Chin. Phys. B Vol. 23, No. 10 (2014) 107103

Influence of electron—phonon interaction on the properties of
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Electronic transport through a vibrating double quantum dot (DQD) in contact with noncollinear ferromagnetic (FM)
leads is investigated. The state transition between the two dots of the DQD is excited by an AC microwave driving field.
The corresponding currents and differential conductance are calculated in the Coulomb blockade regime by means of the
Born—-Markov master equation. It is shown that the interplay between electrons and phonons gives rise to phonon-assisted
tunneling resonances and Franck—Condon blockade under certain conditions. In noncollinear magnetic configurations,
spin-blockade effects are also observed, and the angle of polarization has some influence on the transport characteristics.
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1. Introduction

With the development of nanotechnology, nanomechan-
ical systems are drawing considerable interest because they
provide a good platform for studying electron transport phe-
nomena in the sphere of modern mesoscopic physics. One
of the most interesting nanomechanical systems is composed
of two quantum dots connected serially or in parallel by
leads. In a double quantum dot!'l system it is easy to
change both the splitting of energy levels and the rate of
the electron tunneling to the leads by varying the gate volt-
age. The transport properties of the DQD system have been
extensively studied in recent years, both theoretically*!
and experimentally.[*~4] Both electron—electron interaction,
which gives rise to Coulomb blockade, and strong electron—
phonon!">~1"1' (EP) coupling often influence the transport
through the DQD system. An intriguing phenomenon known
as the Franck—Condon effect!?*-??! has been observed in sus-
pended carbon nanotubes (CNTs) due to the EP coupling. The
Franck—Condon blockade can lead to a negative differential
conductance!>*-23! when the bias voltage exceeds the phonon
frequency.

In the past few years, spin-dependent transport through
nanoelectromechanical systems has been a hot topic. Typical
examples include quantum shuttles,?*-28! spin valves,[2°-31]
and double-dot structures. >4 Tt has been demonstrated that
these structures are ideal systems for studying the fundamen-
tal interplay between electrons and spins. A typical system is
a DQD coupled to two ferromagnetic leads that in most cases
have collinear magnetization directions and the same spin-
polarization. Compared with the collinear case, richer phys-
ical effects have been obtained in the noncollinear case.!3>-3¢]
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For example, both the exchange effect and effective field in-
duced by a nonlocal interface exchange have to be taken into
account. It has been found that the exchange field increases
the differential conductance for DQD coupled to FM with a
noncollinear alignment of magnetizations. Moreover, the ex-
change effect has several potential applications in quantum in-
formation processing because of the convenience of control-
ling magnetic fields in arbitrary directions.

In this paper, we study the spin-dependent transport prop-
erties of a DQD system connected to leads with arbitrary po-
larization directions. In the F-DQD-F system, a vibrational
mode is coupled to each dot. There is a splitting of energy
levels between the two dots of the DQD, and we apply an AC
microwave field with a frequency of @y to excite the state tran-
sition in the DQD. As shown below, some interesting phenom-
ena, including negative differential conductance and phonon-
assisted tunneling, are observed in the dI/dV characteristic
curves. This is different from a recently published article
(Ref. [2]) that has shown the differential conductance disap-
pearing in the case of asymmetric energy levels.

The rest of this paper is organized as follows. In Sec-
tion 2, we present the F-DQD-F model and derive its effective
Hamiltonian. In Section 3, we employ an efficient particle-
number-resolved master equation approach to derive a general
formalism for both the spin-dependent currents and the dif-
ferential conductance. The numerical results are presented in
Section 4, followed by the conclusion in Section 5.

2. Model description

A schematic view of the system under study is shown in
Fig. 1. The total Hamiltonian of the whole system is given by
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Hiot = Hicads + Hpop + HR + HT + Hing, (D
where
Hieads = Z gakclkccakﬁv 2
ako

describes the ferromagnetic electrodes.!"! g clTkG) is the
electron annihilation (creation) operator with momentum &,
and spin ¢ =1 or |.

resonator

Fig. 1. (color online) Schematic diagram of a DQD connected to ferro-
magnetic electrodes. Under each quantum dot, a nanomechanical resonator
(NMR) and another static plate form a capacitor, which provides a capaci-
tive coupling between the oscillating NMR and the DQD. The energy level of
each dot is tunable by varying the gate voltage V,; applied to the dot through
the capacitor. In addition, two localized states in the DQD, with energy level
difference nicy are driven by an AC microwave field.

The FM electrode is characterized by the spin-dependent
density of states gqs(®). Because the density of states is
energy-independent, the FM polarization of the electrodes can
be simply determined by a parameter, which satisfies 0 < py <
1 (po, = 0 corresponds to metal electrodes, py = 1 corresponds
to half- metallic electrodes).

The Hamiltonian of the DQD is given by

W
Hpgp = Z {70'26 + Q05 + Qpcos (0gt) O'x(;} , (3

c

s
—da|sq10
and O, = a;c,am +a16a26 are the Pauli matrices with

a}LG (azd) the electron annihilation (creation) operator in the

which is driven by a microwave field; 6, = a5 a26

left (right) quantum dot and with spin ¢; and £ is the cou-
pling strength between the two dots, in the third term €29 and
@y, respectively, denote the driving amplitude and frequency
of the applied microwave field.

The Hamiltonian for the resonator is given by

Hg = onb'b, 4)

where the eigenmode is described by a quantum harmonic res-
onator with the bosonic creation operator ' and annihilation
operator b.

We chose a symmetric electron—phonon coupling con-
stant A;, = Ag = 4, so the coupling between the phonon and
the electron in the DQD is described by

Hi =AY (a{cam + agcaz(;) (b* +b), (5)
o

where the electromechanical coupling strength is A = Ny,
and the tunneling Hamiltonian is

6
Hr = Z (.Qlkcclkgam—|—.Qrkc,crk0a2(;cos2

ko
" 0
— 0855020 SN 5 +h.c. (6)

where Q) is the coupling strength between the QD and the
left lead (right lead).

Because the dynamics of the DQD, the NMR, and the
coupling between them have different time scales, it is difficult
to directly analyze the coupled system. So, we first eliminate
the coupling between the DQD and the NMR with a Lang—

1 t i
Firsov transformation’’=%1 Ug = ¥ en(a"’a“’ﬂz"az") (v'-5)
(e}
on the whole system, and the transformed Hamiltonian is
given by
H' = UsHinUq{

p
= Z EakCyroCako
ako

+ Z K* —-n CUm) azcazc - (% Jrnza),n) aIGalc}

+ (2 + Qycos (wgt)) Z (G+O-BTB + G_(,BTB)

c

+ O)Ianb + Z {QlkTCFMalTB + Qlklc;kﬂliB
k

0 . 0
+ Q1 cos ECZkTaZTB — Ly sin ECIWQZTB

0 . 0 .
+ Q| cos Ecr}kla%B + Qe sin EclmauB +h.c. }, 7

where @y denotes the energy-level splitting of the DQD,
Ot = O'L, = a;(;alg is the ladder operator, and B =

exp[-n (b"—b)].
In the next step, we employ a unitary transform

(1
17 ; O-ZO't)

to change the Hamiltonian to a rotating frame. Under rotating

Ur = exp (—

wave approximation, the resulting Hamiltonian is given by

f — i3y oty
=1 dr R+ R R

_ J
= Hgys+ Z EakCyroCako
oko

. 4
QuclayB =
+zk:{ 1kClip @1t exp<1 > >

' N0
+ .Qlkc:kiauBexp (12dt>

+ Qe cos rk¢a2TBeXP

— Qe sin Crk iamBexp ( t)

t

t)—!—hc.}, (8)

+Q kcos > rkla%Bexp
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with

A
I'Isys = Z|: < +1n w&n) aysD26

(o2
A
()]
t Qo t
+ b b+ Q+7 Y 0.B'B, 9)
(e}

where A = wy — @y is the driving frequency detuning the mi-
crowave field from the transition frequency of the DQD.

3. Formalism

In this section, we consider the DQD weakly coupled to
ferromagnetic leads in the Coulomb blockade regime, and use
the particle-number-resolved master equation approach!#0411
within the Born—-Markov approximation for the calculation of
the spin-dependent currents and differential conductance.

3.1. Born-Markov master equation

The non-equilibrium dynamics of the coupled NMR-
DQD system can be described by the master equation for
the reduced density matrix, which can be approximated as
Prot () = Pa (1) @ Pph @ Preads- By tracing out the leads and
the phonons, the DQD density matrix can be obtained:

d .
apd(t) = IZ[ ( +n wm) a3
A
+ < -n a)m> algalo'apd:|
Q
“i(P o) MEoap
o
+ Z [W1%D [ai6] pa+Wo1 D {C’Ia} Pd
o

+ WD [aia} pa+Wx D [axs] Pd} , (10
where the notation D is defined as

1
DI[A]p = ApAT — 5 [ATAp + pATA],
while A is an arbitrary operator, and M = Trpn (PphB'B) =
<BTB> is the time-independent correlation function. For equi-
librated phonons,

M = (1 _ e_ﬁboswm)z e—ﬂ2 i e_Bbosmean (,r’2)
n=0

> i e PoosOmmp (772),

m=0

where L, are Laguerre polynomials, g = n* and Bph is the in-
verse temperature of the phonon, and W, and W represent
the tunneling rates between the leads and the i-th dot (i = 1,2)
dco

Wor =

liofi (5~ n2on+0) G(o),

Wiy = _mdﬁFc{ —ﬁ(—%—nzwmtw)}F(wL

> dw 0 ., 0
g = [ 5 (Fm cos” 5 + Iy sin’ 2)
(04}
X fo (7 - nza)m+a)> G(w),
< dw 0 ., 0
=] 5 <Fw cos” 5 + T sin’ 2>

x[1- 1 (S = non+0)] F(o),

o}

where Iye = 27gac |Qa|2 denotes the spin-dependent
tunneling-induced level broadening in the case of a collinear
configuration. In addition Ijz = Iy(1+o,p) and I;s =
Iy (1 £ o,p) where sign + (—) stands for the parallel (antipar-
allel) configuration of the FM leads, and Iy = (Ig + I ) /2

denotes tunneling broadening without internal magnetization,

and fy (x) = [eﬁel (r—ta) 4 1] 1 is the Fermi function of lead
o held at inverse temperature 3 and chemical potential fi.
After using the Fourier transform of the bosonic correlation
function F (t) = F (r—1') = (B(t) B" (t')) F, (w) can be cal-
culated exactly!®!

oo n/2
F(o) = Z exp[—g (14 2N)] (1—1’\—/]\])

n=—o0

x I, (Zg\/IW) 218 (0 +nwn),

where I, is the modified Bessel function of the first kind, and
N= (eﬁph“’m - l) : is the Bose distribution with inverse tem-
perature fB,,. Note that we set 77 = kg = 1.

In the stationary case, we assume that the DQD is in
the strong Coulomb repulsion (including interdot and in-
tradot cases), such that only one single electron is allowed
in the DQD. The occupation probabilities of the DQD are
po = (0[{0]pa0)[0), pis = (0|(o|palo)|0), and prg =
(0](0[pa0)[o) with |) = [T) (or [1)).

3.2. Rate equations for the density matrix

From the master equation (10), a set of rate equations for
the corresponding density matrix pi(}g (t) can be obtained. This
density matrix gives the probability of finding » spin ¢ elec-
trons at the right lead by time ¢ The indices i, j = {0, 1,2} de-
note the different possibilities of occupation of the states of the
dots, namely: pé8> is the probability of finding both dots unoc-

cupied, pl('llzy, pz(?g are the probabilities of finding the first and

the second dots occupied, respectively; and, pl(gzy = p;f? de-
notes the off-diagonal density matrix elements (the “coheren-

cies”). The rate equations can be written as!*>43]

d (@
ap(go) —;(Wocl‘FWoz Poo +ZW10P115

+ Y wgpl?, (11
(e}

d n . QO n n
el = =i(@+ ) m[pl, - pl2)]
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n+1 n
+Wspe Y — (WS +WE)piih. (12)
d n . QO n n
ol = =i+ 5 m[pls, o)
WO' (n+l) _ WO’ WO' (") 13
+Wo2P00 (W +W5l) Pros (13)
d n . n . -QO n n
ot = —iapls, =i (2 52w [p ol
1 n
—3 (Wor +Wo%+W1%+W2%)P1(zL» (14)
d n . n . -QO n n
P = iapl i (@4 2 Y [plf, ol
1 n
—3 (Wor +Wo%+W1%+W2%)P2(12;- (15)

Equations (11)—(15) allow one to calculate the particle current
from

N ()= i) )+ {1} 0+ i1} (1) + P} (1) + P35 (1))

which gives the total number of electrons at the right electrode
at time ¢. The total charge and spin-dependent current flowing
in the system are given by

dN (1)

I (1) = =€ X [ Wiopo (1) = Wagpa, (1), as)

when
d
aPiie = 0.
With the normalization condition pg + Y. P16 + Y. P26 = | the
o o
steady-state solution of Eqs. (11)—(15) is given by

Pic = Xspo,
|:W002- Wi+ (2+ 90/2>2Ac} Xo — W5
P26 = (-Q-i--Qo/z)zAc Po,
po = (2+92/2)° AA,

x{ (Q+9Q0/2)’ A, (X1X,11)
+ [Wih+ W+ @+ 20120240 A
+ (Wi + Wiy + (@ 4+ 20/27 A,

1 La-l
X ArX, =W AL = WAty

I (1) = e = = —e L Wipo (1) = WSpao (1)), (16)  Where

t : (W + W+ W+ Wy ) M?

WS+ WG +WT+
T () = T 1 A — 01 T Woo ™ Wip T Wao
(1) =—eY |Wlpo(t)—W. 0l 17 ,
KO =B [ ()~ ) 0 T A (W W W W) /4
|
. (@ +Q0/2) AW + WS+ WS+ (2 + 20/2)° Ao W,
Y =

4. Currents and differential conductance

In the following, we present results on the currents and
differential conductance through the DQD system. For the
sake of simplicity, we assume both leads have the same spin
polarization (i.e., p = pr), and we choose B = Bpn = 100y
corresponding to a low temperatures for the electron and bo-
son. For the chemical potentials we take y, = V /2 and
Ur =—-V/2.

(i) We study the relation between transport properties and
the electron—phonon coupling. In Figs. 2(a)-2(f), the spin-
down, spin-up, and total currents are plotted as functions of
bias voltage V for different electron—phonon couplings g. Sub-
figures 2(a)-2(c) correspond to the P configuration, and sub-
figures 2(d)-2(f) correspond to the AP configuration. First,
in the P configuration, the spin-down, spin-up, and total cur-
rents all decrease with increasing electron—phonon coupling g
for a fixed applied bias. In the absence of electron—phonon
coupling, the /-V curves show a big step, and in the region
—2 <V < —1 the currents increase sharply due to resonant
tunneling. In the presence of electron—phonon coupling, the
currents decrease somewhat, and these I-V curves show a se-

(Wi -+ W85+ (@ 4+ Q0/2) A | [ WG+ WG +(2+20/2) Ao] — (2+20/2) A3

s[4 that can be viewed as the

ries of Franck—Condon step
signatures of phonon-assisted tunneling. In addition, when the
electron—phonon coupling is strong and V < —4, these I-V
curves clearly show the famous negative differential conduc-
tance phenomenon first and then the phonon-assisted tunnel-
ing features for a large negative applied bias voltage. This
happens because, for a negative bias voltage —6 <V < —4,
the currents decrease due to the Franck—Condon blockade
(phonons absorb energy from the tunneling electron); when
V < —6 the process of the phonons emitting energy to a tun-
neling electron plays a primary role to assist tunneling. Sec-
ond, in the AP configuration, the analyses of all /-V curves are
almost the same as in the P configuration, the only difference
is the spin blockade that makes all the spin currents decrease
in the AP configuration. Third, via the d//dV curve shown in
Fig. 3, the current transport can be seen in more detail. There
are many peaks located at V = £2n (n = 1,2,...) in the dif-
ferential conductance. The highest peak corresponds to the
cotunneling, other positive peaks correspond to the phonon-
assisted tunneling, and the negative peaks correspond to the
Franck—Condon blockade.
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Fig. 2. (color online) Currents / /ey, as a function of bias voltage V for different values of electron—phonon coupling g. Subfig-
ures (a)—(c) show, respectively, the spin-down, spin-up, and total current for the parallel (P) configuration, and those in panels (d)—(f)
are the corresponding currents for the antiparallel (AP) configuration. The parameters are [y = 0.1, on, =1, 0p =2, Q2 =0.2, Qy =2,
p = 0.4, and the driving detuning A = wg — wp = —1.

(a) i = —g=0.0 (b) - —g=00
0.10 O g=1.0 0.10 ‘ ------ g=1.0
I 9=20 I g=2.0
0.08 | " : 0.08 | I
0.06 | n 1 0.06 | A 1
% I parallel % I antiparallel
~ | - p=0.4 =~ - =0.4
S 0.04 I S 0.04¢ I p
0.02| 0.02} h
0 0
—0.02 —0.02 :
0-02—=3 —4 0 4 8
1%

Fig. 3. (color online) Differential conductance dI/dV as a function of bias voltage V in the (a) P and (b) AP configurations for
different electron—phonon couplings g. The parameters are the same as those in Fig. 2.
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(i1) We discuss the relationship between transport prop-
erties and spin polarization. In Figs. 4(a)—4(f), the spin-down,
spin-up, and total currents are plotted as a function of bias volt-
age V for different spin polarizations p. Subfigures (a)—(c) cor-
respond to the P configuration, and panels (d)—(f) correspond
to the AP configuration. First, in the P configuration, it can be
seen that the sign of the currents depends on the bias voltage
V. The spin-down current decreases with increasing spin po-
larization, but the spin-up current is just the opposite. For a
fixed spin polarization, the increase of spin-up current is equal
to the reduction of spin-down current, so the total current is un-
changing. Second, in the AP configuration, these currents all
decrease with increasing spin polarization for positive applied

bias. This happens because the electron spin blockade caused

0.010

0.005 s

—0.005
parallel

7\ g=1.0

Spin-down current I'
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0.01

0
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g —0.01
=
O

—0.02
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by the spin accumulation becomes bigger with increasing spin
polarization. For a small negative applied bias, the spin-down
current first increases and then decreases, but the total current
decreases as long as the spin polarization increases. When the
negative applied bias is large, the spin-down and total current
increase with increasing spin polarization. The spin-up cur-
rent decreases with increasing spin polarization, whether the
negative applied bias is small or large. For clarity, we present
the differential conductance d//dV as a function of the bias
voltage for different spin polarizations in Fig. 5. It can be
seen that in the P configuration, the differential conductance
has nothing to do with the spin polarization, while in the AP
configuration the peaks of differential conductance step down

with increasing spin polarization.
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Fig. 4. (color online) Currents //ewy, versus bias voltage V for different spin polarizations p. Subfigures (a)-(c) show, respectively,
the spin-down, spin-up, and total current for the P configuration, and those in panels (d)—(f) are the corresponding currents for the AP
configuration. The parameters are I = 0.1, oy = 1, 0y =2, 2 = 0.2, Q) =2 and g = 1.0; and the driving detuning A = @wg — wy = —1.
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Fig. 5. (color online) Bias dependence of the differential conductance d//dV in the (a) P and (b) AP magnetic configurations for
different spin polarizations p. The parameters are the same as those in Fig. 4.
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Fig. 6. (color online) Currents //ewy, versus bias voltage V for different driving strengths Q. Subfigures (a)—(c) show, respectively,
the spin-down, spin-up, and total current for the P configuration, and those in panels (d)—(f) are the corresponding currents for

the AP configuration. The parameters are Ig = 0.1, oy =1, wp =2, 2 = 0.2, p = 0.4, and g = 1.0; and the driving detuning
A=wg—wy=—1.
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(iii) The relationship between transport properties and
driving strength is investigated in detail. In Figs. 6(a)-6(f), the
spin-down, spin-up, and total currents are plotted as a func-
tion of bias voltage V for different driving strengths Q. Sub-
figures (a)—(c) correspond to the P configuration, and subfig-
ures (d)—(f) correspond to the AP configuration. The main fea-
tures found here are summarized as follows: for a fixed bias

voltage, the currents increase toward stronger driving strength;

(a)
0.02 parallel
0.01 9=10
=) b
© —0.01 -
|',.',
~0.02 l,’ T T =0
|l' """" 20=2
—0.03 \ Q=5
—8 —4 0 4 8

the steps are clearer with increasing driving strength, as shown
in the figures; and, when V < —2, the negative differential
conductance is suppressed with increasing driving strength, in
other words, the AC microwave field always assists the inter-
dot tunneling like photon-assisted tunneling for weakly driven
detuning. The dI/dV characteristic curves are influenced by
the driving strength €y, which can be seen in more detail in
Fig. 7.

(b)

0.02 antiparallel

g=1.0

0.01
% \
S ~;
= i,
b
—0.01 ) — = 2,=0
N Q=2
~0.02 | !
by 20=5
-8 —4 0 4 8

Fig. 7. (color online) Bias dependence of the differential conductance dI/dV in the (a) P and (b) AP magnetic configurations for
different driving strengths €. The parameters are the same as those in Fig. 6.

(iv) The influence of the driving detuning on the transport
properties is discussed in the following. In Figs. 8(a)-8(f),
the spin-down, spin-up, and total currents are plotted as func-
tions of bias voltage V for different driving detunings A. Sub-
figures (a)—(c) correspond to the P configuration, and subfig-
ures (d)—(f) correspond to the AP configuration. It can be seen
clearly that these figures show not only the Franck—Condon
steps but also negative differential conductance when the driv-
ing detuning A # 0. However, when the driving frequency
@y is equal to the energy-level splitting 7iax of DQD (A = 0),
these I-V characteristics show only the Franck—Condon steps.
Besides, in the region V < —5 or V > 1, the current is always
almost equal to zero when there is no AC microwave field
(A = —2) or the driving detuning is large (A = 5). The under-
lying physical mechanism can be explained as follows. First,
when A = —2, there is a dynamic localization (46471 due to the
energy level difference of DQD. For a negative applied bias
voltage V = —2, the energy level of the left (right) quantum
dot is equal to the chemical potential of the left (right) lead, so
the currents reach a maximum. And then, the currents quickly
decrease to zero because the phonons absorb energy, which is
emitted by the tunneling electron (Franck—Condon blockade).

Second, for the large driving detuning (A = 5), the tunneling

currents are suppressed because of a situation like the Raman
effect. Above all, the results show that a weaker driving de-
tuning |A| is better for the transport. The d7/dV characteristic
curves for different driving detunings A are shown clearly in
Fig. 9.

(v) We study the relationship between transport proper-
ties and polarization angle. The currents //e®y, as a function
of the bias voltage for different polarization angles are shown
in Figs. 10(a)-10(c). Subfigures (a)—(c) show, respectively, the
spin-down, spin-up, and total currents. For the collinear con-
figurations (i.e., P (6 = 0) and AP (6 = 7)), the results are
presented in the previous figures. Now, the numerical results
are shown for noncollinear magnetic configurations; in other
words, the polarization angle varies from zero to x. First, it
is clear that the spin-down current increases with the polariza-
tion angle, but the spin-up current is just the opposite. Second,
with increasing polarization angle, the total current decreases
significantly only in the region —4 <V < —2, while the total
current changes very little in other regions. This anomaly re-
sults from the interplay of nonequilibrium spin accumulation
in the dot. From the d//dV characteristic curves, it can be
seen that the transport properties are influenced by the polar-
ization angle 6 in Fig. 10(d).
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Fig. 8. (color online) Currents //ewy, as a function of bias voltage V for different driving detunings A. Subfigures (a)—(c) show,
respectively, the spin-down, spin-up, and total current for the P configuration, and those in panels (d)—(f) are the corresponding
currents for the AP configuration. The parameters are Iy = 0.1, o, =1, @ =2, 2 =0.2, 2y =2,g=1.0,and p =0.4.
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Fig. 9. (color online) Differential conductance dI/dV as a function of bias voltage V in the (a) P and (b) AP magnetic configurations
for different driving detunings A. The parameters are the same as those in Fig. 8.
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Fig. 10. (color online) Currents //e®y, and differential conductance d//dV versus bias voltage V for different polarization angles.
Subfigures (a)—(d) show, respectively, the spin-down, spin-up, total current and the differential conductance. The parameters are

=0l 0m=100=20=020)=2g=10,p=04, and A = —1.

5. Conclusion

In conclusion, we have analyzed the properties of trans-
port through a vibrating double quantum dot coupled to non-
collinear magnetized leads. The tunneling rate and the energy-
level splitting of the DQD can be changed by varying the gate
voltage. We apply a driving microwave field to the DQD sys-
tem, and it has an effect on the transition rate. Under the driv-
ing microwave field, the electron tunneling between the DQD
can be regarded as a stimulated transition or radiation that de-
pends on the positive or negative bias voltage. In the presence
of the driving microwave field and the strong electron—phonon
interaction, some interesting phenomena are observed, such as
a negative differential conductance and phonon-assisted tun-
neling occurring under certain conditions. This involves two
processes: i) the tunneling electron emits a phonon leading to
a decrease of the currents; and, ii) the tunneling electron ab-
sorbs a phonon giving rise to phonon-assisted tunneling. Fur-
thermore, the spin currents depend significantly on the spin
polarization in the regime of Coulomb blockade. Compared
with the P configuration, in the AP configuration, the varia-
tions of the spin currents have a nonlinear relation with the
spin polarization due to the Coulomb blockade. Moreover, the
polarization angle has something to do with the spin polariza-

tion,

which can change the tunneling rate nonlinearly.
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