IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Electric current and conductance in a chain of quantum dots

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
2001 J. Phys. A: Math. Gen. 34 1595
(http://iopscience.iop.org/0305-4470/34/8/306)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.101
The article was downloaded on 02/06/2010 at 09:50

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0305-4470/34/8
http://iopscience.iop.org/0305-4470
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS A: MATHEMATICAL AND GENERAL

J. Phys. A: Math. Gen. 34 (2001) 1595-1602 www.iop.org/Journals/ja  PII: S0305-4470(01)14784-0

Electric current and conductance in a chain of
quantum dots

Zhi-Ming Bai', Ya-Ru Wang? and Mo-Lin Ge'**

! Centre for Advanced Study, Tsinghua University, Beijing 100084, People’s Republic of China
2 Shijiazhuang Railroad College, Shijiazhuang 050043, People’s Republic of China

3 Theoretical Physics Division, Nankai Institute of Mathematics, Nankai University, Tianjin
300071, People’s Republic of China

Received 15 June 2000, in final form 21 December 2000

Abstract

By using the non-equilibrium Green function method, we give the current
flowing in a chain of quantum dots exactly. The result coincides with the
Landauer formula. Finally, the conductance of the system is given in the linear
approximation.

PACS number: 7361

1. Introduction

The quantum feature of the conductance in microscopic electronics is currently a major
theoretical and experimental research topic in condensed matter physics [1]. With technique
development, devices on a smaller and smaller scale are needed, in which the quantum effects
will become a problem. One subject is to study the properties of the electronic transport
in the quantum dot, which has many interesting phenomena, such as the Coulomb blockade,
resonant tunnelling [2] and the Kondo effect [3-5]. The experimental device is constructed by a
nanoparticle coupled to two leads generally. These leads may be metal or superconductor [6,7]
and the nanoparticle is usually treated as a quantum dot. In past papers, as we know, one simple
quantum dot [8] or double quantum dot [9,10] is considered, in which there may be one energy
level or two energy levels. These give nonlinear current through this system.

In this paper we study a single-tunnelling-channel model in which N quantum dots
interacting with each other construct a one-dimensional chain between two mental leads. Due
to this interaction in the system, we could not have the aid of the conventional Laudauer theory
to give the transport current. Lending to the non-equilibrium Green method and the Languish
theory [11], we derive the current and the conductance in the quantum chain. It is seen that
the result of the current coincides with the Landauer formula in the non-interacting case [12].

The paper is arranged as follows. In section 2, the Hamiltonian for a chain of quantum
dots is given. By choosing a suitable rotational transformation, this chain can be transferred to
a series of parallel quasi-particles, which connect with the reservoirs isolatively. In section 3,
a general current flowing in the lead is given. The static current and the conductance are get
in section 4. Finally, we give a conclusion in section 5.
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Figure 1. The chain of quantum dots. Figure 2. The chain of quantum dots after the rotational

transformation.

2. Hamiltonian for a chain of quantum dots

Neglecting the electronic spin component and the Coulomb interaction of the dot, i.e. the
four-fermion interacting terms in the Hubbard model have been omitted, the Hamiltonian of
the system is written as

H = ZHa+Hd+ZHTa (1)

a=L,R a=L,R
where

H, = ZGkC;Ck a=L,R
kea
n—1

n
Hy =) Wididi+) [Vididiy +h.c.] 2
i=1 i=1
Hrp =Y [V}Cidi+hel] Hrp =Y [V&Cld, +hc)]
keL keR

where C; (C) and d; (d;) are the creation and annihilation operators for the lead and quantum
dots. H, and H; are the Hamiltonians for the two reservoirs and the chain of the quantum
dots respectively. Hr,( = L, R) describes the interaction between the two leads with the
dots at the two end of the chain, by which the current can flow in the system. V,* are the
coupling constants, which may generally depend on time. The physics of this device is shown
in figure 1. In order to give the transport current, a rotational transformation d; = Z';:l Tija;
is needed, in which we have introduced n new fermionic operators a; to express the quasi-
particles (quasi-dots). By choosing a proper transformation, the Hamiltonian H; becomes
diagonal, that is

n
Hy=Ea}a;. ?3)
i=1
In the meantime, the interacting Hamiltonian Hr, becomes
n
H}'o{ = Z [U]f‘iC,:'ai +h.c.] 4
kea,i=1

where the coupling constants become Ul = VI Ty; and UE = VXT,;. The Hamiltonians
for the two reservoirs maintain their initial forms under the unitary transformation. The
Hamiltonian describing the system is then

H= Y Hy+Hj+ Y  Hy,. ®)

a=L,R a=L,R
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It is seen from equation (4) that each quasi-particle described by operator a; interacts with
the two leads isolatively. This is similar to one multi-level quantum dot system acting on the
two reservoirs. The physical scheme becomes figure 2 for the quasi-dots. It must be noted
that the commutation relation maintains its initial form [a;, a;f]+ = §;;. It seems that there is
no coupling between these quasi-particles, which is not in fact true. The coupling between the
quasi-particle and the reservoir results indirectly in coupling among the quasi-particles, so the
current flowing through this system is not equal to the sum of the currents flowing in every
quasi-particle. It is determined in the following way.

The current in the system is calculated by the time derivation of the number operator
Ny =Y 4cy CiCr (@ = L, R). Lending to the Heisenberg equation, we first give the current
which follows in the left-hand lead:

dNL ie
I = e< >=  H, Ny

dt h

n

USG5 1) — U5 G (1, 1)] (6)
keL,j=1

St

where we have defined the Green functions G, (1, t) = i(Cy(t)a;(t)) and G, ) =
i(a;(t’)Ck(t)). By using the property G (¢, 1) = —G (¢, 1), the current is written as

2e 1 L oe
Jo=Re ke;:] ULG5.(t.1). (7

As the same process, the current flowing in the right-hand lead is derived from the right-
hand lead’s number operator

= —Re Z UEGH. (. 1). )
keR,j=1
In the static condition, the current is continuous, i.e. J; = —Jg. So the current through
the system can be expressed as
J =30 —Jr)
= —Re[ Z UG (.= > UfG(, r)] 9)
keL,j=1 keR,j=1

3. The current in the non-static case

Equation (9) shows that the Green function G5 (, t') plays an important part in the calculation
of the current. Our next aim is to give its expression. For simplicity, we select i = 1
in the following. First we define the Green function for the left-hand lead as G (¢, ") =
—i(Ta;(t)C{(t")), where k € L (it should be noted that if k¥ € R, then G (¢, ') gives the
function for the right-hand lead). By lending to the Heisenberg equation, G (¢, t') satisfies
the following kinetic equation:

d
<1—+ek) Gult, 1) = — Zuk Gm(t, 1) (10)

where we have defined the Green function G, (t,t") = —i(Ta;(t)a;,(t")) for the chain.
This function links only with the operator of the quantum dots. In order to solve the
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above equation, we need further to define the Green function for the uncoupled lead as
gr(t, 1) = —i(T Cr(t)C; (t')). As the same process, we have

0
i— +e t,1) = =8t —1"). 11
(aﬂ k>gk( )= —8(t — 1) (11)

In other respects, the Green functions for the uncoupled lead are calculated
straightforwardly; they are

gr (t.1) =i(CL (1) Cr (1)) = 1if (k) exp [i / dr” ¢ (t”)}
gr(t. 1) = —i{Cr()Ci () = —i(1 — f(er)) exp [1/ dr” Ek(t”):| (12)

t

gt 1) = Fib (&t F )([C; (1), Ck()]y) = FiO (£t F 1) exp [1/ dr” Gk([”)i|

where f(€;) (k € «) is the particle distribution function of the «th reservoir. Leading to
equation (11), the solution of equation (10) is

Gt ,t') = f dr Z ULEG jm (1, 1) gi (11 — 1), (13)
m=1
It is easy to write the Green function Gy; (¢, ') = —i(TC; (t)a;f(t’))
Gy (t.1') = / dn Y gt — 1)UL, Gy (11, 1) (14)
m=1

In order to give a series of Green functions, we need to obtain the expression of the Green
function in the time course by referring to equation (14)

Gutr.t) = [[an Y UL Gon(e gt = ) (15)
m=1
where the t;-integral is over the time loop. By using the Langreth operator rule [13], we have

Gh(t.t)=>" f Ay UGG, (6, 0)g5 (n — 1) + G, (6, 1) g (11 —1)]
m;l (16)

G;k(l‘, t/) = Z/dl‘] Uk[;:G;m(t’ tl)glt(tl — l,).
m=1

Due to the uncoupling Green function g,ﬁ‘>‘r’” being known, our next destination is to
determine the Green function G, (¢,t) = —i(Ta;(t)a} (¢')) in order to give the concrete
expression G ji (¢, t'). Taking equation (10), we have

0
(ig — E,») Gim(t, 1)y =68t —1)8jm+ Z U G, ). (17)

kea,a=L,R

In other respects, the Green functions for the uncoupling quantum dots are g, (t, 1) =
—i(Ta;(t)a;,(t")), which satisfy the following kinetic equations:

3
<i5 B Ef) gim(t, 1) =8(t —1)8m, (1%

but the concrete result for the uncoupling Green functions g, (¢, ") can be calculated
straightforwardly; these are

g;'n“l(t, t") = Fi0(Lr ¥ t’)([a}r(t), an(t))y) = Fif(kt F1') exp [1/ dr" E; (t”):|. (19)
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Using equation (18), equation (17) has the form
Gim(t,t) =gimt =)+ > / dty gjp(t — 1)Uy G (t1, 1) (20)
p=Likea;a=L,M

which shows that although these quasi-dots after transformation are decoupled, there is still
correlation through the reservoirs. Combining equation (14) with (20), we have

Ginltt) = gint =104 Y [ dnidingipt = 1) 301,602, 1) @)
p.q

p=lg=1
where Z;ZZ’M(Q, D) =D tearamL.R U,f;g,?a’“(tl, 1)U}, is the self-energy. This shows that

the function Z;’q‘l'<’) (t1, 1) is known due to U ,S‘I;“ and g,:’a’<’) having been given. So the current
is calculated with equations (9), (16) and (21), but (21) is a reiterating equation. By now
the current of the time-dependent system can be obtained, if we combine equations (9), (13)
with (21).

4. The current in the static case

Our next aim is to discuss the time-independent coupling system in the spectral representation,
i.e. e, E; and W;, V; in equation (2) do not depend on time. Due to the time being translation
invariant, these uncoupling Green functions of the system are time difference (z —¢) functions

g (t —t) =if (&) explie(t —1')]
gt — 1) = —i(1 — f(e)) expliex(t —1')] (22)
gt —t') = Fib (ks F 1) expliex(t — 1')]

and
gimt — 1) = Fi0 (£t F 1) expliE;(t —1')].

The corresponding spectral functions for the uncoupling Green functions, then, are

g (0) =27 f(€)d(w — €)
8¢ (@) = —i2m(1 — f(€))d(w — €)

1
ra - - (23)
8 (@) w— € Fid
r.a _ Jjm
Em(@) =TT T

It is seen from equations (23) that due to the translation invariance of the uncoupling
Green function, the Green function G j,, (¢, t') is also translation invariant, i.e. it can be written
as G j, (t —t"). Moreover, the function Z;;Ia’('>(t1, 1) has the same property. So the spectral
representation of the self-energy function Z;q (t1 — 1) is

Y@=i2n Y ful@UG Ui~ a)
rq kea,a=L,R
=21 ) fa(@U (@)U (@)pa() (24)
a=L,R
where p, () is the state density of the leads and we have denoted U, ,S‘p = U, (w) when o = &.
Here the electron distribution functions in the two reservoirs have been clearly written as f,, ().
Defining 'Y, (@) = 27T po (W) U;‘* (@)U (), then we have
D (@) =ill}, (@) fL(@) + T5, (@) fr(@)]. (25)

pPq
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Similarly the retard and advance self-energy functions Z;Z (w) are
r,a i
D_@) = Apg(@) £ 5Ty (@) (26)
Pq
with Ay (@) =3, _; g AS (@), Tpg(@w) =3, T, (@) and
o ok o 1
A%, (@) = /de p(EU (€U (e)P (5> .
From equation (23), the Green function in the spectral representation is

G jn(@) = g (@) + Y 8jp(@) D (@) Gy () 27)

pq=1 rq
or it can be simply written as

Gim(@) = gjn(@) = Y (). (28)
rq

In other respects, using Langreth theory, the retard and advance Green functions G:; (w)
can be expressed as

Gin(@) = ghm(@)+ Y g7 (@) Y ()G (). (29)
rq=1 rq

Itis necessary for us to give another expression for the retard and advance Green functions

r.a —1
G (@) = [g;;:i‘l (@) — Z(w)}
Pq

1
= - . (30)
(w — Ej)Sjm — Ajm(a)) + Erjm(a))
Now, we only give the spectral representation of G j,, (w). According to the Langreth rule,
we can derive other Green functions by using the above equation:

G =Y G (@G, (). 31)
pq=1 rq
Combining equations (16) and (30), the spectral representation of the Green function
G (o) is

G (@) = Y UGG, (@)gf (@) + G, (@)gf (@)]. (32)
m=1

Inserting the spectral representation of the uncoupling Green function equation (23) into (32),
we have

Giilw) =Y UL [izn FL(@)8(@)Gy (@) + — G, (a)):| . (33)

— € — 8

Now many necessary mathematical results have been given. The next destination is to

express the current in the spectral form. Considering the translation invariance of the system,
equation (6) can be expressed as in the spectral representation

1
Jp = %2 o / olUf ()G (@) — U ()G (w)]. (34)
j:
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Lending to equations (33) and (34), the current in the left-hand lead can be written as

— 1
JL = % Z E / dw U]L*(a))UnI;*(a))[gk(w)(G;m(a)) — G?m(w))

m,j=1
+(g¢ (@) — g ()G, (@)]. (35)

By using the concrete expression of the uncoupling Green function gi(w), the current
flowing in the left-hand lead is

ie &
=5 Zl / deTL (OLf1(€) (G, (€) — G4 () + Gyl (36)
m,j=
Similarly the current flowing in the right-hand lead is

Jr = z;_eh > /de TR (OLfr(€)(G, (€) — G, () + G, (e)]. (37

m, j=1

It is necessary for us to give the concrete form of the function G’Jim (e) — G‘j’.m (¢). From
equation (30), we have

—iA ()
[(@—=E)8jm = Tjm(@)? + 13, (@)
Combining equation (9) with (36) and (37), the current flowing through the system is
written as in the spectral expression

G, (€) — G4, (€) = (38)

ie

I = o 3 [ dellrh @6 — A0 frl@1(G€) = 6o

m,j=1
+IJ,(€) = I}, (1G5, (O]). (39)

Another expression of the current is derived in the following way. From equations (25)
and (31), we obtain

Gin@= > Y ful@)G (@)% (@)G, (). (40)

a=L,R p,q=1

Equation (29) can be expressed in the other form G;m_l (w) = g_’lfm_l (w) — an] (w), and
G?m_l(a)) = g;?m_l(a)) — anl (w), so we have

G @) =G, @) =) (@) =) (o). (41)
jm jm
Finally, the current is written as by using equation (26)

J = % > / de (fr(€) = fr(ENITE, ()G, ()T R (€)GE, (€)

m,j,p,q=1
+I'K ()G, (T (6)GE, (e)]. 42)

If the coupling coefficients between the leads and the two quantum dots at the end of the
chain are equal, we have Ffm = Ffm and the current then becomes

s =1 [ de (i - fuentco “3)
where () = an,j,p,qzl l"JLm (e)G;p(e)F{fq(e)Gf]m(e). Equation (43) coincides with the

Laudauer formula in the non-interacting case [12]. If there are two quantum dots instead of
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the N dots, equation (43) coincides with [14], except that we do not consider the effect of the

electronic spin. Defining the conductance difference A, = 4, we have in the linear response

AV
er [ df (x)
= —o [ dxrn
h /_ =g

with x = (¢ — n)/KT and I'(x) = I(¢). It is seen that this expression of the conductance
has the same form as that derived from the Landauer theory, in which I(¢) corresponds to
the transmission coefficient. It should be noted that the Laudauer theory is suitable for non-
interaction between the particles, so the transmission coefficient in the Laudauer formula is
determined only by the boundary condition between the reservoirs and the transport wire, but
in our case, due to the interaction having been considered, the transmission coefficient depends
not only on the boundary of the system but also on the interaction between the particles.

5. Conclusion

We derive the current in the chain of the quantum dots in the static case. Due to the four-
fermion interactive terms in the Hubbard model having been neglected, the chain can be
decoupled to a series of isolated quasi-dots arranged in a parallel form, which couple with the
reservoirs. Because the system is in non-equilibrium, we adopt the non-equilibrium Green
function technique to calculate the current. It is seen that the results of the current and the
conductance coincide with the Laudauer formula in form, but the transmission coefficient in
our case depends on the interaction between the particles. If the spin index is included (where
the spin does not take part in the interaction and it only contributes to the number of the
transport channel), the current and the conductance are double our above results.
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