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By using the finite-U slave-boson approach, we study theoretically the spin accumulation, spin-dependent
transport, and the shot noise in a magnetic semiconductor quantum dot induced by the Rashba spin-orbit
interactions (SOI) in the Kondo regime. It is shown that the Rashba SOI causes the splitting of the Kondo peak
and more conductance dips appear in the Fano-type conductance. The spin-polarized conductance indicates
two peaks locating both sides of €,=—U/2 (€, and U represent the dot level and the Coulomb repulsion,
respectively). In the large bias limit and ignoring the effect of Rashba SOI, the Fano factor can be tuned by the
direct coupling between two leads while not related to the Coulomb repulsion. It is found that the Rashba SOI
can increase or decrease the Fano factor, which depends on the dot level and the chemical potentials in both
leads. When the dot level is below the chemical potentials, the Fano factor increases in the presence of Rashba
SOI; otherwise, the Rashba SOI suppresses the Fano factor.
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I. INTRODUCTION

The electron spin is considered as an ideal candidate for
the qubit to realize the quantum computing in the future.' It
is an important issue how to control and utilize the spin to
realize the spin-polarized accumulation and transportation in
semiconductor spintronics. For a mesoscopic quantum dot
(QD) system, it is a natural idea to couple with ferromagnetic
(FM) leads or use magnetic field to produce and manipulate
the spin current.2? However, these two methods have been
considered difficult to realize in a real system. The polarized
spins in the FM lead are difficult to inject into a semicon-
ductor, and for the second proposal, one has to confine a
strong magnetic field to such a small region of a quantum
dot.* So, it will be useful to realize spin-polarized transport
just using the intrinsic property of the quantum dot but not
with the help of complex experimental conditions. Recently,
some theoretical and experimental studies are proposed to
improve the efficiency of spin polarization in transport sys-
tems based on the spin-orbit interactions (SOI).>~3

Recently, an Aharnov-Bohm (AB) ring device, in which a
QD having Rashba SOI is located in one arm, is proposed to
realize the spin-polarized transport and spin accumulation.®
The device can be considered as the minimum model to re-
alize the spin-polarized transport based on Rashba SOI in a
QD system. It is very similar to another widely studied de-
vice where a common QD is embedded in an AB ring, while
the AB phase is related to spin in the present case. In this
modified AB device, interference between the localized
states in the QD and the continuous states in the direct cou-
pling between two leads can cause asymmetric Fano reso-
nance peaks in the conductance.® At the same time, the di-
luted magnetic impurities in the QD can also induce the
Kondo effect at low temperature, which has become a long-
standing issue in the condensed matter physics.!® With the
rapid development in nanoelectronics, many kinds of QD
devices have been subtly designed to show and measure the
Kondo effect,!'-* which plays an important role on the
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transport properties at low temperature.'>'7 The coexistence
of the Fano resonance, the Kondo effect, and the spin polar-
ization in the present device is expected to yield interesting
transport phenomena. '8

Except for the spin current, the current noise characteris-
tics in a mesoscopic transport system have been paid much
attention in recent years.'2% The shot noise is caused by the
discreteness of charge particles and is unavoidable even at
zero temperature. The spectrum of the shot noise can yield
some information related to charge fluctuations and is an
important tool for studying correlations induced by different
types of interactions, which cannot be obtained only through
measuring the current. If there is no correlation between car-
riers, the current fluctuation is described by a Poissonian
distribution S=2el. For electron transport in the macroscopic
device, the current fluctuation is sensitively affected by the
Coulomb repulsion and the Pauli exclusion principle, thus,
the shot noise can be enhanced or suppressed with respect to
the Poissonian value. One usually introduces the Fano factor
F=S/2el to represent the deviation from Poissonian shot
noise for which F=1. For a spin-polarized transport system,
it has been revealed that the magnetic field can enhance the
Fano factor.”*2! However, researches on the impact of
Rashba SOI on the noise properties are still scarce.

The finite-U slave-boson approach was firstly improved
by Kotliar and Ruckenstein to deal with the Anderson single
impurity model about 20 years ago.?” Recently, this method
is introduced to study the transport through the quantum dot
systems in the finite-U case and Kondo regime.?® Together
with nonequilibrium Green’s function techniques, such an
approach allows us to obtain a set of closed formulas self-
consistently. Different from well-known Coleman’s slave-
boson approach,? this method gives a well description of the
transport through QDs with arbitrary strength of Coulomb
interaction. Moreover, the Kondo effect can be taken into
account and more information can be obtained. To date, it
has been successfully applied to some spin-polarized trans-
port cases, such as under the magnetic field, coupled with a
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ferromagnetic lead and so on.’-3? The results obtained from

this method show well agreement with the results from nu-
merical renormalized group technique and the experiments.'®
The finite-U slave-boson approach can be considered as a
powerful tool to investigate the spin-polarized transport in a
QD system.

In the present paper, we use the finite-U slave-boson ap-
proach to study the spin current and its shot noise in a quan-
tum dot induced by Rashba SOI in the Kondo regime. In Sec.
II, we give the theoretical framework and the self-consistent
equations for the present model. In Sec. III, we study the
spin-dependent transport properties numerically. Finally, Sec.
IV gives the summary.

II. THEORETICAL FRAMEWORK

We consider a modified AB ring system® where a QD is
embedded in one arm. The QD contains the Rashba SOI and
there is no Rashba interaction on the other arm of the ring.
The ring is connected to the outside world by two normal
metal leads. When a voltage V is applied across two leads, a
spin-polarized current flows through the QD. The Hamil-
tonian of the system can be written as

HZHL+HR+HD+HT. (1)
Here,
Hu = 2 6akc-;kscaks (2)
k.s

stands for the left (a=L) or the right (a=R) lead with elec-
tron energy €, and s(=1 |) is the spin index;

Hp= E de;sts + UCZJTCdTCZqul (3)
5

describes the QD with a single orbital level €; and a finite
on-site Coulomb repulsion U between electrons; and

.
Hy= 20 t1(C]Cris + ChisCras)
k,s

+ E (tdezkxcds + the_iSkRLc;kscds +H.c.) (4)

k,s
describes the tunneling among the QD, the left lead, and the
right lead. The extra spin-dependent phase skgpL
=sapm L/%?* is generated in the path by Rashba SOL® with
ag the Rashba SOI strength and L the size of the QD. It
should be pointed out that a unitary transformation is intro-
duced to second quantize the Rashba SOI. The above Hamil-
tonian is derived in a rotating frame which follows the spin
precession and then the spin is invariant. If a finite bias volt-
age is applied, the multilevel QD system with Rashba SOI
can exhibit non-Abelian gauge structures, which often give
finite non-Abelian Berry phases (also called matrix Berry
phase).” Recently, the matrix Berry phases in real space are
calculated and the possible testing scheme is also proposed
in n-type semiconductor quantum dots with the Rashba and
Dresselhaus SOL.7# A matrix Berry phase represents the mix-
ing between degenerate levels. When the applied bias volt-
age or the dot-lead coupling is much smaller than the energy
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spacing between the QD levels, the effect of the matrix Berry
phase is ignorable and the second-quantized Hamiltonian
[Eq. (1)] can be considered as a reliable approximation (see
the Appendix). In this paper, it is considered that there is
only single energy level in the QD, so the change caused by
Rashba SOI in the second-quantized Hamiltonian is the extra
spin-resolved phase iskgL.

According to the finite-U slave-boson approach, one can
use additional four auxiliary boson operators e, py(s==1),
and d, which are associated with the empty, singly occupied,
and doubly occupied electron states of the QD, respectively.
These operators can be used to describe the above physical
problem without interparticle coupling in an enlarged space
with constraints: the completeness relation E‘ijpﬁeTe
+d'd=1 and the particle number conservation condition
¢l ca=pip+did (s==1). Within the mean-field scheme, we
start with the following effective Hamiltonian:

_ T T
Hefr= 20 €akCopsCats + 2 €4CiCas + Ud'd

ks, s

¥ T T
+ E tLR(CLAsCRs + CRisCLks) + E (tLaC1isCasTs
k,s k,s

+ the_”kRLc;kscdszs +H.c.)

+ )\“)(E pjps +efe+did- 1>
+ E )\§2)(C;Scdj‘ - P:Ps - de) P (5)

where three Lagrange multipliers AV and )\Ez) (s=171) are
introduced to take account of the constraints, and in the hop-
ping term, the QD fermion operators Cjix and ¢, are ex-
pressed as zzczs and c,,z, to recover the many-body effect on
tunneling. z, consists of all boson operator sets that are as-
sociated with the physical process with which a spin s elec-

tron is annihilated:

z=(1=d'd-pip) (e’ p,+ pld)(1 - efe - plp)™'2.
(6)

From the effective Hamiltonian (5), one can derive four
equations of motion of slave-boson operators, which, to-
gether with the three constraints, serve as the basic equa-
tions. Then, we can use the mean-field approximation in the
statistical expectations of these equations, in which all the
boson operators are replaced by their expectation values. In
the wide-band limit for the leads, the resulting equations are
as follows:

2 Ip P+ e +ldP=1, (7)
N
(chead =lpP+dP, s==x1, (8)
ds
% m
EE(KLS+KRS)+2)\ e=0, )

s
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ﬁZ ’ &Z ’
E ( ) " ﬁ)(KLs’ +KRS’) + 2[)\“) - Agz)]ps =0,

o\ IDs s
s=T11, (10
and
0z,

3 Kyt Ke) + 20U+ - APl =0. (1)

Here,
KL_Y = tLd(E CIT,ksts> + tLd<E Cj;'sCLks>’ (12)

X k
while

Kpy = tgge” "5 ClisCan) + trae" (D chers). (13)
k X

The expressions of K;; and Ky, can be obtained by calculat-
ing the Keldysh Green’s function G=(w).

The quantum transport problem described by the effective
Hamiltonian can be solved by standard many-body tech-
niques. The expected values appear in the self-consistent
equations and all physical quantities discussed below can be
calculated by using the standard Keldysh nonequilibrium
Green’s function method.®?® In the following discussion, we
set ¢=krL to describe the spin precession angle caused by
Rashba SOI. Before the numerical results are presented, a
qualitative analysis may be helpful to understand the spin
broken symmetry in the present system. The effective cou-
plings between the QD and the leads can be expressed as'"

Ty = |tra— impt ptgae™®|* = |t14l* + | Tt ptgal®

+ 27pt; 4t ptRa SIN S@, (14a)
iso _ 2 2 2
Ty = |tgae™® = impty i gl* = |tral® + | 7Pt Lt 11
_zwptLdtLRth sin sQ, (]4b)

where p is the density of state in the leads. For 0 < ¢ <7, the
spin-up electron is easier to tunnel from the left lead to the
QD than the spin-down electron, but it is more difficult for it
to tunnel out from the QD to the right lead. Therefore, there
is spin accumulation in the QD and the total current is spin
polarized.

The retarded Green’s functions Gj can be obtained by
using the Dyson equation G,=g/+g'2'G’. Here, g is the
Green’s function of the system without coupling between the
leads and the QD (i.e., when f;z=1,,=1x,=0) and can be
obtained as

—imp 0 0
gw=| 0 —imp 0 , (15)
0 0 ()

where g, (w)=1/(w—€j,), with e€;=e,+ )\22). The self-
energy X' (w) can be written as
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0 LR Irds
Si(w) = 1 0 trase™% |, (16)
tLds thseisq: 0

where t; 4,=1; 42, and gy =1,z From Egs. (15) and (16), G’
can be obtained by solving Dyson’s equation G?:(gs'13
—3")~!. Then, after solving G(w), we can calculate the less
Green’s function G=(w) straightforwardly.

III. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we discuss the spin accumulation, spin-
dependent transport, and the shot noise properties for the QD
system. We suppose that the left and right leads are made
from the identical material and assume constant effective
coupling strength in the wide-band limit, I';(w)=1"g,(w)
=TI, for both spin-up and spin-down orientations. Following
the former studies,® we take the density of states p in the
leads as the energy units and take symmetric coupling
strengths as t;,=tz;=0.4 (the corresponding linewidth I’
=27pltr(ryal*=1) in the whole paper. When an external volt-
age V is applied between the two leads, the corresponding
chemical potential is taken as u;=—ur=V/2.

A. Spin accumulation in the QD

Under the framework of slave-boson approach, the four
slave Bose fields can be assumed as ¢ numbers and replaced
by their corresponding expectation values. One can obtain
the possibilities of four states in the QD and from which the
spin accumulation in the QD can be defined as A, = p%— pf,
where p% and pf represent the possibilities of single spin-up
occupied and single spin-down occupied, respectively.

First, we consider the case where the e-e Coulomb repul-
sion is ignored (i.e., U=0). Figure 1(a) gives an illustration
how the possibilities of the four states change with the en-
ergy level in the QD. As expected, possibility of the spin-
irrelevant state and empty (double occupied) state e® (d?)
increases (decreases) with the increase of €, and approaches
to 1 in the limit of high (low) level €,. In the presence of
Rashba SOI, the possibilities of two spin-dependent states p%
and pi are not equivalent anymore. Figure 1(b) illustrates the
dependence of the spin accumulation A, on the dot energy
level €, for different Coulomb interactions U=0.0, 5.0, and
10.0. For U=0.0, two peaks lie on two sides of the Fermi
energy, which are also not symmetric about €,=0. However,
only one symmetric peak appears at ;=0 where the Kondo
effect is ignored in the former studies.® The possible reason
is that different pictures are taken in two treatments: the di-
rect electronic creation and annihilate operators are taken for
the QD in the former work, while here the states in the QD
are taken as the basis vectors. For the finite U, the spin
accumulation has slightly improved and A,~ €; curve has
the same shape as the case of U=0. The valley between the
two polarized peaks locates near €,=—U/2, which is consis-
tent with the former study.® In Fig. 2, we present the depen-
dence of the spin accumulation A, versus the dot level €, for
different Rashba strengths ¢=0.0, 0.2, and 0.4. With the in-
crease of ¢, A, increases but the positions of the peaks do
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FIG. 1. (a) The possibilities of the four states p%, pf, 2, and d°
as a function of the dot level €; for U=0.0, #;=0.1, ¢=0.2, and
V=2.0. (b) The spin polarization A, as a function of €, for U=0.0,
5.0, and 10.0. The other parameters are V=3.0, t;z=0.1, and ¢
=0.2.

not change. Moreover, the spin accumulation approaches to
zero in the large or small limit of the dot level €,. The reason
is that the dot is dominated by empty state or doubly occu-
pied state in both limits. Therefore, only in the middle region
between the two limits the Rashba SOI has remarkable ef-
fects on the spin-polarized transport.
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FIG. 2. (a) The possibilities p% and pf. (b) The spin polarization
in the QD A, as a function of the dot level ¢, for ¢=0.2, 0.4, and
0.6. The other parameters are U=5.0, t;=0.1, and V=3.0.

B. Spin-dependent differential conductance

By applying the Landauer formula in the steady state, the
current flowing through the system, contributed by spin-up
or spin-down electrons, can be derived as*>?3

s=£fdwUL(w)—fR(w)]Ts(w), (17)

where f,(w) denotes the Fermi distribution function for elec-
trons in the « electrode and the transmission probability is
given by

T (w)= ; (18)
mp? A w)
with
— 2 2 2 )2
Saas (@) . (1145 + tras)
Aw) = —dilpz + 125800 (@) + 21y gty astras COS 5@ |+ —LERE ﬂlp’jd . (19)

From Eq. (17), one can obtain the components of conduc-
tance G,=dI,/dV, the total conductance G=2dI,/dV, and
the spin-polarized conductance G,=G;-G;.

In this section, we focus on the case with a finite
bias voltage. Actually, it has been proved that there is no
spontaneous spin symmetry broken at equilibrium case.®
For V=0, the spin-resolved phase caused by Rashba SOI

has the same effects as the magnetic flux in an AB ring
with a common dot. The recent experiments show the
suppression of the Kondo plateau by the Fano resonance
for large on-site Coulomb repulsion U.'*!# For the case
with finite bias voltage, spin up and spin down are not equi-
librium anymore and spin current can be induced by the
Rashba SOI.
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FIG. 3. (a) The conductance G vs the bias V for different dot
levels €, in the absence of Rashba SOI (¢=0): €,=3.0, 1.0, =2.5,
and —=5.0. U=5.0 and #;3=0.2. (b) The conductance G versus dot
level ¢, for different biases V: V=0.0, 0.5, 1.0, and 2.0. U=5.0 and
tLR=O~2~

The conductance of a normal QD embedded in an AB ring
has been widely studied numerically and
analytically.'®17-2226 Compared with the former studies, we
first present the results without taking ¢ into account, as
shown in Fig. 3. Figure 3(a) shows the conductance as a
function of the bias voltage V for different energy levels e,.
Figure 3(b) shows the dependence of the conductance on the
dot level €, for various biases V=0.0, 0.5, 1.0, and 2.0. A
Fano-Kondo plateau in the conductance is formed due to the
bias voltage, while this plateau only appears for large on-site
Coulomb repulsion U in the equilibrium case V=0.17 As V
increases further, a Kondo-type conductance peak appears
near the Fermi energy and so there are two resonance dips in
the Fano-type conductance, which accords the experiment
results.!1-14

Figure 4 illustrates the spin-dependent conductance G,
total conductance G=G;+G|, and the spin-polarized con-
ductance G,=G;—G| versus the bias voltage V. For different
Rashba interaction strengths ¢=0, 0.2, 0.5, and 1.0, the total
conductance G approaches the same value in the large V
limit. In the linear response case, the total conductance in-
creases gradually with the increase of ¢, where ¢ tunes the
coherent phase like a magnetic flux in the common AB ring.
Furthermore, as the Rashba SOI strength increases, the po-
larized conductance appears and shows peaks with the in-
crease of bias voltage V [see Fig. 4(c)]. For relatively small
¢=0.2, there are two peaks in G,~ V curve. These two peaks
start from the small and large limits of V and become close
with each other as the ¢ increases. Eventually, there is only
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FIG. 4. (a) The conductance components G; and G|, (b) the
total conductance G, and (c) the polarized conductance G1—G| ver-
sus the bias V for ¢=0.0, 0.2, 0.5, and 1.0. The other parameters are
U=5.0, t;,=0.2, and €;,=-2.5.

one conductance peak in the G,~V curve. As ¢ increases
further, the conductance difference contributed from spin-up
and spin-down transport electrons begins to decrease.

To investigate the effect of Rashba SOI on the Fano reso-

nance peaks and Kondo effect, Figs. 5 and 6 show the spin-

G.. G, (2¢’/n)

™ ©

FIG. 5. (a) The conductance components G; and G|, (b) the
total conductance G, and (c) the polarized conductance Gi—G| ver-
sus the dot level €, for ¢=0.0, 0.2, and 0.4. The other parameters
are U=5.0, t;=0.1, and V=3.0.
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FIG. 6. (a) The conductance components G; and G|, (b) the
total conductance G, and (c) the polarized conductance G—G| ver-
sus the dot level €, for V=0.0, 3.0, and 6.0. The other parameters
are U=5.0, 1;=0.1, and ¢=0.2.

dependent conductance G, total conductance G, and the po-
larized conductance G,=G;—G versus the QD level ¢, for
different Rashba interaction strengths ¢ and bias voltages V,
respectively. Figure 5(a) indicates that the spin-resolved con-
ductance G, shifts horizontally in the presence of Rashba
SOI, similar to the case in one-dimensional nanowire.>?
Compared with the case in the absence of Rashba SOI, two
new peaks appear on both sides of the Kondo peak while the
Kondo peak decreases with the increase of the bias V. As
shown in Fig. 6, the Fano resonance peaks of the total con-
ductance G are deformed more seriously for higher V. In the
nonequilibrium case V # 0, the polarized conductance G, ap-
pears and shows nonmonotonic change as a function of €,
and two peaks appear on two sides of €;=—U/2. The posi-
tions of the two peaks move farther away with the increase
of the bias V. It is interesting that both the total conductance
G and the polarized conductance G, indicate the splitting of
the Kondo peak and deformation of the Fano-Kondo plateau,
which is due to the lifting of the spin degeneracy induced by
the Rashba SOI. From the above discussion, the most direct
evidence to prove the effects of Rashba SOI is that more dips
are expected to appear in the Fano-type conductance. Actu-
ally, in the experiments,'3 it has been shown that some small
ripples are observed in the conductance, which may be the
results induced by SOL

C. Shot noise and the Fano factor

In this section, we investigate the effect of Rashba SOI on
the zero-frequency shot noise of the charge current and the
corresponding Fano factor. The charge current correlation is

S(t,1")={AL(1),AI(t")}), where I(1)=[I,(1)—Ix(1)]/2; thus,
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S=i(SLL+SRR—SLR—SRL). Due to current conservation, for
the two terminal system, there is S;;=Spr=—S;r=—Sk; In
the zero frequency. In the following, we use the component
Si=20 Z}f/ =8} +S}1+28S} =S to represent the noise of
charge current and then the Fano factor is given by 7y
=8/2el. Under the slave boson approach, the model Hamil-
tonian [Eq. (1)] reduces to a noninteracting quadratic one
[Eq. (5)], which means that S}1 =0 at this mean-field level.2*
Both the average current and the current fluctuation can be
expressed in terms of the transmission coefficient. From
Wick’s theorem, for the current fluctuation in the limit of
zero temperature, only shot noise exists and the expression
can be simplified as>

2 2
h=" | deTy(@l1-Ty(w)) 20)

The Kondo effects on the current fluctuation in different
types of QD systems are well studied.'®> The numerical
results show that the Kondo effect always reduces the Fano
factor in a single QD,?! while in the double QD system, the
Fano factor sensitively relies on the configuration of the QDs
and the coupling parameter between two dots.”* Moreover,
the shot noise for the system of an AB ring embedded with a
common QD has also been investigated in detail.”? It is
shown that the shot noise indicates more information about
the interference, which cannot be seen in the average current.

Now, we first consider the case in the absence of the
Rashba SOI, which is shown in Fig. 7. Figure 7(a) plots the
Fano factor vy as a function of bias voltage V for different
direct coupling strengths #; ;=0.0, 0.1, 0.2, and 0.5. If there is
no direct tunneling #;;=0.0, the Fano factor is suppressed
completely (y=0) in the Kondo regime in the linear response
regime V=0. In this case, it has been pointed out that the
property y=1/2 is universal in the limit of V— o whether
the Coulomb interactions are present or not.' However, with
the presence of the direct tunneling f;, between two leads,
the Fano factor 7y in the limit of V— o can be tuned by 7,
and still not related to the strength of the Coulomb interac-
tions [as shown in Fig. 7(b)]. The reason is that y=1/2 in the
large V limit is only expected for a symmetric structure,
while there are two asymmetric paths in the present AB ring
device. It is also shown in Figs. 7(c) and 7(d) that the bias
voltage can increase or suppress the Fano factor, which de-
pends on the energy level in the QD and the direct coupling
strength #;,. Corresponding to the appearance of the Kondo
conductance peak near the Fermi energy induced by the fi-
nite bias, the Fano factor near €;,=0 is suppressed by the
bias.

In the following, we study the effect of Rashba SOI ¢ on
the shot noise and the corresponding Fano factor for different
sets of coupling parameters. Figures 8(a) and 8(b) show the
shot noise components STT’ S |, and the total shot noise S
versus the dot level ¢, for different Rashba SOIs ¢=0.0, 0.2,
and 0.4. For the lifting of the spin degeneracy, Sy and S|,
are split by the Rashba SOL. It is shown in Fig. 8(b) that the
total shot noise increases with the increase of Rashba SOI for
broad range of €, Figures 8(c) and 8(d) indicate that the
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FIG. 7. [(a) and (b)] The Fano factor y versus the bias V for
different direct couplings #;p and Coulomb interactions U in the
absence of Rashba SOI (¢=0). (a) 1;=0.0, 0.1, 0.2, and 0.5. U
=5.0 and €;=-2.5. (b) U=0.0, 2.0, 5.0, and 10.0. U=5.0 and ;3
=0.2. [(c) and (d)] The Fano factor 7y versus dot level €, for differ-
ent direct couplings #; p and biases V. (c) t;=0.0, 0.1, 0.2, and 0.5.
U=5.0 and V=0.0. (d) V=0.0, 0.5, 1.0, and 2.0. U=5.0 and ;4
=0.2.

Rashba SOI ¢ can increase or decrease the Fano factor,
which depends on the bias voltage qualitatively. When the
dot level €, is higher than the chemical potentials in both
leads, the Rashba SOI decreases the Fano factor, while the
Fano factor increases for €;<< u;. The feature is quite differ-
ent from that caused by the magnetic field, though both of
them break the spin degeneracy. The magnetic field enhances
the Fano factor in a QD system?' that can be interpreted as
the fact that due to application of magnetic fields in the QD,
reduction of the Kondo-enhanced density of states decreases
the conductance or the transmission probability in the Kondo
regime. However, the Rashba SOI can increase or suppress
the Fano factor, as shown in Figs. 8(c) and 8(d). When the
dot level is above the chemical potentials in both leads, elec-
trons are difficult to transmit through the QD and the shot
noise is nearly Poissonian, but the Rashba SOI can help the
spin-up electrons to tunnel through the QD. In this case,
correlation of the tunneling events can be enhanced and the
Fano factor decreases in the presence of Rashba SOI. When
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FIG. 8. (a) The shot noise components Sy; and S| and (b) the
total shot noise S versus the dot level €, for ¢=0.0, 0.2, and 0.4.
V=3.0. [(c) and (d)] The Fano factor vy versus the dot level ¢, for
V=3.0 and V=6.0, respectively. The other parameters are U=5.0
and #;=0.1.

the dot level is below the chemical potentials, the Rashba
SOI induces spin accumulation in the QD, which makes
spin-down electrons difficult to tunnel through the QD.
Therefore, the Rashba SOI destroys the correlation in this
case and then the Fano factor increases.

IV. SUMMARY

In summary, by using the finite-U slave-boson approach,
we study the Kondo effect on the spin accumulation, spin-
dependent transport, and noise properties in a QD which
contains the Rashba SOI. The spin accumulation shows two
asymmetric peaks as a function of dot level €, around —U/2,
and the peak value at higher €, is larger due to the lower
possibility of doubly occupied state. The Rashba SOI in-
duces two more conductance peaks on both sides of the
Kondo peak in the Fano-type conductance, while the Kondo
peak is suppressed at the same time. Experimentally, more
conductance dips caused by Rashba SOI are expected to ap-
pear in the Fano-type conductance, which can be realized in
the present technology. Furthermore, for the relatively large
bias voltage, the Fano-type conductance can be deformed
seriously while the Kondo peak is less deformed. For the
spin-polarized conductance (G;-G), two peaks also appear
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which locates two sides of €;,=—U/2 and the locations of the
two peaks are determined by the bias voltage.

The effect of the Rashba SOI on the noise properties is
also discussed. The noise components S;; and S| are split by
the Rashba SOI and the total shot noise increases with the
increase of Rashba SOI for the wide range of €,. In the large
bias voltage limit, the Fano factor is equal for different Cou-
lomb interactions but can be tuned by the direct coupling
between two leads. Similar to the magnetic field, the Rashba
SOI can also lift the spin degeneracy. However, the magnetic
field always enhances the Fano factor, while the Rashba SOI
can increase or decrease it, depending on the dot level and
the chemical potentials in both leads. When the dot level is
above the chemical potentials in both leads, the spin broken
symmetry induced by Rashba SOI weakens the destructive
interference, which enhances the correlation of the tunneling
processes and the Fano factor decreases. When the dot level
is below the chemical potentials, effects of the Rashba SOI
are dominated by the tunneling events that a spin-down elec-
tron is difficult to tunnel through the QD. Therefore, the
Rashba SOI destroys the correlation and then the Fano factor
increases.
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APPENDIX

In this appendix, we give the concise derivation of the
second-quantized Hamiltonian [Eq. (1)] and discuss the ef-
fect of the matrix Berry phase on a multilevel QD which
contains Rashba SOI. In the real space, the single-particle
Hamiltonian of the QD can be given by

2 2
pitp
Hs(r) = sz* :

+V(r)+6-M(r) + Hg + Hgy.  (Al)
H, contains the kinetic and potential energies, the interaction
energy with the magnetic moment M in the ferromagnetic
leads, and the Rashba SOI Hy,+Hg,, wWhere Hp =ag(d,p,
+0,p.)/2h and Hpy=—apdp./f. It is noted that in real
space, Hp; induces a spin precession, while Hy, leads to the
intersubband mixing. During second quantizing the Rashba
SOI, the unitary transformation with the following unitary
matrix is used:®

I, x<xp

u(x) =yexpl—idkplx—x)], xp <x<xg (A2)

expl— id kg(xg—x7)], xp<x,
where kgp=agzm"/#%. Here, the Rashba SOI strength ay is
zero outside of the QD (xp<x or x<x;, see Fig. 9). It is

equivalent to choose a space-dependent spin coordinate. In
the rotating frame which follows the spin precession, the
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FIG. 9. Schematic diagram for a metal-QD-metal device con-
figuration where the QD is weakly coupled to both the leads. The
Rashba SOI exists in the central QD region (i.e., ag# 0 for x; <x
<xg). The vector M, ) denotes the permanent magnetic moments
in the left (right) lead.

spin is invariant. Under this unitary transformation, H, of Eq.
(A1) becomes

) P2+ p? P22

H =u(x) Hu(x) = =5+ V(r) - ——¢ + o M'(r) + Hp,,
‘ 2m 2m

(A3)

where M; =M, and |[M|=|Mg|, but the directional angles of

M}, are changed to (6g, pr—2¢,,), with ¢,=kgL. For the
normal metal leads, there are 6z=0 and ¢z=0. The second-
quantized form of Hg, is

Hpy= 2 130,y Cany + Hee., (A4)

m,n

where #50 =(ms'|Hg,|ns). For s’=s, this matrix element is
exactly zero. For the nondiagonal matrix elements, it can be
proved that 7 =—t,> . This interlevel spin-flip coupling is
similar to the intersubband mixing in real space.”® Despite
the interlevel spin flips, the system is still at least twofold
degenerate for any eigenstates because 7,. =—t,” . Hence, the
second-quantized form for the Hamiltonian (A1) of the

metal-QD-metal device can be written as®

— ¥ i P
H= 2 € akC qisC aks + 2 €1CunsCns + E Undn.vndms’

ak,s n.s ns,ms’

+ 2 (r:nunczmlcdnT + HC) + 2 (taknczzkxe_iSkaacdns

m,n a.k,n,s

+H.c). (AS)

In the second-quantized Hamiltonian, Hg; embodies its ef-
fect in the extra spin-resolved phase in the hopping constant
between the leads and the QD, and Hp, causes spin flips
between different energy levels.

Considering the harmonic potentials in the QD, a finite
external voltage with the form V,=¢€'x (¢ can be varied
electrically) provides a distortion of the harmonic potentials
and does not cause a spin flip but an interlevel electronic flip.
When the distortion potential and the energy scale Ep
=ay/L are comparable with the energy spacing between the
QD levels, considerable magnitude of matrix Berry phases
can be produced and it represents the mixing between differ-
ent degenerate levels in the QD.” The typical value I' of the
coupling strength between the QD and the leads is of order
10 weV."""1* The bias voltage discussed here is of order
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1-10I", which is much smaller than the typical values of the
energy spacing (of order 1-10 meV) between the QD levels.
Therefore, when the applied bias voltage is relatively low or
the dot-lead coupling is relatively weak, the second-

PHYSICAL REVIEW B 76, 045120 (2007)

quantized Hamiltonian [Eq. (1)] can be considered as a good
approximation. In our work, only single energy level is con-
sidered and so the Rashba SOI embodies its effect in the
extra spin-resolved phase in Hy.
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