. 1. (color online) (a) Elastic and (b) total transmission coefficients
as a function of energy. The parameters are I} = Ig = 0.2, kT = 0.2,
t=0.5,and g, = &g =2.

2
(a) AL=0, \g=0, kT},,=kT
" - = = A=0, \g=06, KT}, =kT
g d == A =06, Ag=06, kT},=kT
= —— A=06, \g=0, kT},,=5kT
< 1 !

o AL=06, A\g=0.6, kT},,=5kT

ARR,

Fig. 2. (color online) (a) Ay, and (b) Agrr as a function of energy. The
parameters are the same as Fig. 1.

Current—voltage characteristic is plotted in Fig. 3. In the
case of Ay = 0, elastic transport, the current exhibits three
steps, indicating the empty and full states. When |V | < €y —1,
low bias regime, the system is empty and the current is zero.
With an increase of voltage, the current monotonically in-
creases until the system becomes a fully occupied, high bias
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regime and, as a result, the current will be saturated. Asymme-
try in the EPI results in the asymmetry of the current—voltage
characteristic. The results show that the saturated current is
higher when the QD with weaker A acts as an emitter. EP
nonequilibrium gives rise to the destruction of the steps and
the decrease of the saturated current magnitude. When the EPI
strength is the same in both dots, the current—voltage charac-
teristic is symmetric. In this case, the results are in good agree-
ment with results presented in Ref. [42]. The EP nonequilib-
rium results in the reduction of the width and height of the

steps.
0.8
—— A=0, A\g =0, KT}, =kT
L === AL,=0.6, \g =0, kT},= kT -
‘‘‘‘‘ AL=0.6, Ag = 0.6, kT, = kT T
0.4} —— A =06, =0, kT =57 /e
—a— AL=0.6, \g = 0.6, kT, =5kT  f & mr"
=
> 0 ettt
=

—0.4}

—-0.8

s -4 0 4 8

Fig. 3. (color online) Current versus voltage. The parameters are
the same as Fig. 1.

Electrical conductance, dI/dV, is shown in Fig. 4 as a
function of bias. Electrical conductance can reveal informa-
tion that is not well seen in the current—voltage characteristic.
In the elastic transport, the conductance has two main peaks
because the system can have up to two electrons. The EPI
results in the shift of the main peaks and the appearance of
the extra peaks. In the case of AL # Ag, the conductance
spectrum is sensitive to the sign of the voltage, so that it has
two distinct peaks when the left lead is an emitter, while the
peaks are merged when the right lead is an emitter. This leads
to an asymmetry in the conductance spectrum. Furthermore,
the height of the peaks is significantly reduced. In the case of

0.20

dr/dv

Fig. 4. (color online) Electrical conductance, dI/dV against volt-
age. The parameters are the same as Fig. 1.

the EP nonequilibrium, the conductance shows a more com-
plicated behavior. The number of peaks significantly increases
because the phonons have a more colorful role in the transport.
Furthermore, the height of the main peaks is reduced, whereas
the height of the phonon-assisted peaks is increased.

The influence of the detuning, érs = €6+ A4, and ratio of
AR to A is analyzed in Fig. 5(a). It is obvious that the detuning
results in the reduction of the current because the probability
of the electron tunneling between QDs reduces. However, be-
cause the EPI strength gives rise to the renormalization of the
QDs energy levels, detuning can sometimes increase the cur-
rent. We consider the situation in which the left lead acts as
an emitter, whereas the right lead is a collector. As one ex-
pects, the maximum of the current takes place in A = 0, when
o = A /AL = 1. For @ < 1, the maximum value of the current
isobservedin A = —A, /(1 — &), because this detuning com-
pensates for the detuning that has resulted from the EPI. For
a < 1, and A > 0, the current is suppressed because the elec-
tron of the left dot cannot tunnel from the left dot to the right
one. With an increase of ¢, the phonons play more important
role in the transport in the right dot, so that the highest value
of the current is observed in & > 1. Our results show that the
increase of the EPI in the dot coupled to the collector electrode
gives rise to the increase of the current. Figure 5(b) shows the
influence of the interdot tunneling and EPI on the current. The
interdot tunneling is controlled by using a gate voltage so that
both weak and strong times are easily accessible in the exper-
iments. In weak times, the current is suppressed because the
interdot tunneling is blocked. Indeed, an electron has to stay in
a dot for a long time and, as a result, the next electron cannot
tunnel into the dot. The current is significantly increased by an
increase of ¢. In addition, the reduction of the current due to
the EPI can be improved by increasing the interdot tunneling
strength, so that the current has maximum values in the strong
A and ¢.

2.0 1.5

(b)
0.35 0.30

1.6

0.30 1.0 0.25

(a)

1.2

0.25 < 0.20
0.8

0.20 0.5 0.15
0.4

0.15 0.10

0
.5 0 0.5
A

Ar/AL

0
-0 0.2 06 1.0
t

Fig. 5. (color online) Color map of the current. (a) A;, = 0.6, &, =2, and
(b) AL = Ar. We set V =4, and T, = T in both figures.
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4. Summary

In this article, we have analyzed the electron transport
through a serially coupled double quantum dot system while
taking into account the electron—phonon interaction (EPI). A
nonperturbative shame and the Keldysh nonequilibrium Green
function formalism are used to compute the current and trans-
mission coefficients. Our results show that the EPI results in
the appearance of side peaks in the transmission coefficient,
whose height is dependent on the EPI strength and phonon
temperature. In addition, it is found that the temperature dif-
ference between the phononic and electronic subsystems gives
rise to a reduction of the current and the destruction of its step-
like behavior.
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