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Quantum interference and spin polarization on Rashba double quantum dots embedded in a ring
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We report on the quantum interference and spin accumulation on double quantum dots with Rashba spin-
orbit coupling and electron-electron interaction based on the Keldysh nonequilibrium Green’s function formal-
ism. It is shown that Rashba spin-orbit interaction can strongly affect the conductance spectrum. By gradually
increasing the Rashba parameter from zero, Fano resonances in strong overlap regime continuously evolve to
resolve antiresonances. This transition is ascribed to the phase shift of couplings between molecular states and
the lead due to spin precession. We also show that both bias and Rashba effects strengthen the induced spin
polarization in this device. For particular energy position, up- and down-spin electron occupations can intersect
to form a crossing point. Spin polarization on different sides of this point has opposite sign in consequence.
The magnitude and direction of spin polarization are therefore controllable by tuning the dot levels and the

Rashba parameter through gates.
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I. INTRODUCTION

Spin-related phenomena in semiconductor nanostructures
are important subjects and of fundamental interest in con-
densed matter physics and material science.! In particular,
studying the spin-orbit interaction, combined with applied
external fields, to manipulate the electron spin and to gener-
ate the spin-polarized current in spintronic devices is
strongly desired.”3 Among different structures a great deal of
experimental and theoretical researches have been reported
on quantum transport properties through quantum dot (QD)
systems due to potential applications, from spintronic de-
vices to quantum information.* Control of the spin states of
electrons confined in QDs is the challenge to build these
spin-based devices.

Mechanisms inducing spin-orbit coupling in QD systems,
including both structure and bulk inversion asymmetries,
have been recently studied,’” in the hope that spin states of
electrons can be coherently controlled.®-!® Among these two
mechanisms the Rashba spin-orbit (RSO) coupling is of
more potential applicability because of its coupling strength
tunability via the interface electric field controllable by either
applied gate voltage or doping.!' A built-in asymmetric po-
tential underlying Rashba mechanism causes a moving elec-
tron to precess about the effective magnetic field. Through-
out the transport a precession angle of an electron spin is
thus generated. Quantum interference consequent on the
electron spins with different precession angles is modulated
by tunable RSO coupling strength, as expected.

A variety of coupled QD structures with sizes smaller
than electron coherence length have been achieved in meso-
scopic solid-state circuits.'? The important characteristics of
preserved coherence of electrons in QD systems, such as the
Aharonov-Bohm oscillation!*!* and the Fano effect,!>-!7
have been widely observed. The latter arises from the inter-
ference between a discrete state and the continuum,!® which
has been studied in different systems with RSO
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coupling.'*-?! For coupled double quantum dots (DQD), an
interdot coupling brings coherent hopping through tunneling
barrier between two dots, which causes the level repulsion of
DQD and meanwhile complicates the electron transport
through the system. With the tuning of interdot coupling,
interaction of Fano resonances has been discussed in
Aharonov-Bohm ring with two coupled QDs on one arm and
the other arm being considered as a reference.?” In strong
overlap regime the collision of antiresonances is observed,
and two Fano dipoles behave as a Fano quadruple. On the
way to understand the quantum interference in this strong
overlap regime when considering RSO interaction, the elec-
tron transport can be studied via the Fano effect, which has
not been studied to date. On the other hand the behavior of
electron spins on each dot and the relation in between, cor-
responding to tunable RSO effect, are also required.

In this paper we study the quantum transport through a
ring with serially coupled DQD under the influence of the
RSO interaction. For simplicity, we focus the analysis on the
conditions where spin-spin interaction is negligibly small.”3
Quantum interference arises from the electron waves passing
through different paths. For electrons in one lead, the ways
across the system to the other contain a bridge channel and
four molecular states separated by the interdot coupling and
the electron-electron interaction. Concerning the system out
of equilibrium associated with a finite bias, the spin-
dependent conductance is calculated based on the Keldysh
Green’s function formalism.?* We show that the RSO inter-
action strongly affects the resonances in conductance both in
weak and strong bias conditions. When varying the Rashba
parameter, the phases of tunneling couplings between mo-
lecular states and the lead are gradually changed, accompa-
nied with the formation of Fano antiresonances. We also
study the spin accumulation phenomenon on DQD. Above
the Kondo temperature the dots are unpolarized without ex-
ternal magnetic field, while spin-polarized occupation is
shown to exist in this device due to the combined effect of a
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FIG. 1. (Color online) Double quantum dots coupled serially to
leads, denoted as L and R, with Rashba spin-orbit coupling and
on-site Coulomb repulsion.

bridge channel and the RSO coupling. Advantageously the
spin polarization (SP) is sensitive to the level position and
the Rashba coupling strength on dots. The manipulation of
the SP, such as magnitude and direction, can therefore be
easily achieved by tuning gate voltage, which may be useful
in the design of spintronic devices.

The paper is organized as follows. In Sec. II we describe
the model and the self-consistent procedure used to obtain
the nonequilibrium Green’s functions in current expression.
In Sec. IIT we show the interference phenomena both in weak
and strong bias conditions. Differential conductance is dis-
cussed in three cases of different controlling ways of the
energy levels on two dots. In Sec. IV we show the spin
accumulation induced in this device and study the behavior
of SP as the bias and the RSO coupling strength are varied.
Then final conclusions are gathered in Sec. V.

II. MODEL

The device is illustrated in Fig. 1, where the ring-dot
structure is realized on the heterostructure confining a two-
dimensional electron gas (2DEG). In semiconductors the en-
ergy separation between single-electron levels has been re-
ported to be a considerable energy scale due to the small
effective mass. Therefore, only single energy level near the
Fermi surface is assumed to be relevant in each dot. Two
dots, with both RSO coupling and Coulomb interaction taken
into account, are connected in series and embedded in one
arm of the ring, and then attached to two normal metal leads.
Another interferometer arm is strongly opened as the refer-
ence. To maintain the transmission phase and to fix the RSO
coupling strength on this reference arm can be realized. No
interaction existing on the bridge channel is thus assumed for
simplicity. Experimentally phase-coherent transport through
this device can be achieved, and one can tune the electron
number on the dot and the couplings to the leads by using
several gates.”

We begin with the following model Hamiltonian:

where the terms
HO = E Eaklako t 2 (Sin[a'+ UniTnil)v (2)
ako io
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Hp= 2 tLR(“Zko-aRk’o + a;k’g—aLko)7 (3)
kk'o
Hp= 2t 4 (d] o+ diyd ), 4)
g
and
Hr= ? t14, 01010+ TRa, " Papyegdre +Heo  (5)
a

are explained below. The number operators for the corre-
sponding states of the dot spin and the lead spin are given by
nigzdjodig and nakazalko_aakw respectively, where the fer-
mionic operator d;,, (d},) destroys (creates) an electron with
spin 0=1,| (or o=*1) on the ith (i=1,2) dot, and a,
(al,,) destroys (creates) an electron with energy &, in the
lead a=L,R.

The first term in H, describes the leads, which are mod-
eled by Fermi sea with energy .. Each lead is filled up to
an electrochemical potential u,, and the occupation number
obeys the Fermi distribution f,(w)={exp[(w—pu,)/kgT]
+1}!. The second and third terms in H,, correspond to the
isolated dots. Each dot consists of a single level ¢; and an
on-site Coulomb repulsion with constant strength U. Note
that the dot levels are assumed to be spin degenerate since
the effect of the RSO coupling simply contributes to an extra
phase in the tunneling matrix elements, when choosing a
space-dependent spin coordinate.’® The terms Hy and H),
account for the bridge channel between two leads with cou-
pling strength #; and the hopping between two dots with
coupling strength La,dy» respectively. The last term Hy is the
couplings of the dots to the leads. For simplicity we have
assumed all the tunneling matrix elements to be spin-
independent. Owing to the RSO coupling there is a spin-
dependent phase o¢=carm*L/h> generated in the path
through the dots, with «j being the Rashba parameter and L
being the size of the DQD. Here a phase, generated during
the transport through the first dot, for the coupling between
the left lead and the first dot is gauged out by absorbing it

into the definition of the operators d;,=e'"%2d.,.

Applying the same procedure introduced in Ref. 26, we
now analyze the quantum transport property of this device
through the Keldysh nonequilibrium Green’s function tech-
nique. The charge current flowing from the left lead into the
ring can be calculated from the time evolution of the occu-
pation number for electrons in the left lead, which is written
2527

2e [ dw
I, =— ;TRe[ILdIG;]LU(w) + tLRG;Lo'(w)]’ (6)

7 h
where the lesser Green’s function G (w) correlates the
states in i and j with spin o. The spin-dependent conductance
is thus defined as G,=dI,/dV. From the kinetic equation and
the assumption of ideal leads, the lesser Green’s functions
are related to the retarded and advanced Green’s functions
through
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< “1 < a-1

G,=G,8y 8,85 Go (7)
with only two nonzero 1matlrix elements g;;}ggng’;;la
=2if (w)/mp in g g, g5 . In order to obtain the lesser
Green’s functions, the retarded Green’s functions are calcu-

lated by the Dyson equation
Go=8,+8:%,G, (8)

where the retarded Green’s function G in the local basis is a
4 X 4 matrix,

r r r
GLL(T GLRa' GLd 1

r r r r
G = GRL(J' GRR(J’ GRdlrr GRdzrr 9
NG, Gipe Gryw Graol ©)
dlLa' leO' dldlo dldzo

r
GLdZU

r r r
GdzL(T GdzRO' Gdzdlo'

Gdzdza_
The bare Green’s functions g/, in the leads with wide-band

approximation are taken in the form g/ =—imp, and g, ,  on
it

the dots can be obtained exactly by the equation of motion
method?®

w—si—U+ Uni_,,

w—Si)(w—Si—U)’

g;[.dig'(w) = ( (]0)
where p is the density of states of the leads and n,_, is the
occupation number with spin —o on the ith dot. The self-
energy neglecting higher-order terms is written as the tunnel-
ing matrix

0 tLR tLdl O
g 0 0 Irg

o) =] ,
) e 00

; (11)

la,d,

0 tga, laa, O

with TRdzzthze‘i”¢. This approximation is sufficient above
the Kondo temperature to study the Fano resonance and spin

accumulation. The occupation number in Eq. (10) is deter-
mined self-consistently by the equation?®

dw
io==1| 5=Gg (),
21T i“i

n (12)

with G, (0)=2 2if (0)|G} . (w)[*/ mp.

III. DIFFERENTIAL CONDUCTANCE

In numerical calculation we set p=1, and all the tunneling
matrix elements are simplified as constants #;=0.1, ILa,
:th2:0.4, and td1d2:0.8. The temperature is set to kgT
=0.01. The Fermi level is here set as the origin of energy,
and the energies are in units of I'= 27Tpt(21dix 1. A symmetric
bias V applied to two leads results in a chemical potential
difference so that pu; =—ur=V/2. We have determined a dis-
tinguishing point in the plot of differential conductance ver-
sus bias voltage, as shown later in Fig. 5(a). The value of
bias at this point is about V=0.2 which equals 10% of Cou-
lomb repulsion strength U=2. Below this value differential
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FIG. 2. (Color online) Conductance spectrum with weak bias
V=0.02 at (a) ¢=0, (b) ¢=m/2, and (c) ¢=m. (d) Differential
conductance with e,=¢g,=¢ for ¢=0,7/2, .

conductance differs from zero bias conductance within 1%
and is basically considered as a constant. Above this value
differential conductance departs from the constant and no-
ticeably changes with both bias and RSO coupling strength.
Therefore, we discuss the system defined in weak and strong
bias conditions by regions below and above V=0.2, respec-
tively.

A. Weak bias

Excluding the cases with level position on dots well be-
low and above the equilibrium chemical potential, an elec-
tron in lead with weak bias potential can hardly overcome
the Coulomb energy to fill an occupied state. The interfer-
ence is thus expected to arise mainly from the mixing of
electron waves through a molecular state and the bridge
channel.

Figures 2(a)-2(c) show the whole conductance spectrum
as a function of individual dot levels &, and &, for three RSO
coupling strengths ¢p=agm*L/h>=0, /2, 7. We can clearly
observe that the total conductance is strongly affected by the
RSO coupling, including the phases and the positions of the
resonances and antiresonances, which we then discuss. Con-
sider the case of zero interdot level detuning &;=¢,=¢, as
shown in Fig. 2(d). In the absence of RSO coupling two
Coulomb peaks are located at e=0 and e=-U. With phase-
coherent tunneling between two dots the single-particle en-
ergy ¢ is modified by the interdot coupling strength td1d2.29
Each Coulomb peak thus splits into two peaks associated
with the bonding and antibonding states.®® In the case of
t1r=0, two pairs of conductance peaks, with a Coulomb gap
in between, are unaffected by the RSO interaction. In present
configuration, a change in the phase difference between
bonding and antibonding resonances is here observed, when
the RSO coupling is varied. Electrons passing through two
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FIG. 3. (Color online) Differential conductance for g,=-3,
—1,1 at (a) ¢=0 and (b) Pp=r.

different pathways result in the quantum interference, which
is characterized by the Fano resonance corresponding to an
asymmetric line shape in the conductance curve. The Fano
effect at =0 in Fig. 2(d) is modified since no antiresonance
is found in the conductance. This disappearance of antireso-
nances is ascribed to the strong overlap within each pair of
Fano resonances due to the small interdot coupling strength,
which results in the mergence of antiresonances.?”> With the
coupling strength above a critical value tdld2=l.6 distinct
Fano line shapes can be observed. As ¢ increases, four anti-
resonances occur at ¢p=1 as a consequence of destructive
quantum interference, and the value of the conductance re-
mains the same at e=—1. During the spin precession on dots,
a spin-dependent phase shift takes place in dot-lead matrix
elements thze""’d’. From ¢=0 to ¢= the phase parameter
s=e7"7% of dot-lead matrix element is altered from s=+1 to
s=—1 in the complex plane for both up- and down-spin
electrons,’! which leads to a phase evolution of electron
transport through four molecular states. Each pair of Fano
resonances at ¢=1r, with opposite sign of Fano parameters,
is thus still out of phase within. Moreover, one can see that
the RSO effect offset the strong overlap, because the Fano
antiresonances are clearly resolved.

We now address the electron transport through a tunable
level, while the other is fixed at particular energy position.
Hence the conductance versus the dot level g; is plotted at
three values of e,=-3,—1,1 under the RSO interaction. In
Fig. 3(a), with ¢=0, the conductance shows the typical two-
level Fano line shapes. The Fano parameter is continuously
altered by different values of &, from the left side to the right
side of &,=—1, corresponding to negative value through zero
to positive value. In Fig. 3(b), with ¢=, the conductance
still shows the Fano line shapes. However, the Fano param-
eters change sign except the curve at e,=—1, in comparison
with the corresponding curves in Fig. 3(a). We note that in
conformity with all molecular states varied by the RSO cou-
pling, as shown in Fig. 2(d), the phases of two resonances
are here simultaneously changed from the observation on the
same sign of Fano parameters.

B. Strong bias

In addition to the coherent transport, a strong bias shifts
the energies of the electrons in two leads. The nonequilib-
rium situation, with a bias voltage u;=—ur=2 across the
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0

FIG. 4. (Color online) Conductance spectrum with strong bias
V=4 at (a) ¢=0, (b) ¢=m/2, and (¢) ¢=m. (d) Differential con-
ductance with ¢;=g,=¢ for ¢=0,7/2, 7.

ring-dot system, is built up and contributes to the electrical
current through the device. With this increase in the bias
window excited states become accessible and participate in
the transmission. Meanwhile, the charge fluctuation can oc-
cur, and the interference between molecular states is en-
larged. The mixture of various interference among bridge
channel and molecular states thus complicates the transport
through the device.

Figures 4(a)-4(c) show the whole conductance spectrum
as a function of individual dot levels &, and &, for three RSO
coupling strengths ¢=0,7/2, 7. We can clearly observe that
the total conductance here is still affected by the RSO cou-
pling and is very different from that in the weak bias condi-
tion. Consider the case £,=g,=e¢, as shown in Fig. 4(d). In
the absence of RSO coupling there are eight peaks in the
conductance curve. These peaks are distinctly located around
e=—4,-2,0,2. In each pair of peaks the energy separation is
associated with the interdot coupling and the tunneling cou-
plings of the dots to the leads. The doubled peaks are as-
cribed to the electron conduction when each molecular state
is aligned with either of leads. One can see that the maxi-
mum values of these peaks are lower than those in the weak
bias condition. With increasing ¢ the splits within pairs of
peaks decrease and the antiresonances in between form. This
transition is the same as that in Fig. 2(d) due to the s depen-
dence of couplings to the lead, except for the suppressed
Fano antiresonances at ¢p=. The change in Fano line shapes
indicates that the phase of the electron transmitting via both
bonding and antibonding states is shifted with difference 7
by the RSO coupling. In addition, the value of conductance
at e=—1, unlike weak bias, does not remain the same. We
thus study further the behavior of the conductance at this
point, as shown in Fig. 5(a). In weak bias condition,
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FIG. 5. (Color online) (a) Differential conductance at &;=¢g,
=g=-1 for ¢p=0,n/4,m/2,3m/4, . Differential conductance for
g,==3,-1,1 at (b) ¢=0, (c) ¢p=7/2, and (d) p=1.

V<0.1U, the conductance is almost unaffected by the RSO
coupling. However, the conductance with different values of
RSO coupling strength can be enhanced to two or be reduced
to zero at certain values of larger bias voltage.

Consider now the situation with a fixed level g,=-3,
—1,1. Figures 5(b)-5(d) show the conductance as a function
of the dot level g, for ¢=0,7/2,7. At ¢=0, as shown in
Fig. 5(b), the sign change of the Fano parameter, symmetric
with respect to the curve at €,=—1 in weak bias condition,
vanishes. Instead, the three curves behave similarly. Each
curve is composed of two pairs of strongly deformed two-
level Fano line shapes with opposite sign of the Fano param-
eter. Resonances above and below &,=—1 are in phase, re-
spectively, and out of phase mutually. This feature of
conductance curves shows that the phases of resonances are
no longer strongly altered by the level position &, but g
above or below &,=-1. In Fig. 5(d), with ¢=1r, the phases
of four resonances are simultaneously changed by the RSO
coupling, including the curve at e,=—1. Therefore, peaks and
valleys in Fig. 5(b) are now switched.

IV. SPIN POLARIZATION

In the absence of external magnetic field threading
through the dots, a spin-unpolarized DQD is expected, with
occupation numbers decreasing with increasing level posi-
tion. An electric field established on semiconductor hetero-
structure serves as an effective magnetic field on moving
electrons in 2DEG, and in consequence leads to a spin split-
ting. This spin splitting between up- and down-spin electrons
combined with quantum interference can bring the spin-
polarized occupation. In the succeeding analysis we show
that the spin accumulation on DQD can be induced in this
device and depends on the variation in RSO coupling
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FIG. 6. (Color online) (a) Up- and down-spin electron occupa-
tions on the second dot with £,=¢,=¢€ at ¢=m/2. Green curves are
for V=1 and red curves are for V=4. (b) Spin polarization
at ¢=m/8 for V=0.02,1,2,4. Spin polarization for ¢
=m/8,m/4,m/2,37/2 at (c) V=1 and (d) V=4.

strength, meaning that the electron spin can be manipulated
by simply tuning a gate voltage.

Figure 6(a) shows the electron occupation on the second
dot as a function of a common gate voltage £,=¢e,=¢ at
RSO coupling strength ¢=7/2. In the presence of RSO in-
teraction the spin degeneracy is lifted, and the dot is spin-
polarized with spin accumulation 7,;—n, changing with the
level position. At bias V=4, the curves for up and down
spins intersect at e=—1. The spin accumulation on the left
side of this point is positive while on the other side is nega-
tive. In addition to this crossing point, two more points
around £=0 and e=-2 in the curves at V=1 are observed.
We note that this crossing property with varied & does not
exit in the single dot case where the electron occupation of
up and down spins simply coincide when zero bias.® By
these well-separated curves for up and down electron spins, a
spin-polarized dot is here verified. Analytically the depen-
dence of spin accumulation on the RSO coupling can be
easily understood by the difference in spin-dependent cou-
pling strength. Considering first-order tunneling process ef-
fective coupling strengths between the second dot and two
leads are written as®32

_ r . —io¢|2
Tra,0= |de]gd,d,gfd,d2 +1p(= iTp)iga € o9

= |tLd1g¢rildlatdld2|2 + |7TptLRth2|2 = 2mpltfsin(¢ + o'¢p),

(13)

and
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* . r —io}|2
Trayo = |t r(= 1TP)14,84,d,0d,dy + TRaE 79|

= |le2|2 + |7TptLRtLd1g21dl(rtd1d2|2

+2mplt|sin(¢ + o), (14)

where 114 14,4,'ga,'Lr84,4,0=!l€"¢. For finite value of RSO
coupling strength and bridge channel the difference between
incoming and outgoing effective coupling strengths for up
and down electron spins leads to the spin accumulation, as
shown in Egs. (13) and (14). We then study the influence of
tunable bias and RSO interaction on the SP, defined as 7#;
= (nj—n; )/ (nyg+n;)).

Let us first consider the situation, at fixed RSO coupling
strength ¢=m/8, with different values of bias from weak to
strong condition, as shown in Fig. 6(b). SP on the DQD is
tiny, <5%, when weak bias is applied to the device. As the
value moves to strong bias region, the SP grows over 10%
and obviously varies with €. In the curves at V=1 and V
=2, there are three crossing points in negative & region. We
can clearly see that two crossing points, located at e=0,-2
when V=1, move toward each other as the bias increases.
Subsequently they collide with the central one to disappear at
about V=2.3, leaving single crossing point for larger value of
bias V=4, for example. Thus, in strong bias condition, SP
invariably changing sign at e=—1 is observed. This charac-
teristic of SP meanwhile provides the possibility for the op-
eration of spin flipping on the dot. In positive & region a
valley exists in each curve. This valley shifts to larger value
of & and becomes deeper with increasing bias. With such
small RSO coupling strength, the maximum value of SP is
found to be —25%. For larger value ¢p=7/2, the SP can even
reach —65% at V=4, as shown later in Fig. 6(d).

Now we discuss the behavior of induced SP altered by the
RSO coupling strength. Figure 6(c) shows the SP, with V
=1, as a function of € for ¢p==/8,mw/4,7/2,37/2. In nega-
tive & region one can observe that the SP fluctuates about
zero, which is consistent with the corresponding occupation
in Fig. 6(a). With increase in RSO coupling the SP increases
as well, with profile of the curve unchanged. The maximum
values of the fluctuation and the valley go from 4% to 10%
and from —16% to —40%, respectively. Once we flip ¢ with
respect to r, from /2 to 37/2, we can see clearly that the
SP totally flips with respect to zero. Hence the peak and the
valley are switched. In Grundler’s experiment,’® with a
2DEG on InAs-based heterostructure, the measured maxi-
mum value of Rashba parameter is az~0.4 eV A. By this
value of ag, ¢=m/8 corresponds to a dot size L/2
~10 nm, while ¢ can reach 5.67 with conventional gate-
defined DQD size L=300 nm. Therefore, both the magni-
tude and the flip of SP, as observed here in Figs. 6(b) and
6(c), can be realized experimentally. Concerning the case V
=4, as shown in Fig. 6(d). Two characteristics of SP, i.e.,
increase and reversal with varied ¢, exist similarly as the
case V=1 except that the fluctuations vanish and the overall
values of SP are higher.

In Fig. 6 we study the SP on the second dot, which is
affected by the RSO coupling and bias. The SP on two dots
are the same in weak bias condition and then vary when in
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FIG. 7. (Color online) Occupation difference of up spin (a) at
V=1 for ¢=m/8,m/4,m/2 and (b) at p=m/8 for V=1,2,4.

strong bias, originating from the difference in electron occu-
pation between two dots. At last we show this difference as
RSO coupling and bias are varied. The difference of up spin,
oh=n,-n;, as a function of & is plotted at ¢
=7/8,m7/4,7/2 and V=1,2,4, as shown in Figs. 7(a) and
7(b), respectively. In both figures dn is highly symmetric
with respect to e=—1. The increase in RSO coupling appears
to suppress the difference. Increasing bias, moreover, shifts
on toward the negative and causes the peak splitting, which
is ascribed to more Coulomb peaks entering the transport
window.

V. CONCLUSION

We have studied the quantum transport through a ring
with embedded DQD, in which RSO interaction and on-site
Coulomb repulsion are considered. Our analysis focuses on
quantum interference and spin accumulation, with influence
of both RSO coupling and nonequilibrium effect. For V
<0.1U, conductance in this linear response regime shows
two pairs of Fano resonances. With gradual increase of ¢
=0 to r, antiresonances are well resolved because dot-lead
matrix elements for up- and down-spin electrons are altered
by the spin-dependent phase associated with spin precession
on dots. Consequently both bonding and antibonding reso-
nances are varied with phase difference 7. For V>0.1U,
differential conductance noticeably changes with bias and
RSO coupling strength. Such large bias window leads to
more conductance peaks, when each molecular state is
aligned with either of the leads. However, the strength of
resonances is notably suppressed due to the mixture of vari-
ous kind of interference, arising from accessible excited
states. In the study of transport through the tunable &, simi-
lar Fano line shapes in conductance for fixed e,=-3,-1,1
show that the dependence of corresponding phases on &, is
strongly weakened. Instead, the dependence on &; above or
below &,=—1 is observed. Furthermore, with the help of a
bridge channel, SP on serially coupled DQD can be achieved
through the RSO interaction. We note that both of the in-
crease in bias and RSO coupling strength can strengthen this
SP. As V<<2.3, SP behaves similarly, with a fluctuation about
zero for e<0 and a deep valley for £>0, except that the
deeper valley shifts to higher energy position as bias in-
creases. As V>2.3, the fluctuation is removed, leaving a
substantial sign-changed point at e=—1. Meanwhile, SP can

235319-6
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instantaneously flip once ¢ is tuned to cross 7, which leads
to a deep valley reversed to a high peak. Therefore, we have
shown that the SP can be controlled to point along either up
or down by simply switching the dot levels and the RSO
coupling strength with respect to e=—1 and ¢=1r, respec-
tively.
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