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Electron transport through a double-quantum-dot structure with intradot
and interdot Coulomb interactions
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Electron transport through a double-quantum-dot structure with intradot and interdot Coulomb interactions is
studied by a Green’s function~GF! approach. The conductance is calculated by a Landauer-Bu¨ttiker formula
for the interacting systems derived using the nonequilibrium Keldysh formalism and the GF’s are solved by the
equation-of-motion method. It is shown that the interdot-coupling dependence of the conductance peak split-
ting matches the recent experimental observations. Also, the breaking of the electron-hole symmetry is nu-
merically demonstrated by the presence of the interdot repulsion.@S0163-1829~99!01640-9#
-
o

io
de
e

te

tu
n
t

ng
ea
o

nn
he
o

od
th
he

ta
f.

s
p
in

ot
tie
by
h
he
e

in

in
th

e-

u-

and

nt
elas-

e,
Advances in nanotechnologies have made it feasible
fabricate quantum-dot~QD! structures with electronic con
finement approaching atomic dimensions. Because the C
lomb repulsion within the dot is important, it is suggested1–4

that the tunneling through the QD and the main correlat
effects associated with the QD can be appropriately
scribed by the Anderson model. Recently, transport prop
ties of the double QD structures have received much at
tion, both experimentally5,6 and theoretically.7–9 As a direct
extension of the single-dot system, the double QD struc
consists of two coupled QD’s, of which each dot is co
nected to a lead by a tunnel barrier. The experimen
measurements5 demonstrated that as the interdot coupli
increases, the conductance peaks are split into two p
each and the peak splitting increases with the interdot c
pling. Very recently, Oosterkampet al.10 and Blick et al.11

performed experimental measurements on the true tu
splitting of the double QD and explicitly demonstrated t
formation of artificial molecular states in the strong interd
coupling regime. In the theoretical aspect, the many-b
eigenstates are calculated by direct diagonalization of
Hamiltonian for the isolated double QD and the effect of t
leads is incorporated through a rate equation.7,8 Because the
leads are neglected in calculating the many-body eigens
of the double QD structure, this approach, as noted in Re
is valid only when the lead coupling is small enough.

In the present paper, we study the transport propertie
the double QD structure by employing an Anderson-ty
model that includes both intradot and interdot Coulomb
teractions. In contrast with previous works,7,8 our approach
takes the lead coupling into account and treats the t
Hamiltonian as a whole in calculating the spectral proper
of the double QD system. The conductance is calculated
Landauer-Bu¨ttiker formula for the interacting systems, whic
is derived using the nonequilibrium Keldysh formalism. T
causal Green’s functions~GF’s! used in the calculations ar
solved by the equation-of-motion method.

The Hamiltonian we study is an Anderson-type model
the tight-binding representation:

H5Hd1Ht1H0 , ~1!
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Hd5(
s

@EAcAs
† cAs1EBcBs

† cBs1TAB~cAs
† cBs1H.c.!#

1UAnA↑nA↓1UBnB↑nB↓1VAB(
ss8

nAsnBs8 , ~2!

Ht5TL(
s

~cAs
† cas1H.c.!1TR(

s
~cBs

† cbs1H.c.!, ~3!

and

H05(
i ,s

@« icis
† cis1t l~cis

† ci 21,s1H.c.!#

1(
j ,s

@« j cj s
† cj s1t r~cj s

† cj 11,s1H.c.!#. ~4!

Here, Hd is the Hamiltonian of an isolated double QD,
which nAs (nBs) is the number operator for electrons wi
spin s in dot A (B). The termUAnA↑nA↓ (UBnB↑nB↓) in
Eq. ~2! characterizes the effect of Coulomb interaction b
tween two electrons of different spins in dotA (B), while the
last term in Eq.~2! characterizes the effect of interdot Co
lomb interaction. In the double-QD structure,UA andUB are
typically much larger than the interdot repulsionVAB and the
transfer integralsuTLu, uTRu, anduTABu. The HamiltonianHt
describes the transfers of electrons between the left lead
dot A, and between the right lead and dot B. Equation~4!
gives the Hamiltonian of the left and right leads, where« i
5«a for i 5a ~the rightmost site of the left lead! and « i
5« l for sitesi 521,22,23, . . . , while « j5«b for j 5b ~the
leftmost site of the right lead! and « j5« r for sites j
51,2,3, . . . .

Following Caroli et al.,12 by means of the Keldysh
formalism13 for nonequilibrium systems, the total curre
through the double QD can be expressed as the sum of
tic and inelastic contributions. In the linear-response regim
it can be derived that the total conductance is given by

G5Gel1Ginel ,
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Gel5
e2

h (
s

E dEH 2
] f ~E!

]E J T s
el~E!,

Ginel5
e2

h (
s

E dEH 2
] f ~E!

]E J T s
inel~E!. ~5!

Here,Gel andGinel involve the elastic and inelastic processe
f (E) is the Fermi-Dirac distribution, andT s

el(E) andT s
inel(E)

are

T s
el~E!54p2TL

2TR
2 uGABs

r ~E!u2ras~E!rbs~E!,

T s
inel~E!54pTL

2ras~E!@ uGAAs
r ~E!u2$2Im~SAs!%

1uGABs
r ~E!u2$2Im~SBs!%#, ~6!

whereras(E) and rbs(E) are the local densities of state
~LDOS’s! on sitesa and b in the isolated left and righ
leads, andGAAs

r (E) andGABs
r (E) are Fourier transforms o

the retarded GF’s

GAAs
r ~ t !52

i

\
u~ t !^$cAs~ t !,cAs

† ~0!%&,

~7!

GABs
r ~ t !52

i

\
u~ t !^$cAs~ t !,cBs

† ~0!%&.

Alternatively, the total conductance~5! can be rewritten as

G5
e2

h (
s

E dEH 2
] f ~E!

]E J T s~E!, ~8!

with Ts(E)5T s
el(E)1T s

inel(E). Apparently, it is a
Landauer-Bu¨ttiker-type formula14 generalized to the interact
ing systems.

The causal GF’s given in Eq.~6! are here solved by the
equation-of-motion technique.15,16 Employing a decoupling
procedure similar to that for the Hubbard model,17 we obtain
the explicit expressions forGAAs

r (E) andGABs
r (E)

GAAs
r ~E!5

GAs
(0)

12GAs
(0)GBs

(0)TAB
2

,

~9!

GABs
r ~E!5

GAs
(0)GBs

(0)TAB

12GAs
(0)GBs

(0)TAB
2

,

where

GAs
(0)~E!5

gAs

12gAsTL
2/~Z2«a* !

,

~10!

GBs
(0)~E!5

gBs

12gBsTR
2/~Z2«b* !

,

with Z5E1 ih, in which h→0. Here, the renormalized sit
energies «a* and «b* are derived by the real-spac
renormalization-group method,18,19 which correspond to the
fixed points of the renormalization-group equations
,

t i85
t i
2

Z2« i
, « i85« i12t i8 , « j85« j1t i8 , ~11!

with i 5 l for j 5a and i 5r for j 5b, while gAs(Z) and
gBs(Z) are given by

gAs~Z!5gAs
(0)~Z!1

VAB

Z2EA
FgAs

(1)~Z!1gAs
(2)~Z!

1
UA

Z2EA2UA
gAs

(3)~Z!G , ~12!

gBs~Z!5gBs
(0)~Z!1

VBA

Z2EB
FgBs

(1)~Z!1gBs
(2)~Z!

1
UB

Z2EB2UB
gBs

(3)~Z!G . ~13!

In Eq. ~12!, gAs
( i ) (Z), i 50,1,2, and 3, are given by

gAs
(0)~Z!5

12^nAs̄&
Z2EA

1
^nAs̄&

Z2EA2UA
. ~14!

gAs
(1)~Z!5

~12^nAs̄& !^nBs&

Z2EA2VAB~11^nBs̄& !

1
^nAs̄&^nBs&

Z2EA2UA2VAB~11^nBs̄& !
, ~15!

gAs
(2)~Z!5

~12^nAs̄& !^nBs̄&
Z2EA2VAB~11^nBs&!

1
^nAs̄&^nBs̄&

Z2EA2UA2VAB~11^nBs&!
, ~16!

gAs
(3)~Z!5

^nAs̄&^nBs&

Z2EA2UA2VAB~11^nBs̄& !

1
^nAs̄&^nBs̄&

Z2EA2UA2VAB~11^nBs&!
. ~17!

As for Eq. ~13!, there isVBA5VAB and gBs
( i ) (Z), i 50,1,2,

and 3, are obtained from Eqs.~14!-~17! by replacingA ~B!
with B (A). A similar decoupling procedure was also em
ployed in Ref. 1 to derive the retarded GF of a single Q
structure, which is valid for temperatures higher than
Kondo temperature.16

To calculate the causal GF’s, one needs to obtain the
erage occupation numbers in dotsA andB

^nis&5^cis
† cis&5E dE f~E!H 2

1

p
Im@Gii s

r ~E!#J , i 5A,B.

~18!

Since the retarded GF’sGAAs
r (E) and GBBs

r (E) depend on
^nAs̄& and ^nBs̄& throughgAs(Z) and gBs(Z), the average
occupation numberŝnAs& and ^nBs& are thus determined
self-consistently. Also, it can be derived that the selfenerg
SAs andSBs in Eq. ~6! are given by

SAs5Z2EA2UA^nAs̄&2VAB~^nBs&1^nBs̄& !21/gAs~Z!,
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SBs5Z2EB2UB^nBs̄&2VAB~^nAs&1^nAs̄& !21/gBs~Z!,
~19!

and the LDOS’sras(E) andrbs(E) are

r is~E!52
1

p
ImS 1

Z2« i*
D , i 5a,b. ~20!

In terms of the retarded GF’s~9!, the self-energies~19!, and
the LDOS’s~20!, one can numerically calculate the condu
tance through the double QD structure.

In the following, we present numerical calculations f
the conductance. As a typical example, we study the s
metric double QD structure with parameters:EA5EB5«,
UA5UB5U, TL5TR5t, « l5« r5«a5«b50, and t l5t r
525U. Here, the nonmagnetic case is considered, in wh
^nA↑&5^nA↓& and^nB↑&5^nB↓&. First, we start with the cas
of zero interdot repulsionVAB50. This situation is suitable
to the commonly-used lateral QD structures, since the in
dot Coulomb repulsion is greatly reduced by the gates pla
close to the dots.7 In Fig. 1, we display the total, elastic an
inelastic conductances,G, Gel and Ginel , as a function ofm
2«, wherem is the chemical potential. The temperatures
kBT/U50.02, 0.03 and 0.05 for solid, dashed, and dot
curves, and other parameters are chosen to bet520.1U and
TAB520.2U. On increasing the temperature, every tw
strongly-split peaks around« and «1U decrease in peak
heights and increase in peak widths, analogous to that
noninteracting, single-particle resonance. Interestingly,

FIG. 1. ~a! Total, ~b! elastic, and~c! inelastic conductances,G,
Gel , and Ginel , as a function ofm2«, where t520.1U, TAB5
20.2U, VAB50, and kBT/U50.02, 0.03, and 0.05 for solid
dashed and dotted curves. In this figure and the following ones« l

5« r5«a5«b50, andt l5t r525U.
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every two split peaks in the total conductance, the hig
peak is mainly contributed by the conductance resona
involving elastic process, while the contribution to the low
peak by the resonance involving inelastic process is com
rable to the elastic one. Recently, Chenet al.7 and Klimeck
et al.8 obtained numerical results similar to Fig. 1~a!. In their
calculations, the QD array is decoupled from the leads
its many-body eigenstates are derived by direct diagonal
tion of the Hamiltonian for the isolated QD array. As note
by them,7 this approach is valid only when the lead couplin
is small so that the modification of the QD eigenstates m
be ignored. However, in our approach, the lead coupling
taken into account and the total Hamiltonian~1! is treated as
a whole in studying the spectral properties.

Figure 2 demonstrates the change of the conductancG
with increasing interdot couplingTAB . For weak-interdot
coupling, the conductance consists of weakly split peaks@see
Fig. 2~a!#. As the interdot coupling further decreases, the t
split peaks are not resolved; analogous to the single
structure,1 the conductance exhibits peaks at« and «1U
instead. On the contrary, corresponding to the situation
the artificial molecular states are well formed in the dou
QD, clearly split peaks are observed at larger values of
interdot coupling and the peak splitting widens with increa
ing interdot coupling. In Fig. 2~c!, the conductance become
to have four peaks with nearly equal spacing, implying th
the interdot coupling is so strong that the two coupled d
are combined to become a single-large dot. These obse
tions match the experimental measurements on the con
tance of a lateral double QD structure.5 Very recently,

FIG. 2. Change of the conductanceG with interdot coupling
TAB , wheret520.1U, VAB50, kBT50.03U, andTAB /U5 ~a!
20.1, ~b! 20.2, and~c! 20.45.
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Oosterkampet al.10 reported a transition from ionic bondin
to covalent bonding in a double QD, as probed by mic
wave excitations, and Blicket al.11 demonstrated the tunnel
splitting effects of the double QD by measuring the charg
diagrams and the differential conductance. As expec
these experiments explicitly reveal that, in the presence
strong-interdot couplings, the artificial molecular states
well formed in the double QD.

In Fig. 3, we show the change of the conductance
varying the interdot Coulomb repulsion. With increasing i
terdot repulsion, new resonance peaks appear. AtVAB
50.05U, three resonance peaks are resolved in both the
per and lower groups of the conductance@see Fig. 3~b!#. For

FIG. 3. Change of the conductanceG with interdot Coulomb
repulsionVAB , wheret520.1U, TAB520.2U, kBT50.02U, and
VAB /U5 ~a! 0.01, ~b! 0.05, ~c! 0.1, and~d! 0.3.
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VAB50.1U, three resonance peaks are well resolved in
upper group and four peaks start to be resolved in the lo
group @see Fig. 3~c!#. Furthermore, with the interdot repu
sion increased toVAB50.3U, four resonance peaks start
be resolved in the upper group of the conductance, while
four peaks in the lower group are clearly demonstrated@see
Fig. 3~d!#; when the interdot repulsion is further increase
all of the four peaks are well resolved in both the upper a
lower groups of the conductance. In the absence of the in
dot repulsion, the upper and lower groups of the conducta
are symmetric aboutm2«50.5U, due to the electron-hole
symmetry7 ~see also Figs. 1 and 2!. However, with the inter-
dot repulsion introduced, the conductance spectrum broad
and the upper and lower groups become asymmetric~see
Fig. 3!. As explained by Chenet al.7 this is due to the break
ing of the electron-hole symmetry by the presence of
interdot repulsion.

In conclusion, we have studied electron transport throu
a double-QD structure with intradot and interdot Coulom
interactions. The conductance is calculated by a Landa
Büttiker formula for the interacting systems and the cau
GF’s are solved by the equation-of-motion method. T
Landauer-Bu¨ttiker formula is derived using the nonequilib
rium Keldysh formalism, in which both the elastic and i
elastic contributions are included. We show the interd
coupling dependence of the peak splitting, which agrees w
the experimental observations on double-dot conducta
Also, the breaking of the electron-hole symmetry is nume
cally demonstrated by introducing the interdot Coulomb
pulsion.
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13L. V. Keldysh, Zh. Éksp. Teor. Fiz.47, 1515~1964! @Sov. Phys.
JETP20, 1018~1965!#.

14R. Landauer, Philos. Mag.21, 863 ~1970!; M. Büttiker, Phys.
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