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Theory of charge transport in a quantum dot tunnel junction with multiple energy levels
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Transport properties of nanoscale quantum dots embedded in a matrix connected with metallic electrodes are
investigated theoretically. The Green’s function method is used to calculate the tunneling current of an Ander-
son model with multiple energy levels, which is employed to model the nanoscale tunnel junction of concern.
A closed form spectral function of a quantum dot or coupled dots (with arbitrary number of energy levels)
embedded in a tunnel junction is derived and rigorously proved via the principle of induction. Such an
expression can give an efficient and reliable way for analyzing the complicated current spectra of a quantum
dot tunnel junction. Besides, it can also be applied to the coupled dots case, where the negative differential
conductance due to the proximity effect is found. Finally, we investigate the case of bipolar tunneling, in which
both electrons and holes are allowed to tunnel into the quantum dot, while optical emission occurs. We find

dramatic changes in the emission spectra as the applied bias is varied.
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I. INTRODUCTION

Recently, nanoscale quantum dots (so-called artificial at-
oms or molecules) have been extensively studied for their
potential applications in novel nanostructure devices based
on the quantum tunneling process. Such quantum dot tunnel-
ing devices include electrically driven single-photon
emitters,’»? single-electron transistors (SETs),>* and solid
state quantum bits.> Proposals have been made to integrate
these tunneling devices into circuits and apply them as bio-
sensors to detect the DNA sequence.® For such applications,
it is very important to have good control of the current-
voltage characteristics (CVC) of these devices. The CVC of
tunneling devices depend not only on the material of the
quantum dot but also on its shape, size, and location. Inter-
esting physical phenomena of such devices, including
bistable current,’ negative differential conductance,® Fano
resonance, and Kondo effect’ have been extensively investi-
gated. However, most of these studies focus on the properties
of the ground state only (one level) rather than multiple lev-
els. In realistic nanojunction devices, the consideration of
multiple energy levels is essential in order to understand
fully their CVC and the effects due to interaction with neigh-
boring quantum dots and charged defects in the local envi-
ronment.

Theoretical calculations based on the tight-binding,'?
pseudopotential,'! k-p,'? or bond-orbital method'® can pro-
vide the energy level separations and charging energies of
quantum dots. However, these calculations require the
knowledge of shape and size of the quantum dot, which is
usually difficult to obtain experimentally, since the quantum
dots are typically embedded in a matrix in most tunneling
devices. Apart from that, the tunneling rates arising from the
coupling between the quantum dots and electrodes as well as
the electron Coulomb interactions also significantly influence
the CVC of these tunneling devices.® Consequently, it is dif-
ficult to model the I-V curves of devices via ab initio
methods.'*1
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Although the energy level separations and charging ener-
gies of individual quantum dots have been reported in many
SET experiments,>* both of these physical quantities of SETs
were only qualitatively estimated due to the unknown junc-
tion capacitances (which are related to the location of indi-
vidual quantum dots between electrodes and the geometry of
quantum dots). Recently, tunneling current spectra of an
STM-tip and/or quantum dot tunnel structure have been stud-
ied experimentally.'®-2> Because the shell-filling and shell-
tunneling conditions of a quantum dot significantly influence
the probability for resonant tunneling through each indi-
vidual energy level, it is difficult to identify the origin of the
peaks observed in tunneling current spectra without a reli-
able theoretical guidance.'®?> To analyze the complicated
tunneling spectra in these measurements, it is desirable to
have a simple yet reliable formula that allows one to deter-
mine the CVC characteristics associated with the multiple
energy levels involved and the interplay of the intralevel and
interlevel Coulomb interactions.

We have employed the Anderson model with arbitrary
energy levels to describe the strongly correlated system, as
shown in Fig. 1. The tunneling current through the quantum
dots can be obtained via the nonequilibrium Green’s function
method.>??* Such a method has been extensively used to
investigate the Coulomb blockade and the Kondo effect on
the tunneling current through the ground state of a single
quantum dot.”? In a previous article,® we reported a closed
form expression for the spectral function, which can be used
to reveal the current spectra of not only a single dot but also
coupled quantum dots. We found that specific evaluation of
both the two-particle occupation number as well as the
single-particle occupation number is important for determin-
ing the probability of each resonant-tunneling channel. In the
present paper, we provide a more detailed description of the
above study and give a mathematically rigorous proof to the
formulas derived via the principle of induction. Furthermore,
we investigate the case of bipolar tunneling, in which both
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FIG. 1. (Color online) Schematic energy diagram for a quantum
dot junction of concern. I'; and 'y denote, respectively, the tunnel-
ing rates for electrons from the source to the quantum dot and from
the quantum dot to the drain (which is grounded). (a) System with-
out bias and (b) System with forward bias. (c) System with reverse
bias.

electrons and holes are allowed to tunnel into the quantum
dot, while optical emission occurs. We also calculate the con-
sequent optical emission due to the bipolar tunneling and we
find that dramatic changes in the emission spectra occur as
the applied bias is varied.

II. ELECTRON TUNNELING CURRENT

We start with the following Hamiltonian for describing
the system of a metal/quantum dot (nanostructure)/metal
double barrier junction, as shown in Fig. 1:

H=2 ekaka-ﬂaka,B+EE€d€ad€o-

k,o.8

+_ 2 U€]d€ rd{74 jo! ](r’+ 2 Vk,ﬁ,eaz,u’,ﬂdﬁﬂ'
(jUU ko.p.l

+ 2

k,o,B.4

ﬁ€d€ k.o, (1)

where az’m P (axq.p) creates (annihilates) an electron of mo-
mentum k and spin o with energy ¢, in the 8 metallic elec-
trode. d},a (d¢,) creates (annihilates) an electron inside the
quantum dot with orbital energy £y, U, ; describes the on-site
interlevel Coulomb energy between levels € and j, and V) g
describes the coupling between the band states of electrodes
and quantum dot states. The Hamiltonian given by Eq. (1) is
based on the Anderson model with multiple energy levels.®?
The tunneling current can be expressed as>?

2e d
> | S tte s

Fe,L(f)Fe,R(E)
Fe,L(G) + Fe,R(E)

where f;(€) and fx(€) are the Fermi distribution functions for
the left and right electrodes (source and drain), respectively.
The chemical potential difference between these two elec-
trodes is related to the applied bias, u;—ug=eV,. I'¢ ;(€) and
Lo r(e)[Ty =272V pi[*S(e—€)] denote the tunneling
rates from the quantum dot to the left and right electrodes,

Im Gy ,(e), (2)
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respectively. The notations e and % denote the electron
charge and Plank’s constant. The expression of Eq. (2) is
nothing but the Landauer formula,?’” which is valid even
though on-site Coulomb interactions are taken into account.
The detailed derivation of Eq. (2) is similar to that of Ref.
28. For simplicity, these tunneling rates will be assumed to
be energy and bias independent. Note that the tunneling rates
can be calculated numerically.?® Therefore, the calculation of
tunneling current is entirely determined by the spectral func-
tion of A=Im G} (€), which is the imaginary part of the
retarded Green’s functlon Gy (€.

The expression of retarded Green’s function G’ ,(€) can
be obtained by solvmg the equation of motion for Ge D=
—-i0(0){dy (1), de ,(0)}), where 6(¢) is a step function, the
curly brackets denote the anticommutator, and the angular
bracket (---) means “thermal average.” The equation of mo-
tion method has been used to investigate charge transport
through the Anderson model.>3! In Ref. 30, the differential
conductance of electron transport through quantum dot with
multiple levels and a constant Coulomb interaction was in-
vestigated based on the linear-response theory. Their treat-
ment corresponds to Beenakker’s approach, which calculates
the distribution function of N electrons in a quantum dot
using the detailed balance equations.’?> Here, we derive the
spectral function for a QD tunnel junction with arbitrary
number of energy levels by solving the equations of motion
directly.

The Fourier transform of Gj (¢) is given by

G} (€)= f Gy (1) ", 3)

with 7 as a positive infinitesimal number. After some tedious
algebraic operations, rigorous solution to G} ,(€) in the Cou-
lomb blockade regime can be obtained by solving a hierar-
chy of equations of motion, relating Gy, to two-particle
Green’s functions, Gy ,(€), which in turn is related recur-
sively upward to the 2M-particle Green’s function, G%,,(€).
For the fully occupied configuration, the corresponding
Green’s function G%,,(€) can be solved immediately due to
the self-termination of the hierarchy of equations of motion,
since a fully occupied configuration can no longer be linked
to a different configuration with more particles. By keeping
the two-particle correlation functions associate with the same
level, we can obtain neat closed form expressions for all
Green’s functions involved. The detailed derivations (which
are proved rigorously via the principle of induction) are
given in Appendixes A and B. We obtain

Ne,—a'l_[ Cj
. j
GZM: B s (4)
(= Ug - ZZ Ug))
J

where u,=e—-E;+i(I'g;+1"¢2)/2 and U, denotes the intra-
level Coulomb energy in level . N;_,=(n;_,) and c;
=(n;_,n; ;) denote the one-particle and two-particle average
occupancies in the level j. Here and henceforth, H]f means
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taking the product of terms labeled by j with j=1---M, ex-
cluding €.

G;,(f(e) = H (C/i] + l;] + C])GEM/H Cl
j J

3M—1
P
=Np_g 2 — 22—, (5)
el M= Ug—TI

and

Gro(@ = (BN, + )G (e

3M—1
Pm
=(1-Ng_p) 2 —"=
' m=1 Iu’f,_H
3M—1
Pm
+Np_ > — 22— (6)
T = U =11

m

i;, and l;j are the operators that put a factor b,
=1-N¢_s» a;j=1-(N;,+N;_,)+c;, and b;=N;,+N;_,
—2c; in the numerator and increase the value of the denomi-
nator by Uy, 2U;j, and Uy, respectively when acting on a
fractional function. For example, l;j(f/ g)=(b;f)/(g+Uy)).
The operators d; and b ;» when acting on a term describing the
state with two particles in level j, have the physical mean-
ings of removing two particles and one particle, respectively,
from that state; thus, converting the state into zero-particle
(with probability a;) and one-particle (with probability b))

where by, a

states. Similarly, l;g has the physical meanings of removing
one particle from a state, in which the level € has been oc-
cupied by one electron, and converting it into an empty state
with probability by=1-N,_,. Note that the expression of by
is different from b; and the two-particle removing operator
a, does not exist. This is because level € is the designated
level in which the electron transport is considered. Thus, it is
not physically meaningful to consider the transport through a
state in which the level ¢ is doubly occupied. Consequently,

the operator 13,3 will only act on a state in which the level € is
singly occupied. Namely, level € can be either empty (with
probability 1-N, _,) or occupied by one electron (with prob-
ability Ny) when we consider an electron tunneling through
that level.

In the above expressions, II,, in the denominator denotes
the sum of Coulomb interactions seen by a particle in level €
due to other particles in configuration m, in which each level
Jj(j#€) can be occupied by zero, one, or two particles. On
the other hand, the numerator p,, denotes the probability of
finding the system in configuration m. For a two-level (M
=2) system (€ # j), the two-particle Green’s function G ,(€)
contains three configurations with different occupancies in
level j, while always keeping level € occupied with one elec-
tron. The three corresponding terms have numerators p;=a;
=1-(N; ,+N,_s)+{n; n;_,) (the probability with no par-
ticle in level j), p,=b;=N; ,+N;_,—2(n; ,n;_,) (the prob-
ability with one particle in level j), and py=c;=(n; .1, _,)
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(the probability with two particles in level j). Meanwhile, the
denominators contain Coulomb energies: I1,=0, II,=U,
and II;=2U,;, respectively. For a three-level case (€#
#j'), there are nine (3 X 3) configurations for different oc-
cupancies in levels j and j'. The corresponding numerators
(probability factors) are given by the expansion of the prod-
uct (a;+b;+c)(a;+by+c;). Namely, py=aa;, p,=b;a;,
p3=abj, py=cjaj, ps=cpa;, pe=bbj, pr=c;b;r, pg=c;ib;,
and po=cjc;. The denominators contain the following inter-
level Coulomb interaction factors: I1;=0, [L,=U; II;
= U(g’jr, H4= 2U€’j, HSZQU{/J!, H6: U(’,j+ Uf,j” H7=2U(,j
+U€,jr, HSZZU({J!'FU{J, and H9=2U€’j+2U(’jr. Based on
these simple rules, the probability factors and interlevel Cou-
lomb interaction factors for any number of energy levels can

be similarly determined by applying the product of operators

(a j+l; ;+¢;) on the fully occupied configuration, as described
in Eq. (5). It is worth noting that the sum of probability
factors p,, for all configurations associated with arbitrary
number of levels is always equal to 1, resulting from a sum
rule obeyed by Gy ,(€). From Eqs. (4)-(6), we see that the
probability of finding the system in each configuration is
determined not only by the average one-particle occupancy
but also by the average two-particle occupancy. It should be
pointed out that for two particles occupying different levels,
we still adopt the approximation {(n¢ ,n; ;) =N ,N; ., effec-
tively ignoring the correlation of electrons occupying differ-
ent levels. This is consistent with the Hartree—Fock approxi-
mation adopted in the Coulomb blockade regime and it will
not lead to unphysical tunneling current as it would other-
wise occur had we also assumed (n; ,72; _)=N; ,N; _.

Ny, and ¢, in the above equations can be obtained by
solving the following equations self-consistently:

N, = Jd_fre,LfL(f)+re,RfR(6)
o~

T F(’,L+F€,R

Im Gy ,(e), (7)

o= f d_€F€,lfL(5) + ' rfr(€) Im G (e). )

0 Fep+ Tk

The values of Ny, and ¢, are restricted between 0 and 1.

III. UNIPOLAR TUNNELING CURRENT

The fluorescence microscopy and spectroscopy based on
cadmium selenite (CdSe) nanoparticles are invaluable ana-
lytical tools in biomedical research.3*3* Consequently, it is
important to clarify the electronic structure of a single CdSe
QD. We now apply our theory to study electrical transport in
a single-electron transistor made of a CdSe QD and metallic
leads.?> Because the electrodes are biased at V, and Vs the
one-particle energy levels E, in the CdSe QD are changed to
E¢+a.eV,+a,eV,. The dimensionless scaling factors «, and
a, depend on the position and shape of quantum dots and
satisfy a,=1 and a,=1. V, denotes the applied gate voltage
just tuning the energy levels of a single dot but not inject any
carriers from the gate electrode to the QD. Throughout the
paper, the system is assumed at zero temperature. In the for-
ward bias regime, three one-particle energy levels of the
CdSe QD are used for modeling the tunneling spectra. The
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FIG. 2. (Color online) Tunneling current [in the units of Jy=e
X (meV)/h] as a function of the applied bias V, at zero tempera-
ture. The relevant parameters are «=0.61 and I';=I'p,=1 meV. The
corresponding differential conductance dJ/dV, is also shown for
comparison (the sharp peaks).

chemical potentials of both the left electrode and right elec-
trodes are assumed to be 0.78 eV below the ground state
energy level E; at zero bias. Meanwhile, we choose E,—E;
=0.236 eV, E3—-E;=0.456 eV, U;=0.137 eV, U;,=U,,
=0.122 CV, U2=007 eV, U3=006 eV, U1’3=U3’1
=0.1 eV, and U,;=U;,=0.04 eV. These physical param-
eters were determined by considering their possible physical
range and the best agreement between the calculated and
measured tunneling spectra. We note that the p-like level is
sixfold degenerate (including spin) due the symmetry of the
spherical QD. The coupling strength between the left elec-
trode (or the right electrode) and the p,- or p,-like orbital is
weak. Therefore, only p.-like orbital has been included,
which is labeled by E,, while E5 denotes one of the d-like
orbitals that is strongly coupled to the leads.

Occupation numbers N, and ¢, are obtained by solving
the coupled equations [Egs. (7) and (8)]. Once they are de-
termined, we can calculate the tunneling current by substi-
tuting Eq. (6) into Eq. (2). Figure 2 shows the tunneling
current as a function of the applied bias at zero temperature
and zero gate voltage. For simplicity, we have adopted the
following energy and bias independent tunneling rates, I';
=I"x=1 meV. The tunneling current exhibits a staircaselike
plateaus, arising from the well-known Coulomb blockade ef-
fect (including both intralevel and interlevel interactions).
The length of each plateau indicates the energy level separa-
tion of adjacent resonant channels. The height of each step in
the staircase indicates the probability strength of the resonant
channel, which is determined by the one-electron and two-
electron occupation numbers. To further analyze and resolve
the current spectra, the differential conductance defined as
dJ/dV, is also plotted near the bottom in Fig. 2. The first
eight peaks arising from the resonant channels are € =FE|,
62:E1 + Ul’ 63=E2, 64:E1 + Ul + U12, E5=E2+ U2, 66:E2
+U, =E+U;+2U,,, and eg=E,+U,+U,. These differ-
ential conductance peaks have a Lorentzian shape of width
(I',+T')/2, which reveals the broadening of resonant chan-
nels. However, it is difficult to directly determine these im-
portant physical parameters by experiment because of the
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FIG. 3. (Color online) Tunneling current as a function of the
gate voltage at V,=10 mV for various ratios of I';/T's: (a) 0.2, (b)
0.4, (c) 1, (d) 5, and (e) 10. I'y is fixed at 1 meV.

inhomogeneous broadening caused by other factors.

To examine the whole functionality of the SET, the tun-
neling current as a function of the gate voltage for various
tunneling-rate ratios and at V,=10 mV is plotted in Fig. 3.
The tunneling current exhibits an oscillatory behavior, which
is different from the staircase behavior shown in Fig. 2.
Curves (a)—(e) correspond, respectively, I',;=0.2 meV, I';
=0.4 meV, I';=1 meV, I';=5 meV, and I';=10 meV. I'y
is fixed at 1 meV. In shell-tunneling condition I'; /T'; <1, the
strengths of peaks arising from the E;+U,, E,+2U,+U,,
and E3+2U,3+2Uy;+ U are weaker than those of peaks aris-
ing from E], E2+2U12, and E3+2U13+2U23. On the other
hand, such a trend is oppositive in the shell-filling case, i.e.,
I';/Tx>1. Many small satellite peaks are present. These
peaks result from the fact that one-particle and two-particle
occupation numbers have not yet reached one for the applied
bias. For example, increasing I'; [going from (a) to (e)], the
strengths of resonant channels E,, E{+U;+U;,, and E,
+ U, are enhanced. It is worth noting that resonant channels
resulting from the intralevel Coulomb interactions do not
disappear even though I'; /T, <1. This is attributed to carri-
ers blockaded by electrons in the right electrode, when the
energy level of the quantum dot is tuned into continuum
states below the Fermi energy of the right electrode. Note
that the assumption of energy-independent tunneling rates is
not very realistic since different orbitals have different cou-
pling strengths to the band states of electrodes. In fact, one
can measure the tunneling current spectra as functions of the
gate voltage at small bias (V,) and zero temperature to de-
termine the different tunneling rates associated with different
levels and reveal the orbital characteristics of CdSe QD if the
widths of the peaks are larger than the inhomogeneous
broadening caused by other factors.

Figure 4 shows a direct comparison of the calculated tun-
neling current spectrum with the measured one reported in
Ref. 21, where the observed differential conductance peaks
are broadened. To take into account the inhomogeneous
broadening caused by either the Coulomb interactions from
neighbor QDs or other factors, we replace each Lorentzian

function appearing in the differential conductance by a
(e

—e)? —
207 H(piN2m). fis €,

Gaussian function of the form f; exp{—
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FIG. 4. (Color online) Differential conductance as functions of
applied bias with and without the inhomogeneous broadening. For
comparison, the experimental data taken from Ref. 21 is shown on
top. Three one-particle energy levels for electrons in the QD are
considered in the modeling.

and p; denote the peak strength, resonance energy, and
broadening width, respectively. The following parameters
I'1=1 meV, TI;=0.15 meV, TI;,=3 meV, I},
=0.6 meV, I';3=15 meV, and [{3=0.375 meV are
adopted. The inhomogeneous broadening parameter is fixed
at p;=35 meV for all levels. As seen the figure, both the
positions and relative strengths of these peaks are in very
good agreement with the experimental measurement. With-
out the inhomogeneous broadening (p=0), the differential
conductance spectrum exhibits many more sharp peaks, as
shown in the lower part of the figure.

The proximity effect due to the coupling among multiple
nanoparticles placed between two electrodes were reported
in CdSe SETs.?!?236 Furthermore, negative differential con-
ductance (NDC) due to the proximity effect has been ob-
served for self-assembly Si quantum dots array. To describe
the effect of interdot Coulomb interactions on the tunneling
current, we consider the case of three weakly coupled quan-
tum dots (dots A, B, and C). Dot A is placed at the center and
dots B and C are placed at two sides of dot A. We consider a
low bias situation, where only the ground states of the three
QDs are involved. We assume the physical parameters of dot
A are the same as those of the dot considered in Fig. 2. Dot
B and dot C are identical dots with energy levels Eg=E
=E,+20 meV and intralevel Coulomb interaction Ug=Uc
=150 meV. The interdot Coulomb interactions between dot
B and dot C are disregarded due to the large interdot distance
assumed. However, the interdot Coulomb interactions, Upg
and U,c, are still appreciable and taken to be 30 meV. The
parameters here fall into the regime U, ;>AE=E;—E,. We
have shown that the two-particle occupation numbers play an
important role in such a condition.® In Fig. 5, we plot the
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FIG. 5. (Color online) Tunneling current of a three QD junction
as a function of the applied bias. In curve (a), dot B and dot C are
in the shell-filling condition with I'p;=I'c;=2 meV and I'pp
=I'c£g=0.1 meV. The dashed curve is for the tunneling current
through dot A alone (labeled J4) under the same condition as in
curve (a). In curve (b), dot B and dot C are in the shell-tunneling
condition with I'y ;=T"¢;=0.1 meV and I'y p='c p=2 meV. The
tunneling rates for dot A are I'y ;=I"4 g=1 meV in both cases.

tunneling current as a function of the applied bias for two
case: (a) dot B and dot C are in the shell-filling condition and
(b) dot B and dot C are in the shell-tunneling condition.
Curve (a) exhibits NDC when dot B and dot C are in the
shell-filling condition. Once dot B and dot C are in the shell-
tunneling condition, as shown in curve (b), the NDC behav-
ior disappears due to the suppression of interdot Coulomb
interactions for small Ng(N¢) and Ngg(Nee). To clarify the
origin of NDC, we plot the tunneling current through dot A
alone J, for the same condition as in curve (a), as the dashed
curve in Fig. 5. Here, the tunneling currents through dot B
and dot C are much smaller than J4 due to the small tunnel-
ing rates to the right lead. We focus on the case when the
applied bias is insufficient to overcome the charging energy
of any energy level. Then, the expression of G/ , has the

following simplified form:
agbc bgac

#a—Uaxp

agdc +
Ma a—Upc
bgbc }
+ - 9
ma—Usg—Uxc

where up=e—-E +i(I'y +T'sz)/2. In the beginning, the
tunneling current J, arises from electrons tunneling through
the resonant channel E, with probability (1-N, _,)agac.
The probability factor agac become reduced when some
electrons tunnel through the energy levels of Ep and E.
Consequently, J, is suppressed. The tunneling current
bounces back from the valley when more resonant channels
Ep+Upp, EA+Upc, and E, are opened at higher bias. The
decreasing of total probability of these three channels
(1-Na_o)(ag+bgac) once again suppress the tunneling cur-
rent J, when more electrons accumulate into dot B and dot C
[note that carriers tunnel not only through channel Egc) but
also through channel Eg+Ug(Ec+Uac)]. The tunneling

G) (e =(1- NA,_U)[

)
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current resumes as the channel Ej+Upg+Ujsc opens up
when the bias further increases.

IV. BIPOLAR TUNNELING

So for, we have only discussed current generated by the
electrons tunneling through resonant channels. Simultaneous
electron and hole transport can occur and it has been ob-
served in the negative bias regime.?"?? In the system consid-
ered, the Fermi level (Ef) is much closer to the lowest con-
duction state than to the highest valence state [see Fig. 1(a)].
Therefore, a small forward bias can lead to the electron tun-
neling, while the holes remain blocked [see Fig. 1(b)]. On
the other hand, a large reverse bias must be applied before
the hole can tunnel into the quantum dot, which would also
accompany the electron tunneling [see Fig. 1(c)]. Our formu-
las [Egs. (4)—(8)] presented in Sec. II remain valid for such a
situation, provided that the signs of particle energies and
interlevel Coulomb energies are properly taken care of. For
the holes, the energy levels are denoted by E, ¢, which are
defined as the difference in energy of the lowest-lying con-
duction state and the corresponding valence state of concern.
For the interlevel Coulomb energies, Uy ; will be negative for
two levels occupied by one electron and one hole and posi-
tive otherwise. Furthermore, the bipolar tunneling is accom-
panied by a radiative recombination. For the system consid-
ered in Ref. 21 under reverse bias, two-electron levels and
two hole levels need to be involved. This correspond to a
four-level system (M =4). For a hole tunneling through level
E), . while the other hole level j and electron levels 1 and 2
can be occupied by 0, 1, or 2 particles, the retarded Green’s
function is given by

GZ&U(G) = (aAhj + bhj + chj)(aAe2 + beZ + ceZ)((jel + bel + Cel)

1- Nh(,—a
e = 2Uppje+2Ucp 10+ 2U 00
Nh@,—o’

+ b
e = Unie = 2Uppje + 2U 10+ 2U o 20

(10)

and similarly for an electron tunneling through level E,;, we
have

G;f,(r(f) = (&ej +b,;+ Cej)(dhz + by + )@y + by + )
1 _Nef,—zr

Me ¢ — 2Uee,j€ + 2Ueh,l€ + 2Ueh,2€

" Ne€,—¢7 }
Met — Uee,(’ - 2Ueh,j{’ + 2Ueh,l€ + 2Ueh,2€ '
(11)

where  wo(n) 0= €.~ Eetny.c il ey et Do re]/2. Upe
(Upn,e) and U, ;¢ denote the intralevel and interlevel electron
(hole) Coulomb interactions, respectively. The signs preced-
ing these Coulomb interactions are chosen such that all U; ¢’s
are positive. Note that index j# € in Eqgs. (10) and (11) is
restricted into the same band. U, , and U, ,, describe in-
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terband electron-hole Coulomb interactions. The above ex-
pressions are based on the assumption that I, >R, ¢
where T, ;) and R, ¢ are the electron (hole) tunneling rates
and electron-hole recombination rates involving level €. The
sum of electron and hole tunneling current in the reverse bias
can be expressed as

-2 d
= 5 : ( Z_EeDCe,L(Ge) _fe,R(Ee)]Te Im Gg,e,a'(ee)
¢ a
deh r
- E[fh,L(fh) ~ fn.r(€)]T, Im Gh,(,u'(eh))7 (12)

where f,(e) and f,(€) are the Fermi distribution functions
for electrons and holes, respectively. T,
=re(h),€,Lre(h),€,R/(Fe(h)’{/’L+re(h)’e’R). Note that we intro-
duced the so-called hole electrodes in Eq. (12), which is
empty states of electron electrodes. Let us consider the case
where the energy gap of the quantum dot is E,+E,
=2.28 eV.2! Under the picture of hole electrodes, the ground
state of holes will be 1.5 eV above the Fermi energy of hole
electrodes. When the applied bias of left electron electrode is
in the regime of negative bias, such a bias appears positive
for holes in the left electrode. Because R, is typically less
than 0.01 meV for semiconductor QDs (which is much
smaller than the tunneling rates considered here), we can
safely ignore the effect of radiative recombination on the
average occupancy in the analysis here.

To describe the tunneling spectra observed in Refs. 21 and
22, some physical parameters relevant with holes and
electron-hole Coulomb interactions should be determined.
First, we adopt the energy level separation for holes as
E,,—E, ;=80 meV, which is much smaller than that
between the ground state and the first excited state of elec-
trons. The intralevel and interlevel hole Coulomb interac-
tions are Uhh,ll=160 meV, Uhh,22=140 meV, and Uhh,lz
=Up;21=150 meV. Due to the more localized wave function
for holes (as a result of heavier effective mass for the valence
band), it is expected that hole-hole Coulomb interactions
are stronger than those for electrons. Meanwhile
Ueh,11=_130 meV, Ueh,12=_120 meV, Ueh,21=_108 meV,
and U, »=-85 meV. The tunneling rates for electron and
hole energy levels are given by I',;;=0.5 meV, T',;z
=0.1 meV, TI,,;=3.0 meV, TI,,£=0.6 meV, TI,,;
=10 meV, I';;z=0.6 meV, I',,;=1.0 meV, and T,z
=0.6 meV. Figure 6 shows the calculated differential con-
ductance as a function of the negative bias. Again, we take
into account the inhomogeneous broadening effect by replac-
ing each Lorentzian function appearing in the differential
conductance by a Gaussian broadening function with width
p=35 meV. For comparison, the experimental results taken
from Ref. 21 are shown on the top of the figure. Our results
for negative bias below —2.5 V agree well with the experi-
ment. Because the experimental system is not stable in the
strong negative bias regime, Jdira?!?> did not show the tun-
neling spectra beyond —2.5 V. The complete spectra in the
high bias regime (beyond —2.5 V) should involve more than
four levels.
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FIG. 6. (Color online) Differential conductance as a function of
negative applied bias with and without the inhomogeneous broad-
ening. For comparison, the experimental data taken from Ref. 21 is
shown on top. Four one-particle energy levels in the QD (two for
electrons and two for holes) are considered in the modeling.

According to the results shown in Fig. 6, the origin of
each resonant channels can be clearly clarified. The first tun-
neling resonance corresponds to electrons of right electrode
tunneling through €, =F, | level. Once electrons are injected
into the quantum dot, holes in the left electrode are injected
into the second resonant channel of €,=E;;-U,, ;. The
broadened peaks P; and P, observed in Ref. 21 are attributed
to these two resonant channels with more negative bias elec-
trons tunnel through the third channel at 3=FE, ,— U, »;. We
also identify the subsequent resonant channels as
€&=E, 1+ Upe 11, €=Epr=Uepio, €=Ecn=Uepp, €=E.
U107 Uenp1=Uenpo,  €=E 242U, 12=2Ue 01—~ Uen 22,
and €=FE, ;. Note that the corresponding voltages of €5 and
€, almost merge together. €5 and €, are the same. Based on
the tunneling rate ratios, electrons are in the shell-tunneling
regime. On the other hand, holes are in the shell-filling re-
gime. This indicates that holes tend to remain inside the QD
during this bipolar tunneling process.

We also note that during the bipolar tunneling process, the
electron and hole can recombine to produce a single-photon
emission spectrum, which can be tuned by the applied bias.
The electrically driven single-photon source has found im-
portant application in quantum communications.’” Here we
show that the bipolar tunneling process in an STM-tip/QD
tunnel junction can produce interesting bias-dependent emis-
sion spectra of exciton complexes. For the sake of simplicity,
only a two-level model is considered in the following study.
We calculate the polarization for the spontaneous emission
process and obtain the following form:
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FIG. 7. (Color online) Emission spectra of exciton complexes
for various applied biases in a reverse bias setup. wy=E,+E;. X,
denotes the exciton emission. X~ and X* denote the emission from
negative trion and positive trion, respectively. X> denotes the biex-
citon emission.

Nyo  Ny- Ny Ny
AN —X) (13)

Plw)=\3| —+—+—+

() eh(nxo Q- Qe Qp
where A, is the Rabi frequency of an emission photon with
angular frequency of w. The emission spectrum strengths of
exciton complexes are determined by the probability factors

Nyo= Ne,trNh,—(r - <ne,—(rne,u->Nh,—(r - <nh,—0nh,u->Ne,U'

+ <nh,—0'nh,0'><ne,—ane,0'> )
NX’ = <ne,one,—a>(Nh,—0' - <nh,0nh,—0'>)

]\’X+ = <nh,0'nh,—(r>(Ne,o' - <ne,one,—a'>) s

and

NX2 = <nh,(fnh,—o'><ne,0ne,—o'>’

which correspond, respectively, to the emission frequencies
of exciton Oxo=E,|+E;—U, ;—w+il’, negative trion
QX_=E8,1 +Eh,l + Uee’“—teh’“ —w+iF, pOSitiVe trion Qx+
:Ee,1+Eh,1+Uhh,l]_2Ueh,ll_w+ir9 and biexciton Qx2
=E 1 +Ep 1+ U114 Uee,11=3Uep 11— 0+l

In the absence of particle correlation, the polarization re-
duces to P(w)=\2,N,N,/(E, +E) —w+il'). The imaginary
part of P(w) describes the emission spectra, which is shown
in Fig. 7. Emission peaks due to the exciton, negative trion,
positive trion, and biexciton are labeled by X% X-, X*, and
X2, respectively. Here we assume U,>U,,> U, since the
hole tends to be more localized than the electron due to its
heavier effective mass. Therefore, the biexciton emission
peak (transition from the biexciton to the exciton) exhibits a
blueshift from the exciton peak. Because the probability of
each emission peak is determined by the occupation num-
bers, which are sensitive to the applied bias, it leads to dra-
matic changes in intensity for various peaks as the applied
bias is varied. Such dramatic change was not observed in the
p-n junction setup, as reported in Ref. 1, because the occu-
pation number can be changed easily in that setup.
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V. SUMMARY

A multiple-level Anderson model which takes into ac-
count the intralevel and interlevel Coulomb interactions is
used to calculate the tunneling current spectra of quantum
dot tunnel junctions. The tunneling current through the
ground state and excited states of individual quantum dots
are calculated in the framework of Green’s function method.
A closed form expression of the spectral function is derived
and it provides a simple and efficient way to model the com-
plicated tunneling current behavior of a quantum dot junc-
tion.

The tunneling current characteristics as functions of the
applied bias V, and gate voltage V, are investigated. It is
found that due to the Coulomb blockade effect, the
tunneling-rate ratio can significantly influences the tunneling
current spectra of the quantum dot junction. This indicates
that the implementation of quantum dot junction should have
precise control over the position, shape, and size of quantum
dots in order to achieve the desired /V characteristics. We
also point out that the negative differential conductance can
be produced due to the interdot Coulomb interactions for a
tunnel junction involving multiple QDs sandwiched between
the metallic electrodes. Using a four-level model (two level
for electrons and two level for holes), we can identify the
origin of various peaks observed in the bipolar tunneling
current spectra, as reported in Refs. 21 and 22. Finally, we
show that the bipolar tunneling process can lead to a single-
photon emission spectrum, which can be changed dramati-
cally via the change in the applied bias.
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APPENDIX A: QUANTUM DOT JUNCTION INVOLVING
TWO LEVELS

In this appendix, we derive the retarded Green’s function
for the case with two levels. The derivations presented here
will make the rigorous proof for the general case (as pre-
sented in Appendix B) much easier to follow. We consider a
quantum dot with two levels denoted by € and j (j# €).
From the equation of motion for G} ,(t), we obtain

G o(€)=1+UGy(€) + Uy Gy _o(€) + Gy ()],
(A1)

where w=e—E+i(T'y +T¢g)/2  and Gy (o)
=<”e,—ad€,adz,o>’ tjmal©=(n; ol ody ), and Gy (e)
=(nj’(,d€’gd§‘g) are the two-particle Green’s functions which
are coupled to Gy, via the intralevel and interlevel Coulomb
interactions. I'y; and I'y ; are the tunneling rates, describing
the coupling between the quantum dot and the electrodes.
Here, we have not included the effect of particle correlation
on the tunneling rates. Such approximation is adequate for
describing the Coulomb blockade, but not the Kondo effect.’
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In this paper, we only focus on the Coulomb blockade re-
gime.

To solve Eq. (Al), we need to calculate the equation of
motion of the two-particle Green’s functions. They satisfy

(= UGy (€) =Ny _o+ Ug [G g _o(€) + Gp g (€)],
(A2)

(= Ue )Gy —o(€) =N; o+ UGy g _,(€) + Ug ;G ; {€),
(A3)

and

(1= Ue )Gl (@ =Ny + UeGlp (&) + Up Gy (€).
(A4)

N¢_sand N; , (N, _,) are the steady-state electron occupation

numbers in the €th and jth level. Note that € is not

equal to j in Egs. (A1)-(A4). Now the two-particle Green’s
functions are coupled to the following three-particle Green’s
functions: Gy, _(€)=(n¢ ot _odeody ), Gigjole)
=(n¢-oljodeod} ). and Gy, (€)=(n;_,n;,dy,dy ). The
equation of motion of the three-particle Green’s functions
will lead to coupling with the four-particle Green’s functions,
where the hierarchy terminates. Three particle Green’s func-
tions are given by

(= Ug— Ue,j)Gr?,f,j,—(r(E) =Ny _oNj_o+ Ue,szrp (AS)

(1= U¢=Ug )Gy ,(€) =N¢_oNj o+ Ug Gy, (A6)
and

(= 2U€,j) G;,j,j( €)= <nj,—o'nj,o'> + UGy, (A7)

where Gy =(n¢_un;_on j,gdg,gdzy,f) is the four-particle
Green’s function, which can be immediately solved since the
hierarchy of equations of motion terminates here. We obtain

(= Ue=2U¢ )Gy=N¢_o{nj ot o)

Consequently, these three-particle Green’s functions can be
expressed in the following closed form:

Nj—o'_cj Cj }
: N ,
m=Ue=Ug; w=Ug=2Uy;

(A9)

(A8)

G'é,f,j,—a( 6) = Nf,—o'{

where ¢;=(n;_,n;,) denotes the two-particle occupation
number in the same level j and we have used the identity
Uy,
(= Ug=Ug )= Upg=2Uy )
1 1

= - . (A10)
m=Ue=2U¢; w—-Ui=Uy;

Similarly,

. 1-N¢_,
Gé’,_j,j(f) = Cj{ -

= 2Ug

Ny
+ o } (A11)
m—Ue=2Ug;

and
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Gz,f,j,o(e) + Gz,(f,j,—a'(e)
bj + 2Cj }
m=Ue=Ug; w=Ug=2Uy;
(A12)

=N_

where b;=N, _,+N, ,—2c; denotes the probability of finding
one particle in the level j. Equation (All) describes the
mixed amplitudes for the propagation of an electron in level
¢ in the presence two other electrons in level j. Equation
(A12) describes the mixed amplitudes for the propagation of
n electron in level € with another electron in the same level
(with opposite spin) plus one more electron in level j (with
either spin). From Egs. (A9) and (A11), we observe a simple
“sum rule:” the sum of the numerators of all terms (i.e.,
probability factors of all propagators) is always equal to the
first term appearing in the right-hand side of the equation of
motion for the Green’s function, i.e., Eqs. (A5) and (A7).
The probability factors for the remaining propagators are di-
rectly related to those appearing in the higher-particle-
number Green’s functions, which are coupled to the present
one. This sum rule should always hold since all numerators
are derived from partitions of the product of two fractions for
the remaining terms. This sum rule will be very convenient
for checking the derivations and it also allows easy determi-
nation of the probability factor of the leading propagator.
Henceforth, for all the derivations below, we can determine
the numerators for the nonleading terms first (which are eas-
ily obtained via partition of a product of two fractions) and
then use the sum rule to determine the numerator of the
leading term (which would be very tedious if we try to work
out directly).
Substituting Eq. (A12) into Eq. (A2), we obtain

r a; bf
G&f(f) =N€,_U- +
m—Ue w=-Ug=Uy;
—c;}’ (A13)
mi—Ue=2Uq;

where a;=1-b;—c;=1-N; ;,—N; _,+c; is determined by us-
ing the sum rule and it denotes the probability of finding no
particle in level j. Substituting Eqs. (A11) and (A12) into the

sum of Egs. (A3) and (A4), we obtain

1-N¢_o
= Uy

- , N€ -0
Gtarl+ Gyl 9= bf{ = U= U, }
( (.j

Nf,—o :|
w=Ue=2Uq; |
(A14)

where we have used the identity
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(U€+ Ug’]-)ZCiNg’_o.
(= U )= Ug=2Uy )

1
m—Ue=2Uy;

=2¢N¢ g . (A15)

= Uy
Note that the sum of the amplitudes of all propagators in Eq.
(A14) is
b] + 2C] = Nj,l)’ + Nj,—(}"

which again satisfies the sum rule mentioned above.

Inserting Egs. (A13) and (A14) into Eq. (A1), we obtain
the final expression

3

r (1 -N, —0')
Gf,a'(e):Epk =
k=1 =1

N€,—U
= U =11,

. (Al6)

where II,=0,I1,=U;, and I1,=2U;;. p;=a;, p,=b;, and
p3=c;. This result corresponds to Eq. (6) with M=2.

According to the expression of the retarded Green’s
function of Eq. (6), we need to determine the average
occupation numbers Ny (N,_,) and Ny, which can
be calculated by Ny ,=[(de/2mi)d,dy )= and Npg
=f (de/zwi)(de’ong’_a.d},o_><, respectively.38 The lesser
Green’s functions <d€’ad20,< and <d€’a.l’l€,_adzo_>< can
be obtained by the equation of motion method®*
or the Dyson equation approach.’ In the Coulomb
blockade regime, we have (d;.d; ,)~=2f~(e)Im G ()
and  (dy e o} )= =2f (M G} (e), where f(e)
=—i[['¢(e)f(e)+ T  fr(€)]/ (T 1+ r). The above results
lead to Egs. (7) and (8), which can be used to calculate the
average occupation numbers.

APPENDIX B: QUANTUM DOT JUNCTION WITH
ARBITRARY NUMBER OF LEVELS

Now, we consider the general case with M levels
(M=2) labeled by j=1,...,M. Equations (Al) and (A2)
become

!

WG o(€)=1+UGp (&) + 2 Uy [G_o(€) + Gy (€],
J

(B1)

where the prime on the summation means that the level € is
excluded.

!

(1= UGy y(€) =N _o+ U elGlej—o(€+ Gy (6]
J

(B2)

We define the (2+n)- and (1+n)-particle (n=2M-2)
Green’s functions as

.
Gty = Pty 15, ooy o)
and
_ .. T
Gz,jl,...,jn = <”j1 njnd€,ad€,zr>’

where j,,...,j, label any n states out of the 2(M—1) states
(excluding spin up and down states in level €). Here j, is a
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composite index for energy level and spin. In general, the
(2+n)- and (I+n)-particle (n=2M-2) Green’s functions
satisfy

n
(Mz ~Ui- 2 U(?,ja) Gl

a=1

”n

=Ne_ofnj - m )+ XU Groy o (B3)
jr

and

n
r _ ceepm. ro. .
(Mz -2 Ue,ja> Gjpo, =Sy )+ UG

a=1

4

+ E UeyrGyy .y e (B4)
J!

where the “double prime” on the summation indicates that j’
is not among the n states and not in the level €. In the
n-particle state labeled by j,,...,j,, if there are m levels
occupied with two particles and the rest singly occupied, we
can label them by ji,j1s - sJmsSmsJomsts---»Jjn- We then as-
sume that the n-particle correlation function can be factor-
ized as follows

<nj . ”j,,> = Cj] . ijN2m+l . Nm

where cjl_=<n jinji> denotes the two-particle correlation func-
tion in level j; and N;=(n;) denotes the average occupancy in
state j. Note that if we made the further approximation ¢ i
=N J}N i it would then correspond to the Hartree—Fock ap-
proximation, typically adopted in the literature for studying
the charge transport of an SET. Here, we shall go beyond the
Hartree—Fock approximation by keeping the two-particle
correlation functions when the two particles occupy the same
level. They are evaluated by solving Eq. (8) self-consistently.

The 2M-particle Green’s function can be immediately
solved since the hierarchy of equations of motion terminates
there. We obtain

!
SM n€,—o‘]._[ (nj,—onj,o-)df,adz,o
J

’
Nf’_o-l—.'[ Cj
J

(B5)

(Mz— Up-22 Ue,,-)
J

where l_[j’-means taking the product of terms with subscript
j=1,....M, excluding {". c; is the probability of fining two
particles in level j. The (2M—1)-particle Green’s functions
can then be solved by substituting Eq. (B5) into Egs. (B3)
and (B4). It is convenient to redefine the (2M —m)-particle
Green’s functions as

GF.

—=G,,. .
dm Gl dam—2?

and
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Gr = Gr

= 0'»]‘_1,--~,jm71 Cofs - dopm’

where ji,...,Jj, denotes states 1---m are unoccupied while
all the rest are occupied and €,—o denotes that the state
(€,—0) is unoccupied. Following the same procedure as for
deriving Eq. (Al12), we obtain for the (2M—1)-particle
Green'’s functions

! b
E ;1,01=N€"”<ch/cj|> /jl
oy J

w=Up=22 Uy + Ug,,
J

2c;

J1

+

w—-Ug=22 U
J

= (b;, +2¢;)Ghylc;,, (B6)

and

G

’
1-N,_ N
(:,—0:<ch> /’0— + ’Gr
J

= 22 Uej m—-Uc- 22 Ug,
J J

= (Ge+ )Gy (B7)

where G, EN}}_ (rl;()’ and b i) denotes the probability of finding

one particle in level j| as defined previously. l;j (l;g) is an
operator that puts a factor b; (by=1-N;_,) in the numerator
and increases the value of the denominator by U, ; (U)
when acting on a fractional function.

To get the (2M —2)-particle Green’s function, we substi-
tute Eq. (B6) into Eq. (B3) and obtain [following the same
procedure as for deriving Eq. (A13)]

!
a.:
r — j]
Gjl_jl_Nf’_o-<]'_f[cj/cjl) ;
J

p=Ug=22 Up+ 20Uy,
J

bjl le
+ +

! !

p=Ue=22 U+ Uy py—Ug=22 Uy,
J J

= (dj1+bj1+cj1)G£M/le’ (BS)

where the two missing particles are associated with the same
level j; and the spin indices of the pair have been omitted. d;
is an operator that puts a factor a; in the numerator and
increases the value of the denominator by 2U, ; when acting
on a propagator. When the two missing particles are associ-
ated with two different levels j, and j,, we have
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' b. b, 2b; c;
- 1 J17 ]
E ijrlsjzﬂz:Ng"”[Hcj/(cjlcjz)] ! * !
10y J
= Ue=22Upj+ Uy + Uy y=Ue=22 Upj+ Uy,
j J
2¢: b; 4e;c;
+ + J1 12,
—U{—Zz U€,j+ U{/’jz /.LI—U{—ZE Ugyj
J J

= (bj, +2¢; )by, + 2¢;)Gal(c; c;).- (BY)

Similarly, substitute Egs. (B6) and (B7) into Eq. (B4) yields

1-N,_ Ny
2 _0_]1 0]_([[0/0 ) i - t~o + ([, T

T
=22 U+ Uy, m=Ug=22 U+ Uy,
J J

1-N¢_s Ny _o
+2cj| ,(’ + 2 -
-2 U w—-Ug=22 Ue,
J J

To get the (2M —3)-particle Green’s function, we substitute Egs. (B8) and (B9) into Eq. (B3) and obtain

!
a: b; b:. b;
r J17)2 J17)2
> Gjl—jl,jz,-—afNe,—u[H cil (lecjz)} , + ,
(20} J
- Ug— 22 Uf,j+2U€,jl + Ug’jz M= Ug— 22 U(’j+ Ue’jl + U&jz
j j
172 1"y 12 i\"Ja
¢j b; 2a; c; 2b] ¢j 2¢; ¢;
+ ! + ! + ! + !

—Ug—ZE U€’j+ Ug’jz /,Ll—Ug—zz Uf,j+2U€,j1 ,LLI—Ug—ZE Ug’j+ U€vj1 ,LLI—Ug—ZE Ug,j
J J J J
=(d;, +b; +¢; )by +2¢;)Ghyl(c; ;). (B11)

and

b;b;b; 2b; b c;
N, a[Hc/(c,lc,2 ,2)] ; At + - 72 73

- Ug—22 Ug,j'l‘ Ug’j] +U€,j2+ Ug’j3 = Ug—ZE U€,j+ Ug’j] +U€’j2
J J

/1 a1 ]2 02]3 U%
710203

2c bjzbj3 2bjlcjzbj3 4bjlcjzcj3
+ ! + i + !

—Ug—ZE U€’j+U(’j2+U€,j3 ,LLI—Ug—ZE U(’j+U€,j]+Ug,j3 M[—Ug—zz Uf,j+U€,j1
J J J

4c bjzcj3 4cjlc12bj3 8cjlcjzcj3

+ ! + ! + !

w—-Ug=22 Ugj+Uej, m=Uc— 2> Ugj+Uej, m=Ue— 2> Uy,
J J J

=(b +2¢; )(b +2¢; )(b +2¢; )GZM/(CJ1 i J3) (B12)

Similarly, substituting Egs. (B8)—(B10) into Eq. (B4) yields
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1-N¢_, No¢_o 1-N¢_, No_o
g T (Hc/c) L. + 2 +b; £ + ¢
1

’ ’ J1 ' ’
Ml_zz Ue] —U€—22j Ug,j —22/. Ugyj'l' U‘Z’J] /.Ll—Ug—ZEj Ug’j+U€,j1
J
]_Nf,—(r N(—U
+Cj1 , * ,
m—22/. Ugj - U«—ZE, Uy,
= (Ge+ 1)(@;, +b; +¢; )Ghylc; . (B13)

and

2 G H / b. b 1_N€,—a' N(’,—o'
= 01010002 i€, i1 72 ,u +
1

~22 U+ Uy + Uy, my=Ug=22 Upj+ Uy + Uy,

g103

[ 1-Ny_, N,

+2b ¢;, - £, + L. <
_m—22j Ugj+ Uy, M—Ue—zzj Ugj+ Uy,
[ 1-N,_, Ne_o

+2lebj2 ; 2 + e,,
| —ZZj Ugj+ Uy, Iu‘l_Uf_zzfj Ugj+ Uy,
I 1-N -0 N -o

+4cjlcj2 g’, + £ ;
| =22 Uy = Ue=22 Uy,

= (Ge+ 1)(bj, +2¢;)(b; +2¢; ) Ghyl(c; c; ). (B14)

Based on the above derivations, we can now prove the following two theorems.
Theorem 1. The (2 +n)-particle Green’s functions for m singly occupied levels and (n’ —m) empty levels [with any choice
of n' and m subject to the constraints n’ =M, 0<m<n’', and 2(M—n')+m=2+n] satisfy the following relation:

’

n n
.
E lecrl, ""jmgm’-jm+l-i171+l‘ ""jn'j H (b +2C ) H (a +b +C ) GZM Hci
Qe sy i=m+1 i=1
oy’ =m
Pk
= I —F—F. (B15)
w1 Me—Ug—1I

where levels ji,...,j, are singly occupied, levels j,.i,...,j,» are empty, and the remaining (M—n'") levels are doubly

occupied. Each term in the sum represents a “propagator” with probability p, given by the product of the corresponding
coefficients and the pole occurring at the corresponding energy I1;, which is determined by counting the occupancies of levels
associated with the configuration.

Theorem 2. The (1+n)-particle Green’s functions for m+ 1 singly occupied levels (including the level €) and (n’ —m) empty
levels [with any choice of n’ and m subject to the constraints n’ <M, 0<m<n', and 2(M —n')+m=2+n] satisfy the following
relation:

!
n

— (q€+1)H(b +2¢;) I (@) +b; +¢;)Ghy, [ 1le;
i=1

i=1 i=m+1

ImTmdm+1Im 1 -

.
2 Gf,— 0,107, ...
o a0y,

2m><3n'7m
_ E 4¢Pk + Pk _ (B16)

i o= e =Up =TI,

The above two theorems can be proved via induction. We already shown from Egs. (B6)—(B14) that Theorem 1 is valid for the
cases 2+n=2M -3 and Theorem 2 is valid for the cases 1 +n=2M —3. Assuming that case n is valid if we can show that Case
(n—1) is also valid, then the above two theorems are proved. Let us consider a (2+n—1)-particle Green’s function, which is
obtained by removing one particle from the (2+n)-particle Green’s function as described in Theorem 1. Assume that the
particle is removed from the level j,, which can be any level other than j,,,, ...,j, or €. There are two possible situations: (a)
J, does not coincide with one of the levels in j,, ..., J,, and (b) j, coincides with one of the levels in j,, ..., J,,. We first consider

245412-12



THEORY OF CHARGE TRANSPORT IN A QUANTUM DOT...

PHYSICAL REVIEW B 77, 245412 (2008)

the situation (a). Substituting Eq. (B15) into Eq. (B3) and summing over all spin indices for singly occupied levels yields

Y G
Gjro'r,jla'l, -

0,01, .., 0y,

. ’jmom’jm+ljm+1’ ’jn’jn'

m n' -1
(m Ug—zZU€j+HU€j+2E U5j+U€j)

i=1 i=m+1
m }’l, n'
X N€,—rr E <nj(7 jllrl" ](r>H C+EEU€]’P]/](rH(b +2C)H (Cl +b +C)G2M Hci
Ty Ty i=n'+1 o, j =1 i=m+1 i=1
n' -1
w- U€—22 U€,+E Upj+2 2 Uy +Ugy
j i=1 i=m+1
2m><3n'—m
Pk
X\ NeolN; 4+ N, )H(N, +*N;) H ¢ +22 UeyPrio, 2 51 [ (B17)
i=nr+1 o, k=1 Mg — U€ -tk
where P s is a permutation operator that replaces the index j’ with j,.o,. j' is a composite index for spin and orbital that runs

through all the states, which are not occupied in the (2+n—1) configuration. There are n,=2M —n—1 states available. The
permutation operator affects all the coefficients in the term that follows (i.e., p; and I1;). When j' =j,.0,, the (2+n—1)-particle
configuration considered here is coupled to the (2+n)-particle configuration, as described in Eq. (B15). When j' # j.o,, it

converts an operator l;j, to l;jr or an operator d;, to BJ-VISJ.,, thus changing the probability factor p, and the pole II,. For a

permutation with j’ labeling a singly occupied level, we obtain 2™ X 3"

m n ! nt
. . .
i Ji j; T by, ¢, C./;H S,
i=1 i=m+1 i=1

we obtain 22X 3" == propagators. We can prove that

> G =
Gjro'rvjlo-lv s j j Jn'Jn"

SmTmIme 1 m+ 1> - o
[o 0 ST

2(/71+1)><311'—m

k=1

which takes the same form as Eq. (B15). To see this, we first
show that for every propagator appearing in Eq. (B18), there
is a corresponding propagator in Eq. (B17) with the same
denominator. It is easy to see that the first term (the leading
propagator) in Eq. (B17) has the same denominator as the
term [b (T IAJ)(H”_mHa )1G5,, in Eq. (B18), which repre-
sents a conﬁguratlon of (2+n 1) particles. For all the other
terms, which represent configurations with (2+n) or more
particles, we can always find it from the product
[Hml(b +2¢;)II. erl(a +b +¢;)]1Gy, via suitable permuta-
tion of 1nd10es For example the term

m-2 n'

A r
H ]m lcjm H aji G2M
i=1 i=m+1

appeanng in Eq. (B18) can be obtained via the permutation
P, . or P in Eq. (B17). Likewise, the term

Im=1:Jr ’

pe=Ug =TI

’
—-m

propagators, while for j' labeling an empty level,

(b, +2¢))11 ), +2¢)) TI (@), + b+ ;)G

Pi (B18)

can be obtained via the permutation P j .1, FO any given
term in this group, the numerator obtained from Eq. (B17)
(not including the factor Ug’j/) is always the same as that
from Eq. (B18), since it only involves a permutation of states
and the numerator always equal to the corresponding prob-
ability factor p, for that configuration.

Next, we show that a given term in Eq. (B18), which
corresponds to a (2+n—1+n")-particle configuration (where
n” is an integer between 1 and 2M—n—1) can always be
matched by making a permutation from the product
(e, b +2¢; )H" m+1(a +b e )]G oy with n”  different
ways. For the start, it s easy to see that the term
c; (I, 2¢; )(HZ1 ne1€) Gyl ¢ Hl i¢j] in Eq. (B18) can be
matched by applylng any of the n, =2M—1-n permutations
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on the product (II%2,2c; )(II} m+1C )Gy /H” ~i¢j, in Eq. (B17)
since the ¢ operators are just plaln numbers, and they have
no effect on the denominator of the term. For the analysis
below, we are not concerned with the numerator of the term.
Thus, the presence of an d; operator will be treated as the

product of two b operators, I;j+l;j_ (the + and — indicate the

two spin states). When a l;f'l operator appears in a given

product of Eq. (B18), the permutation Pj;, with

Jj'=Jj, must be excluded since we cannot replace b by b
and produce a match. Thus, for the (2+n—1+n”) part1cle

configuration in Eq. (B17), there are (n,—n") b operators,

PHYSICAL REVIEW B 77, 245412 (2008)

” oMy 3n’=m
5 Dk
22Uyl 2 ——
o SIS me= U= 14
2m+1><3n'7m ( H(k> ) ,
= > |\ Su ) —2— B9
k=2 = Y - U1

Namely, every term labeled k in Eq. (B18) is matched from
the sum of n” terms (n” depends on k) in Eq. (B17) except
the leading term (k=1). Furthermore, the prefactor for this

term 7. 10 ¢/ must be equal to the difference in energy de-

b IR b ., appear in the product, and we must exclude the nominator between the term and the leading propagator. This
T R . . is obvious since the leading term is produced by the product
permutations with j'=j,,...,j, _,» and left with n” different A A .
. r bj ,...,b; and the term of concern is produced by the prod-
permutations. e "o
Therefore, we have shown that uct bjl ,...,b G Thus, such a term can always be written as

m n' -1 n” ’
~ P
(/.Ll Ug—22U(]+EU(j+22 Up]+U(j> (E erjr)—k ;
i=1 i=m+1 j'=1 /J’(_Uf_Hk

_ P Pi
M(f_U«‘f_Hllc M — Ug—ZE U€j+2 U€J+ E

So it introduces a coefficient —p; to the numerator of the leading propagator. Thus, the numerator of the leading propagator
becomes

(B20)

i= m+l

M 2(/11+l)><3n'—m
Neo(Nj ++N )H(N,++N I e 2 pis
i=n'+1 k=2

which can be shown to be the same as p| in Eq. (B18). Namely, the sum rule described above is satisfied. This is verified via
the relation

i=1 i=m+1

M m n'
Epli ( H CI'):N(’_G.(bjr'i'Zer) H(bjl+26h) H (aj[+bj’,+cji)
k i=n'+1

=N, a(N/ ++N

)H (Nj s+ N, ), (B21)

since aji+bji+cji=1 and bji+2C-ji=Nii’++Nii’_' Therefore, we have proved that if Eq. (B15) is valid for a (2+n)-particle
configuration with m singly occupied levels and (n'—m) empty levels, the same equation holds for a (2+n—1)-particle
configuration with m+1 singly occupied levels and (n’ —m) empty levels.

Next, we consider the situation (b) when we remove one particle from the level j,, where j, coincides with one of the levels

in j;---j,. Without losing generality, we let j.=j,. Namely, we want to prove that

E C§1"1w

Tp5 - 01

’l’ ﬂ’

m—1
— b 4 h r
Y F!: (sz+2C/z)H (a],+b],+cj,)G2M ]i!:c‘h
i= i=

i=m

(B22)

s dm=1%m= VI I me T 15 -+

is valid, provided that Theorem 1 is valid. However, since Theorem 1 is valid for any choice of configuration subject to the
constraints. We can write a equation similar to Eq. (B15) for the following (2+n)-particle Green’s function:

2 Gig

Tlaee 00

. *jm—ZUIn—Z’jrjr’-jmjm’ s *jn'jn' ’

which is for the configuration with (m—2) singly occupied levels and (n’+1-m) empty levels. Since Eq. (B22) also describes
the situation where one particle is removed from level j,,—1 (which does not coincide with one of the levels ji, ..., j,_, from
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the configuration described above, we can use the relation just proved for situation (a) as described by Eq. (B18) to prove that
Eq. (B22) is valid. Consequently, Theorem 1 is valid for any (2+n— 1)-particle Green’s function provided that it holds for any
(2+n)-particle Green’s function.

To prove Theorem 2, we consider a (1+n—1)-particle configuration, in which the levels ¢, j,, and j,,...,j, are singly
occupied, j,..1,---,J, are empty, and the rest of the M levels are doubly occupied. Here we only consider the situation where
Jj» does not coincide with one of the levels in j;,...,j,, [i.€., situation (a) as discussed above for proving Theorem 1].
Substituting Egs. (B15) and (B16) into Eq. (B4) for this configuration yields

.
Y Gr=sjogon

0,0, 0,

I mT e ma1s -+ ndn’

m n' -1
(/‘l’l 22 Ufj + E U€] +2 2 Ufj + U(j ) N{,—U E <n’jr0'rnj10'1 o jm m> H &
i=m+1 0T s,

m i=n'+1

’
n

+ U, (b +2c; )H(b +2c)) IT Gi+5,+c) Ghy e+ G+ 2}., Uf‘j,f’j,,jror
i=1

i=m+1

n' !
n

H(b +2€)H (d; +b +¢) |Gy Hci

i=m+1 i=1

n' -1
(Mz 22, U€,+2U(,+22 U€,+U€J) H(N,++N )H ¢

i=m+1 i=n'+1
2m+1><3n'—m , 2m><3n’—m
Pk A A Pk
+2U€ E —+(q€+ 1)22; U&'rP-r ; E - —— |, (B23)
o1 Me=Ue=TI; P R e

where P]r J, is a permutation operator that replaces the index j" with j,o,. j’ runs through all the states (including spin) that are
not occupled in the (1+n—1) configuration, excluding the level €. (j'=1,...,n,; n,=2M-n—1) Substituting Eq. (B19) into
Eq. (B23), we obtain

-
2 G€,— 0., 0]10; -

T Oy

IO timats -+ dn'Jn!

m n' -1 m M
( w - 22 Upj+ Z Up;+2 2 Ugj + Uej) WN; ++N; DI W o +N; 0 T e
i=1

i=m+1 i=n'+1
2m+l><3n’—m p’ 2m+l><3n —-m "(k) p,
k ~ k
+U| 2 [+ 2\ 2 Uy
ot M= Ue=1Ig k=2 S Y we-u-1g

n' -1 m M
(m 2>, Uf,+2 Upj+2 2 Uy, +Uej) Ny o+ N DI o+ N, O 1T ¢
i=m+1 i=1 i=n'+1

"(k)

, gmlygn’=m n" (k) ’ '
cu—0 LS (E U€]> qePi (U(+2 Uh)L . (B24)

we—Ue =11} =2 i=1 e =10, i=1 we—Up—1I;

Using the partition of product of fractions, we obtain

!

m n
r (A A A N A
E0’,,(7'1,...,0',,” Gjr”rsjl”b vjmoirlvjtrl+ljn1+l’ >jn’jn’ - (q( + 1)(bjr + 2cjr) [!: (b/t + 2cji) . F[] (aji + bjt + Cji)
= 1=n

n' 2(m+l)><3n'7m , ,
qePx P
r —
w /o |odle = 2 { " a—v,-1 |
i=1 k=1 Mg — 1 = Ug— 1

which takes the same form as Eq. (B16). The sum rule can also be easily verified since
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, , N pi
2 (qe+ Dpp =N 2 pi=(N; o+ N, DIV, L +N; )+ U, —
k k i=1 me—Ug— H]

The situation (b) (i.e., when j, coincides with one of the levels in j;---j,) can be similarly proved by adopting the same
argument as in proving Theorem 1. Therefore, Theorem 2 is also proved. Using Theorems 1 and 2 and take the limit n=0
(m=0 and n’=M-1), we immediately obtain the final expression for the two-particle and one-particle Green’s functions as

given in Egs. (5) and (6).
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