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Based on our recent work on quantum transport [Li et al., Phys. Rev. B 71, 205304 (2005)],
where the calculation of transport current by means of quantum master equation was presented, in
this paper we show how an efficient calculation can be performed for the transport noise spectrum.
Compared to the longstanding classical rate equation or the recently proposed quantum trajectory
method, the approach presented in this paper combines their respective advantages, i.e., it enables
us to tackle both the many-body Coulomb interaction and quantum coherence on equal footing
and under a wide range of setup circumstances. The practical performance and advantages are
illustrated by a number of examples, where besides the known results and new insights obtained in
a transparent manner, we find that this alternative approach is much simpler than other well-known
full quantum mechanical methods such as the Landauer-Biittiker scattering matrix theory and the

nonequilibrium Green’s function technique.

PACS numbers: 73.23.-b,73.63.-b,72.10.Bg,72.90.+y

I. INTRODUCTION

A modern trend in transport studies of mesoscopic systems is not only for the current-voltage characteristics, but also
for the noise properties H, H, E, E, E, Ia, H, E, Ia, Iﬂ] The noise spectrum, which is a measure of the temporal correlation
between individual electron events, has been proved to be a unique tool to reveal different possible mechanisms which
are not accessible by the mean current measurement ﬂ] In particular, via the measurement of current noise one is
also able to extract information of the system parameters that govern the transport, as well as the internal energy
scales of the mesoscopic system.

In principle, full quantum mechanical calculation for transport noise spectrum can be performed by either the
Landauer-Biittiker scattering matrix approach [L1, [12] or the nonequilibrium Green’s function (nGF) technique [13,

]. In practice, however, they were largely restricted to non-interacting systems. Very recently, the zero-frequency
noise of transport through quantum dot with strong Coulomb interaction was calculated E], with the nGF-based
sophisticated real-time diagrammatic technique [16].

An alternative method to calculate transport noise is the classical rate equation approach E, IE, IE] This approach
is much simpler than the full quantum mechanical methods, thus has been employed in some interesting transport
systems, for instance, the important Coulomb blockade systems @, El] Nevertheless, owing to the classical nature of
this approach, the quantum coherence that widely exists inside the transport systems cannot be described. Focused on
the effect of quantum coherence in noise spectrum, Sun and Milburn studied the transport through a pair of coupled
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quantum dots [22]. For this specific system, they derived a Lindblad-type master equation, then unravelled it to
calculate the noise spectrum. With the same motivation to include quantum coherence, an alternative “n”-resolved
quantum Bloch equation approach was proposed some time earlier by Gurvitz et al. [23], and recently applied it
further [24]. (Here “n” stands for the electron number tunnelled through the junctions). We noticed that this
approach started with the many-particle Schrodinger equation of the entire system, thus its applicability is restricted
to zero temperature. Also, the derivation limited its validity condition in large bias voltage regime. In our recent
work [25, 26, 27], we extended this approach to finite temperature and arbitrary voltages, where we have based our
derivation on the quantum master equation, which is free from any specific system, and can serve as a general and
convenient starting point to study quantum transport.

In Ref. 25, we have established an explicit and compact expression for transport current and demonstrated its
application by a number of typical examples. In this paper, we complete that master-equation transport formalism,
by developing further the formulation for noise spectrum calculation. In next section, for completeness, we first outline
the general idea of the “n”-resolved transport master equation, then present the compact formulas for transport current
and noise spectrum. In Sec. [l we demonstrate the noise formula by the same examples in Ref. 27, i.e., transport
through a non-interacting and interacting quantum dot, and a pair of coherently coupled quantum dots. For the
simplest system of non-interacting dot, we easily recover the known result obtained first by Chen and Ting, which
was based on a full quantum mechanical treatment in terms of non-equilibrium path-integral approach [13]. For
interacting dot, we extend the result of zero-frequency noise obtained in Ref. [L3 to the whole frequency regime, and
present brief discussion for the noise characteristics. For the coupled quantum dots, where the quantum coherence
plays significant role, we show that our approach can be as efficient as the quantum trajectory method [22]. However,
by noting that the quantum trajectory theory is based on the unravelling of Lindblad-type master equation, we believe
that the formalism presented in this work is more powerful than the quantum trajectory approach, since not all the
transport systems can be reduced to a Lindblad-type master equation (e.g. the above mentioned transport through

interacting quantum dot). Finally, a brief conclusion is given in Sec. [Vl

II. FORMALISM

Consider the typical transport setup as schematically shown in Fig. 1, which consists of the central transport

system (device) and two biased electrodes. The total system Hamiltonian reads

H = Hs(CL,C#)—F Z ZEakaLkaak+ Z Z(tak#alkc#—FH.c.). (1)

a=L,R k a=L,R ku

Hg is the central system Hamiltonian, in which all the possible many-body interactions have been included. cL
(cu) is the electron creation (annihilation) operator of state “u”, which labels here both the orbital and spin states.
The second term describes the non-interacting electrons of the two electrodes, and the third one describes tunneling
between the central system and the electrodes.

For convenience, we re-express the tunneling Hamiltonian as
H = (clF,+Hc), (2)
"

where F,, = Fr, + Fr, = EQ:L,R takpGaus- By regarding the tunneling Hamiltonian as perturbation, the second-
order cumulant expansion leads to the master equation for the reduced density matrix of the central transport system
28]

plo) =it - [ (L (06 ()G (1) plt). (3)



IL IR
mlo]x
\% I

FIG. 1: Schematic setup for electron transport through a mesoscopic system.

Here the reduced density matrix p(t) is introduced by tracing over the electrode states from the density matrix pr of
the entire system, i.e., p(t) = Trg[pr(t)], and (---) = Trg[(--- )pr], with pp the density operator of the electrodes.
The Liouvillian superoperators are defined as LA = [Hg, A], L'A = [H', A, and G(t,7)A = G(t,7)AG'(t,7), where
G(t,7) is the usual propagator (Green’s function) associated with only the system Hamiltonian Hg.

The trace in Eq. @) is over all the electrode degrees of freedom, leading thus to the equation of motion of the
unconditional reduced density matrix of the system. To describe the transport problem, we should keep track of the
record of electron numbers that have tunnelled through the right (left) junction, in order to calculate the corresponding
current through it. To this end, the average over states in the entire Hilbert space “B” in Eq. (Bl should be replaced
with states in the subspace “B(™”, which corresponds to n-electrons tunnelled through the right or left junction. Let
us take the right junction as an example. The trace of Eq. [Bl) over “«B(nr)” Jeads to a master-type equation for the
conditional reduced state p("#)(t) [21]:

“(n - n 1 — n n
p( R) — _Zﬁp( R) _ EZ{[CLAL )p( R) +p( R)ALJr)CL
w
—A(L;)p("R)cL — ch("R)A(LJL) — Ag%;)p("R_l)cL - ch("RH)Ag;)] +H.c.}. (4)

Here Agi) =3, C(gi,),(:l:ﬁ)a,,, and A&i) = 0=L.R Agi). The spectral functions C&jﬁl), (£L) are defined in terms of
the Fourier transform of the reservoir correlation functions, i.e., Cgf“), (££) = ffooo dtC&jﬁ,),(t)eﬂu. The correlation
functions in time domain are defined by (f1,,(t)fav (7)) = C&Z,)j (t—7), and (fau(t)fl, (1)) = Cé:”),(t —7), where (--)
stands for Trp|(---) g)], having the usual meaning of thermal average. For p(™#)(t), which describes the reduced
system state conditioned by the electron numbers tunnelled through the left junction, a similar equation as Eq. (@) can
be obtained by interchanging the indices “L” and “R”. With the knowledge of the above conditional state p(™L/®) (t),

we are ready to calculate all the transport properties, such as the transport current and the noise spectrum.

A. Transport Current

Throughout this paper, we assume the unit system of 7 = e = 1. Straightforwardly, the current through the ayy
(i.e. L or R) junction can be calculated via I,(t) = d{N,(t))/dt =
over the internal states of the central system. Obviously, Tr[p("*)(t)] = P(na,t) is nothing but the probability by

naTr[p(™e) (t)], where Tr(---) means trace

Na

)

that there are “n,” electrons tunnelled through the a4, junction until time “¢”. Simple algebra leads to [21]

L(t) = Te[Z{7p(t) + Hel, (o0)
T p(t) = %Z (A8 p(t)ef, — el A, (50)

m
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where the unconditional density matrix p(t), which is the sum of all p("=)(t), satisfies a simple unconditional master

equation
plt) = —iLp(t) — [Ro(t) + Hel, (6a)
Ro(t) = 537 [eh AL plt) — p(D AL (6)

B. Noise Spectrum

Physically, the noise spectrum characterizes the temporal fluctuations of the entire circuit current. In steady
state, the average currents through the left and right junctions are equal to each other, but the temporal (i.e. time-
dependent) fluctuating currents are not. In general, the circuit current, which is typically the measured quantity in
most experiments, is a superposition of the left and right currents, i.e., I(t) = al(t) + bIg(t). Here the coefficients a
and b depend on the symmetry of the transport setup (e.g. the junction capacitances) [L1], and satisfy a +b = 1. In

combination with the charge conservation law, say, I, = Ir + Q, with @ the charge in the central system, we obtain
I()1(0) = alp(H)11(0) + bIr()Ir(0) — abQ(£)Q(0). (7)

Accordingly, the noise spectrum is a sum of three parts
S(w) = aSL(w) + bSp(w) — abw?Sg(w), (8)

where Sy, p(w) is the noise spectrum of the current through the left (right) junction, and Sg(w) characterizes the
charge fluctuations in the central system. In the following we first develop general formulation for their calculation,
then demonstrate a number of typical examples.

For Sy, r(w), we employ the MacDonald’s formula [33]

Sa(w) =2w /000 dt sin(wt)%(ni ), (9)

where (nZ(t)) = >, n? [Trp(me)(t)] = >on, MeP(ng,t). With the help of Eq. (@), we can show that

(e

%xnga» = Tr[27 N (t) + 7\ p + Heel, (10)

in which we introduce the “particle-number” matrix N*(t) = >_, nap™)(t), and the superoperator means

FTH(.) = }Z[A(_)(---)CTicL(---)A(”] (11)

2 ap 3 ap
I

Then, S, (w) is formally expressed as

Sa(w) = 20Im[Tr{2(Z N () + [ZON(=w)]f) + (7 5(w) + (70 5(=w)])T) }], (12)

[e3%

where N%(w) = Jo 7 dtNe(t)e!, and p(w) = [ dtp**e™. Note that we are calculating the noise spectrum of steady
state, thus the stationary density matrix p*t is used here. Simply, we have p(w) = ip*/w. For N« (w), we can first
establish the equation of motion for N®(t), that is

%Nﬂw:—wN%w—mN%ﬂ—th+Hn} (13)

Then, from its Fourier transform

i(w=L)N*(w) = RN"(w) + [RN*(~w)] = 7 5(w) = [Zp(-w)]T, (14)

[e3



we can directly obtain N (w).

For the charge fluctuations on the central system, the symmetrized noise spectrum reads Sg (w) = ffooo dr(N(T)N +
NN(7))e™] = 4Rel [ drS(7)e™7], where S(r) = (N(1)N) = TeTrg[UT(r)NU(7)Np* pg], with U(7) = e~*#7 and
N the electron-number operator of the central system. Using the cyclic property under trace, we have S(r) =
Tr[No(7)], where o(1) = Trg[U(T)Np*pgUT(7)] is introduced. Noticeably, o(7) is nothing but an alternative
reduced matrix which satisfies the same equation of the usual reduced density matrix p(7), with the initial condition

a(0) = Npst. Straightforwardly, its Fourier transform &(w) can be easily solved from
i(w— L) (w) = Ro(w) + [RF(—w)]T — Np*. (15)

Then, Sg(w) = 4Re{Tr[No(w)]}. More specifically, in most cases we can carry out this quantity in the eigenstate
basis of “N”, that is

So(w) = 4Re{zk: Nk’&k(w)} , (16)

where Ny, is the eigenvalue of N for the eigenstate |k), and o1 (w) = (k|o(w)|k).

To summarize, we have now constructed a general and quite compact formulation for quantum transport through
mesoscopic systems, particularly for the calculation of noise spectrum which is usually a difficult problem by any of
other approaches. Obvious advantages of this formulation include its straightforwardness and simpleness, together
with its applicability to handle the many-electron correlation, quantum coherence, and possible inelastic scattering

(dissipative) processes during transport on equal footing.

IIT. ILLUSTRATIVE APPLICATIONS

In this section we demonstrate the above formulation by transport through first a non-interacting quantum dot,
then interacting dot, and finally two coupled quantum dots. Remarks with respect to other approaches and completion

of some results which are lacked in existing literature will be made in particular.

A. Non-Interacting Quantum Dot

For simplicity, we restrict to the simplest case that only a single dot-state is involved in transport process. In this
example, the electron spin is an irrelevant degree of freedom which is thus neglected in the description (its inclusion
only needs multiplying an entire factor 2 to the result obtained in the following). Accordingly, the dot Hamiltonian
reads Hg = EgN, where N = cfc is the number operator.

To proceed, we need to carry out the electron reservoir (i.e. the electrode) correlation function. Explicitly,
CEH = 1) = |to)? >k eFiB:(t=7) ¢(H) (B and its Fourier transform CSF) (££) = To f$*) (= £). Here, the wide-band
approximation for the electrodes is applied, which results in the energy-independent coupling constant T'y, = 2794 |ta|?,
where g, is the density of states. fo(ﬁ) is the usual Fermi function, and fé_) =1— f,. Since L"c = (—Ep)"c, we
have ASY = C&i)(:lzﬁ)c = I‘aféi)(Eo)c. Neglecting the spin degree of freedom, only two states are involved, i.e., |0)
and |1) for the empty the occupied states, respectively. With these identifications, the transport master equation ()

simply reads

po = —I'rpo+Trp1, (17a)
p1 = —T'rp1+Trpo. (17Db)



Hereafter, in order to carry out analytic expressions, we assume zero temperature. By inserting the stationary
solution of Eq. () into the current formula Eq. (H), the well known resonant current is obtained, i.e., In=-I; =
I'.Tr/(TL +Tg).

Now we turn to calculation of the noise spectrum. The current fluctuation spectra of the left and right electrodes
follow Eq. [[2) as

Sp(w) = 2wlpIm[ - 2NE (W) + po(w)], (18a)
Sr(w) = 20T RIM[2N (W) + 51 (w)], (18b)
where po(w) = ipst /w, and p1(w) = ipit /w, with ps and pst the stationary solutions of master equation (7). N&(w)
and N{(w) can be evaluated based on Eq. (). For instance, NF(w) is given by
iwNF(w) = TLNF(w) —TrNE(w), (19a)
iwNEF(w) = TrNE(W) — T NE(w) 4 Drpo(w), (19Db)
and similarly, N R(w) can be obtained. Then, straightforwardly, we have

F%'i‘l—‘% + QFLFR o.)2

SL((“)) = SR(W) = 2j 12 T2 T2 +w2

, (20)

where I = Ip = —I is the stationary current. Note that both the zero- and finite-frequency noise spectra of the two
tunneling currents are identical for this simple system.

To calculate the charge fluctuation spectrum on the central quantum dot, based on Eq. () we simply have
Sq(w) = 4Re[o1 (w)], where the fact that Ny = 0 and N; = 1 have been taken into account. Following Eq. ([[H), 71 (w)

is given by the following coupled equations
ino(w) = I‘Lao(w) — 1—‘351 (w), (21&)
iwoy (w) = Troy(w) — Troo(w) — pit. (21b)

Accordingly, we obtain Sg(w) = 4I/(I'? + w?). Combining all the three components of noise spectrum according to

Eq. @) and assuming a symmetric configuration (i.e. a = b = 1/2), we obtain

_ AT TR\ T2
st =1 i+ (1 ) 1]

(22)

This is the well-known result for resonant tunneling through symmetric double-barrier structures, which was obtained
first by Chen and Ting based on the non-equilibrium path-integral technique [13], and also by Biittiker by using
the scattering approach [11], where the so-called Fano factor F(w) = S(w)/21, especially its value at zero frequency
F(0) =1-2I'yT'g/T'?, was discussed in particular. Here, we presented an alternative derivation which seems elegant
and interesting. More importantly, its generalization to more complicated systems is straightforward, as we are going

to illustrate soon.

B. Interacting QD with Zeeman Splitting

We now consider transport through an interacting quantum dot described by

HS:ZEUNU"FUNTN@ (23)

where E/| and E4 are the electron levels with finite Zeeman splitting, and N, = cfc, is the electron number operator

for spin o (it should not be confused with the reduced operator o(7) introduced in the calculation of Sg(w) ). In this



model, the U-term accounts for the many-body Coulomb correlation. As in the previous example, we should first
)

carry out the spectral function Cé(im,, and the operator A((xig). Since the interaction does not flip the electron spin, the

spectral function must be diagonal with respect to the spin indices, i.e., Céi),, = 600/0(%,);. Still under the wide-band
approximation, we have A((jé) = Faféi)(Wg)cg, where W, = E4045 + E1d6 + U(n4,5 + 1y 640), which sets up four
regimes for the applied bias voltage, i.e., (i) ur > E| > ugr, (i) ur > E+, Ey > pg, (iii) pr > E, + U, B+, B}, > ug,
and (iv) pr>E3+U,E\+U, Ey, E > ug.

For the sake of being compact, here we only present detailed derivation for regime (ii). In this regime, the involved
states include |0) (empty dot), |1) (occupation by a spin-up electron), and || ) (occupation by a spin-down electron).

Accordingly, the transport master equation reads

po = —2Trpo +Tr(p, + p1),
py = —I'rpy +Trpo, (24)
pr = —I'rpr +TLpo.

Its stationary solution gives rise to the steady-state current I = Ig = —Ij, = 2, Tr/(2TL + T'r).

In the above mentioned representation of occupation states, Sz, r(w) are expressed as
Sp(w) = 4wl Im[ — 2NF (W) + po(w)], (25a)
Sr(w) = 2wIrIm[2N{}(w) + 2N[*(w) + pr(w) + py (w)]- (25b)

NE (W), J\NTTR (w) and N [f(w) can be obtained from Eq. (Id). For NE(w), for instance, the relevant equations explicitly

read

iwNF(w) = 20N (w) — TrNE(w) — TrNE(w),
iwNF(w) = TRNF(w) — TLNE (W) + Trpo(w), (26)
iwNEF(w) = TRNE(W) — TLNE (W) + Drpo(w).
Note that, in the above equations, p(w) = ip*t /w, and p*t is the stationary solution of Eq. [4)). Straightforwardly, we
obtain

(2rp)?2+T%  2(2I'p)Tr w?
(QFL+FR)2 (2FL+FR)2 (2FL+FR)2+w2

Sp(w) = Sp(w) = 21 (27)

Also, in the same occupation-state representation, Sg(w) simply reads Sg(w) = 4Re[o4(w) + 7 (w)], where o4 (w) and

oy (w) can be solved from

ino(w) 21"L50(w) — F35¢(w) — FR5¢(w),
I+ (w) — T1d0(w) — pi, (28)

iwd(w) = oy (w) —Troo(w) — pi'

iwos(w)

Its solution gives

1
eIy + FR)2 + w?

So(w) = 4I (29)
In Table I and IT all the components of the noise spectrum are listed, together with those of other voltage regimes, in
which the derivation is completely the same as above.

In Ref. [15 the zero-frequency noise was carried out for the same system of this example, based on a complicated
non-equilibrium real time diagrammatic technique. Here we extended the result to the whole frequency regime, using

a much simpler and more straightforward approach. We notice that the noise spectra in regimes (i) and (iv) differ



TABLE I: Zero-frequency and frequency-dependent noise components in the different bias regimes (i), (ii) and (iv), where
I' =11 4+ I'r is the total level-broadening width.

bias regime 1) (ii) (iv)
2l Pr(TE +T%) AT DR(AN] +T%) AT, TR(T3 +T%)
5(0) s @2, + T p)? — =
4T321% W2 16I21% w? 8T2r%3  w?
Sr(w) I3 T2 +uw? (2T +Tr)? (2TL +Tr)? + w? I3 T2+u?
4T21% W2 16T217% w? 8T2r%  w?
Sr(w) I3 T2+w? (200 +TR)? (201 +TR)? +u? T3 T2 o2
5 AI' 'R w? 8I'tI'r w? 8't'r w?
w”Sq(w) I TI?24 w2 (2I't +Tr) (2T +TR)? + w? ' T?24w?

TABLE II: Zero-frequency and frequency-dependent noise components in regimes (iii), where I' = I', 4+ I'r is the total level-

broadening width.

bias regime (iii)
2T Tr(Ty + 2T

5(0) L R(Fg r) (I* —3TLTR)

2T R(T® —T3TR + Il 4 5%)w?  4AD3TR(TE — 2T'%)w?
St(w) T5(T2 + w?) 32 + w?)?

6I7T%(NL +20R)  w?  4AIPTR(2ML +3TR) W’
Sr(w) g T2 + 2 3 T2 + w?)?

) T Tr(T? +3I%)  w? N AT2TR(TL +2TR) w*

w”SqQ 3 T2 + w2 T3 (T2 4 w?)2

from each other only by an overall factor 2. The reason is that the electron near the Fermi surface of the left electrode
can only pass through the spin-down level of the quantum dot in regime (i), but can freely pass through the two levels
in regime (iv) due to completely overcoming the Coulomb blockade. As a consequence, the result in regime (iv) is
also the same as that of the non-interacting dot obtained in the previous subsection. In the Coulomb blockade regime
(ii), electron can only pass through either the spin-down or the spin-up level in an exclusive manner. Compared
to the situation of regime (i), the entrance probability of electron from the left electrode to the dot is enhanced by
a factor of 2, whereas the leaving probability to the right electrode is the same. Therefore, in all the components
of noise spectrum in regime (ii), “2I';” replaces the “I't” in the result of regime (i). In regime (iii), the Coulomb
blockade is partially overcome, i.e., electron can enter the dot even there has been already an electron on the spin-up
state in the quantum dot. The noise spectrum in this regime is relatively complicated, and seems beyond an intuitive
simple interpretation. However, the unique features of noise spectrum in regime (ii) and (iii) may provide a pathway
to distinguish Coulomb blockade phenomena from that resulting from non-interacting multi-levels, as emphasized in
Ref. [19 based on the zero-frequency noise. Moreover, the “asymmetry” of I';, and I'p may provide a useful tool to
determine their respective values, which is very important in molecular electronics, due to the need to identify the

subtle connection of the molecule with the electrodes.

C. Two Coupled Quantum Dots

In this subsection we study the noise characteristics of transport through a pair of coupled quantum dots, as shown

in Fig. 2. To highlight the underlying coherence effect, which surely goes beyond the scope of the classical rate
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FIG. 2: Schematic illustration for transport through a pair of coupled quantum dots.

equation approach, we would like to neglect the many-body Coulomb correlation. (Inclusion of it is straightforward

but will make the solution more complicated). Accordingly, the system Hamiltonian reads
Hg = Elcicl + EQC;CQ + Q(cicz + c;cl). (30)

To analytically carry out the operators A&i), it will be useful to diagonalize this Hamiltonian. To this end, we introduce
a pair of new electronic operators, ¢; = ucy + veg and ¢ = uce — vey. The desired Hamiltonian Hg = € 6{ 1+ 526%62,
gives rise to the diagonalization condition (Fy — E;)uv + Q(u? 4+ v?) = 0. Together with u? + v? = 1, we can obtain
the values of u and v, and also the eigen-energies €1 = Eyu? + E2v? + 2Quv, and €9 = E1v? + Eyu? — 2Quuo.

As done previously, under the wide-band approximation, we can first carry out the spectral function C&i), then the
operators A(Li) = FL[uféi)(sl)El — vféi) (e2)¢2], and AS[) = FR[vfl(%i) (e1)é1+ ufl(%i)(sg)ég]. Neglecting the irrelevant
spin degree of freedom, the four relevant states of the double dots are |0) (empty dots), |1) (occupation of the left dot),
|2) (occupation of the right dot), and |d) (occupation of both dots). In this state representation, Eq. (@) becomes

po = I'rp2 —I'Lpo,
p1 = T'rpo+Trpa +iQp12 — p21),
p2 = —(p +Tr)p2 —iQ(p12 — p21), (31)
pa = I'Lp2 —I'rpa,
p12 = iAp12 —iQ(p1 — p2) — %(FL +'r)p12,
where pa1 = pi,, and A = Ey — E;. Note that the off-diagonal density matrix element p;2 purely arises from the

quantum coherence between the two coupled dots, and has has no classical counterpart. From the stationary solution

of Eq. @l), we can calculate the steady-state current as

- 4FLFR(FL+FR)QZ

Ir = . 32
BT TLTRI(TL + TR)? + 4A% + 4(Ty, + )22 (32)
This result was also obtained in Ref. E
In the occupation-state representation, we express the electrode current fluctuation spectra as
Sp(w) = 2wlzIm[ — 2NF (W) — 2NE(w) + fo(w) + p2(w)], (33a)

Sr(w) = 20T RIM[2NE(w) + 2N (W) + pa(w) + pa(w)], (33b)
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where p(w) = ip* /w, given by the stationary solution of Eq. ). For Sy (w), NE(w) and N£(w) are solved from

iwNg(w) = —TrNF(w) + LN (w),

iwN{ (W) = —TLN§ (W) - TrNf (w) — iQ[Nf(w) — Njj ()] + TLpo(w),

iwNF(w) = (T +TR)NE (W) + iQNf(w) — N&(w)], (34)
iwNj(w) = TNy (w >+FRNd< )+ (),

iwNh(w) = —iQINF (W) = NF(w)] + (T +Tr)Nj(w)/2.

In the following we would like to present analytic result for A = 0, and numerical result for A # 0. Also, for
simplicity, we assume ', = ' = T'. Straightforwardly, based on the solution of Eq. Bd), we obtain Sp(w) =
Sr(0) + 57 (w) + 57 (w), where

4TQ?(T? — 21202 + 80%)

SL (O) = (F2 + 492)3 ) (353)
, B 2102 w?
Sp(w) = 24+ 40272 + w?’ (35b)
S(w) = 21303 (302 — 402?) w B w
L&) = M08 T2 (w—29)2 T2+ (w o 20)2
302(120% —12) (w—2Q)w n (w+2Q)w (350)
(T2 +402)3  |I?+ (w—-20)2 TI?+ (w+2Q)?

Note that S; (w) is the well-known Lorentzian which stands for the incoherent component with similar structure as
those shown in Table I and II, whereas S7 (w) stems from the coherent coupling between the two quantum dots. For
Sgr(w), precisely the same result can be carried out by the same procedures. For the charge fluctuations on the double
dots, we have Sg(w) = 4Re[o1(w) + d2(w) + 20¢4(w)], where o(w) is obtained from

oo(w) = —I'roz(w)+I'roo(w),
wo(w) = —T18o(w) — TrIa(w) — iQ[F12(w) — Fo1(w)] — pi',
woa(w) = (T +Tr)o2(w) +iQF12(w) — F21(w)] — p3', (36)
wog(w) = —T12(w) + Croa(w) — 2p7,
iwoie(w) = —iQo1(w) — oa(w)] + (T + T'r)o12(w)/2.

Then, we immediately arrive at

Sow) = 80?2
QW T T2 40 (12 1 02)

(37)

The noise characteristics is numerically shown in Fig. 3. In addition to Ref. 22, some more discussions are briefly
presented as follows: (i) Due to the coherent coupling between the two quantum dots, before the transport electron
arrives at the right electrode, it may stay in the coupled dots for some time and oscillate between them. During this
Rabi oscillation process, it prevents other electrons from entering the dots. As a result, a “dip” appears in the noise
spectrum at the Rabi frequency. For example, for a setup parameterized by Q@ =4I, A =0 and a = b = 1/2, the dip
locates at wr = 212, as shown by the solid curve in Fig. 3. This interpretation is illustrated further by the result from
a pair of off-resonantly coupled quantum dots. Since for this case the oscillation frequency is wf = /A2 + (2Q2)2,
the “dip” should move to higher frequency. This is shown by the dashed curve in Fig. 3 where A = 6" is assumed.

(ii) In our approach, we explicitly distinguish the three components contributing to the noise spectrum, which enable



11

N —
10
08F - Lo los
. S
| a=b, A/T=0 0.6 T
\\-' — —-a=b, A/IT=6 04|
06  ----a/b>1,AT=0 02 Q/r

Fano Factor [S(w)/(21)]

Normalized frequency [w/T’]

FIG. 3: Fano factor F(w) versus the normalized frequency w/I'. The signature of quantum coherence between the two
coupled quantum dots is the dip appeared at the Rabi frequency. In the numerical calculation, we assume €2 = 4I'. Other
geometric parameters are labelled in the figure, and the corresponding results are shown by the solid, dashed, and dotted curves,

respectively. Inset: zero frequency Fano factor, which shows a non-monotonic dependence on the scaled coupling strength Q/T.

us to gain deeper insight. For example, to demonstrate the effect of charge-number fluctuations on the coupled dots,
we consider a very asymmetric configuration (a/b > 1). Noting that Si(w) = Sg(w) [34], from Eq. ) we conclude
that the charge-number fluctuation noise Sg(w) would play negligible role on the entire noise spectrum if a/b > 1.
In particular, the difference of the noise spectra of a = b and a/b > 1 can give important information for Sg(w). A
simple comparison between the solid and dotted curves in Fig. 3 indicates that Sg(w) would reduce the entire noise
spectrum. Also, for a/b > 1, at high frequency limit the noise spectrum approaches to unity, which is consistent
with the result of transport through a quantum point contact [L1]. (iii) Concerning the zero frequency noise [c.f.
Eq. (BRal)], it shows a non-monotonic dependence on the (scaled) Rabit coupling strength ©/T". In the inset of Fig. 3,
we plot the corresponding Fano factor F(0) = S(0)/2I. Interestingly, it will be maximally suppressed at ~ 0.65¢2/T.
By increasing the coupling strength (2 > I'), the zero-frequency Fano factor approaches 1/2, behaving similarly as
the symmetric double-barrier resonant tunneling structure [L1]. In the opposite limit, < T', the Fano factor reaches
unity which corresponds to the Schottky-type noise.

Finally, we make a brief technical comment. As we have mentioned, this interesting system has been studied in
Ref. 22, where the quantum trajectory approach was employed and particular attention was focused on the effect
of quantum coherence. It was also proposed there that the quantum trajectory approach provides a powerful tool to
calculate transport noise spectrum in the presence of internal quantum coherence in the transport systems. In this
subsection, we have shown that the “n”-resolved master equation approach can easily solve those types of problems.
Moreover, we notice that the quantum trajectory approach has severe limitation since it is based on the unravelling
of Lindblad-type master equation. We believe that in many transport systems the simple Lindblad-type master
equation cannot be obtained. A simple example is the one studied in the previous subsection. In this case, the
quantum trajectory approach proposed in Ref. 22 would fail. On the contrary, the “n”-resolved master equation
approach can efficiently solve the problems in the presence of both quantum coherence and many-body Coulomb
interactions. An interesting example may be the one studied in this subsection by including further the Coulomb

interactions, which is currently under our study.
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IV. CONCLUSION

To summarize, based on the “n”-resolved quantum master equation we have presented an efficient approach to
calculating of the current noise spectrum. It overcomes the drawbacks of the classical rate equation methods and the
recently proposed quantum trajectory approach, since the former cannot account for quantum coherence, whereas
the latter seems unable to handle many-body Coulomb correlations. In practice, this approach is much simpler
and more straightforward than other well-known full quantum mechanical methods such as the Landauer-Biittiker
scattering matrix theory and the nonequilibrium Green’s function technique. These advantages have been preliminarily
illustrated by a number of examples of quantum transport through quantum dots, where the known results and new
insights are obtained in a unified and transparent way. Further application to more complicated cases is worthwhile

and straightforward, which will be the topic of our forthcoming work.

Acknowledgments

Support from the National Natural Science Foundation of China under No. 60376037, 60425412 and 90503013, the
Major State Basic Research Project No. G0O01CB3095 of China, and the Research Grants Council of the Hong Kong

Government are gratefully acknowledged.

[1] R. Landauer, Ann. (N. Y.) Acad. Sci., 755, 417 (1995).
[2] E. V. Sukhorukov, G. Burkard, and D. Loss, Phys. Rev. B 63, 125315 (2001).
[3] G. KieBlich, A. Wacker, and E. Schoell, Phys. Rev. B 68, 125320 (2003).
[4] A. Thielmann, M. H. Hettler, J. Konig, and G. Schén, Phys. Rev. B 71, 045341 (2005); A. Thielmann, M. H. Hettler, J.
Konig, and G. Schén, cond-mat/0501534; J. Aghassi, A. Thielmann, M. H. Hettler, and G. Schon, cond-mat/0505345.
[5] A. Cottet, W. Belzig, and C. Bruder, Phys. Rev. Lett 92, 206801 (2004).
[6] P. Ciambrone, M. Macucci, G. Iannaccone, B. Pelle- grini, M. Lazzarino, L. Sorba, and F. Beltram, Electron. Lett. 31,
503 (1995); H. Birk, M. J. M. de Jong, and C. Schonenberger, Phys. Rev. Lett 75, 1610 (1995).
[7] H. C. Liu, J. Li, G. C. Aers, C. R. Leavens, M. Buchanan, and Z. R. Wasilewski, Phys. Rev. B 51, 5116 (1995); A. Przadka,
K. J. Webb, D. B. Janes, H. C. Liu, and Z. R. Wasilewski, Appl. Phys. Lett. 71, 530 (1997).
[8] S. S. Safonov et al., Phys. Rev. Lett 91, 136801 (2003).
[9] A. Nauen et al., Phys. Rev. B 70, 033305 (2004).
[10] S. W. Jung, T. Fujisawa, Y. Hirayama, and Y. H. Jeong, Appl. Phys. Lett 85, 768 (2004).
[11] Ya. M. Blanter and M. Biittiker, Phys. Rep 336, 1 (2000).
[12] M. Biittiker, Physica B 175, 199 (1991).
[13] L. Y. Chen and C. S. Ting, Phys. Rev. B 43, 4534 (1991).
[14] K.-M. Hung and G. Y. Wu, Phys. Rev. B 48, 14687 (1993).
[15] A. Thielmann, M. H. Hettler, J. Konig, and G. Schén, Phys. Rev. B 68, 125320 (2003).
[16] H. Schoeller and G. Schon, Phys. Rev. B 50, 18436 (1994).
[17] M. J. M. de Jong and C. W. J. Beenakker, Phys. Rev. B 51, 16867 (1995); M. J. M. de Jong and C. W. J. Beenakker,
Physica A 230, 219 (1996).
[18] J. H. Davies, P. Hyldgaard, S. Hershfield, and J. W. Wilkins, Phys. Rev. B 46, 9620 (1992); J. C. Egues, S. Hershfield,
and J. W. Wilkins, Phys. Rev. B 49, 13517 (1994).
. N. Korotkov, ys. Rev. , .
19] A. N. K kov, Phys. Rev. B 49, 10381 (1994
[20] S. Hershfield, J. H. Davies, P. Hyldgaard, C. J. Stanton, and J. W. Wilkins, Phys. Rev. B 47, 1967 (1993);
[21] U. Hanke, Yu. H. Galperin, K. A. Chao, and N. Zou, Phys. Rev. B 48, 17209 (1993).
[22] H. B. Sun and G. J. Milburn, Phys. Rev. B 59, 10748 (1999).



13

[23] S. A. Gurvitz and Ya. S. Prager, Phys. Rev. B 53, 15932 (1996).

[24] D. Mozyrsky, L. Fedichkin, S. A. Gurvitz, and G. P. Berman, Phys. Rev. B 66, 161313 (2002); S. A. Gurvitz, IEEE
Transactions on Nanotechnology 4, 1 (2005).

[25] P. Cui, X. Q. Li, J. Shao, and Y. J. Yan, cond-mat/0506477, (2005).

[26] X. Q. Li, W. K. Zhang, P. Cui, J. Shao, Z. Ma, and Y. J. Yan, Phys. Rev. B 69, 085315 (2004); X. Q. Li, P. Cui, and Y.
J. Yan, Phys. Rev. Lett 94, 066803 (2005);

[27] X. Q. Li, J. Luo and Y. G. Yang, Phys. Rev. B 71, 205304 (2005).

[28] Y. J. Yan, Phys. Rev. A 58, 2721 (1998).

[29] Since the transport circuit is closed, extra electrons arrived at the collector will flow back into the emitter via the external
circuit. This rapid relaxation processes quickly bring the reservoirs to the local thermal equilibrium state.

[30] S. A. Gurvitz, D. Mozyrsky, and P. Berman, cond-mat/ 0506558.

[31] R. Aguado and T. Brandes, Phys. Rev. Lett 92, 206601 (2004).

[32] C. W. Gardiner and P. Zoller, Quantum noise, 2nd ed. (Springer, New York, 2000).

[33] D. K. C. MacDonald, Noise and Fluctuations: an Introduction (Wiley, New York, 1962), Ch. 2.2.1.

[34] We have proved this property for the system of coupled quantum dots, which also holds for many other (but not all)

systems.



	Introduction
	 FORMALISM
	Transport Current
	Noise Spectrum

	Illustrative Applications
	Non-Interacting Quantum Dot
	Interacting QD with Zeeman Splitting
	Two Coupled Quantum Dots

	Conclusion
	Acknowledgments
	References

