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Spin-polarized transport through a quantum dot: Anderson model
with on-site Coulomb repulsion
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°Department of Physics, The University of Hong Kong, Pokfulam Road, Hong Kong, China
SInternational Center of Quantum Structures, Institute of Physics, Chinese Academy of Sciences, Beijing, China
(Received 19 November 2001; published 4 April 2D02

We report on a theoretical analysis of transport characteristics of a spin-valve system formed by a quantum
dot connecting to two ferromagnetic electrodes whose magnetic moments are oriented at af aitljle
respect to each other. We pay special attention to the effects of a finite on-site Coulomb relguldsing the
Keldysh nonequilibrium Green’s functions we derived a formula for the current in general terms of bias,
temperature, and the parametérsl. We have studied the local density of states and nonlinear conductance of
this device in the Kondo regime at different polarization argl®©ur results suggest that the Kondo peaks in
the local density of states and in the conductance can be modulated by

DOI: 10.1103/PhysRevB.65.165303 PACS nuntder72.15.Qm, 85.75.Mm, 73.23.Hk, 73.6%

[. INTRODUCTION devices are expected to have more interesting features in
their transport properties. The purpose of this work is to
Due to advances in materials science and nanofabricatiofurther investigate the magnetotransport behavior of FM/
techniques, magnetoelectronics and spin-electronics have bBM/FM structures.
come a realistic possibility and generated considerable recent In particular, we investigate the quantum transport char-
excitement. In these systems, coherent charge as well ascteristics of a FM/quantum dot/FM device. This system is
polarized spin are both utilized for electronic device more complicated than those studied before because trans-
function! The well-known giant magnetoresistance effectport through quantum dot®QD’s) can be dominated by the
(GMR) is such a spin-polarized electronic transport effect. Coulomb blockade effect, and important electron correlation
GMR system can be fabricated by sandwiching a nonmageffects such as the Kondo effect may arise. The Kondo effect
netic metal layer between two magnetic layees\d the elec- is a prototypical many-body correlation effect involving in-
tric current flowing through is varied by the relative orienta- teractions between a localized spin and free electtbiis.
tion of the magnetic moments of the magnetic layers. Othehas also been observed in semiconductor quantun?#dts.
practical variations of this structure can produce different~or a QD coupled to two normal leads, the physical origin of
device functions including the spin-valve transisttine spin  the Kondo effect is now well understo8t?2?*2Consider a
selective electron interferometerand nonvolatile random single spin degenerate leve} of the QD such thaty<uy
access memoryRAM).® Another interesting and important <eq+U, whereu,y is the chemical potential of the leads and
effect for spin-polarized transport is the tunneling magne-U the on-sitee-e interaction energy. An electron occupying
toresistancé TMR). A TMR device is usually presented by e4 cannot tunnel out of the QD because< uy ; at the same
combinations of an insulating) material layer sandwiched time an electron outside the QD cannot tunnel into it unless
in between two ferromagneti@M) layers! forming a FM/  the on-site Coulomb enerdy is overcome. This is the Cou-
I/FM tunneling structure. TMR devices have also shown senfomb blockade effect by which the first-order tunneling pro-
sitive magnetoresistance behavior at room tempertarel  cess is blockaded and no current flows through the QD.
one of the particular attractions of a TMR device is that itHowever, due to the Heisenberg uncertainty principle, there
carries lower current than the metallic GMR system which isare virtual higher-order co-tunneling events which can still
a helpful device characteristic. take placé?>?*py which the electron inside a QD tunnels
The high magnetoresistance in a TMR device is due to theut followed by an electron with opposite spin tunneling into
spin-valve effect by which the resistance is different dependthe QD, on a time scale 7/|uy— €4/. As a consequence, the
ing on whether the magnetization of the two FM metals ardocal spin is flipped. At low temperatures, the coherent su-
in parallel or antiparallel. Therefore, by rotating the magneticperposition of all possible co-tunneling events gives rise to
moment of one FM metal relative to the other, the current igshe Kondo effect in which the time-averaged spin in the QD
modulated by the relative angk of the two magnetic mo- is zero due to frequent spin flips: the whole system, QD plus
ments. Due to its importance, there have been many theordeads, forms a spin singlet, and a very narrow Kondo peak
ical investigations on TMR structur&s® where various located atuy arises in the local density of statdsD0OS).2
transport, structural, and device properties were examined-or a QD connected to FM leads, spin-polarized electrons
Extensions of the conventional FM/I/IFM TMR systems to are injected and it is therefore interesting to investigate the
FM/NM/FM structures have also received attention, whereKondo effect in such a FM/QD/FM device.
NM is a nonmagnetic region such as a quantum We#, In this work, we will focus on two questiongi) how is
carbon nanotub®° and even a composite structtffeof  the QD Kondo effect influenced by the spin-valve behavior
I/FM/I. Because the NM region has its own electronic struc-and vice versa®ii) what is the nonlinear conductance char-
ture which can be quite complicatéd?® the FM/NM/FM  acteristics of such an interacting TMR device? In our theory,
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FIG. 1. Schematic plot showing the TMR device considered inyyween electrodes and the quantum dot regdibie scattering
this work. The quantum dofQD) is contacted by two magnetic region:

leads through the tunneling barriers. The magnetic moments of the
leads are oriented an angtkefrom each other, and the QD-leads H = + _ +

' = €t oM)c,, C = €kaoCkaoCkao 1
couplings ard“L andFR. a % [( ko ) kao kaa] % kao“kao“kao

the Coulomb repulsion is described by the Anderson a=LR, &)

model?’ It is well known that the Anderson model for a and
Kondo impurity also describes the physics of a quantum dot. _
- He= 2>
There have been several experimental measurements on the A Re
discrete spectrum of a single QD, probed by tranpért
and by capacitance spectroscdpwgnd theoretically Ander- ~o-sin f ot
son’s model is found to give results in good consistency with 7 2 "kRo
these experiments in and out of equilibrium. So far, this
model has been applied to normal systems—QD’s connected In the model abové’ €, is the energy of conduction
to nonmagnetic metallic leads which are easily biased t&lectrons in thex electrode and is characterized by index
nonequilibrium and the QD potential is controlled by a gate=|k|, wherek is the wave vector. The operatof,,, (Ckao)
voltage® For a QD device subjected to an external biascreategannihilateg a conduction electron with spin index
voltage, the interaction potential can be an important factoinside thea electrode. Similarlyd,. (d,,) is the creation
determining transport characteristics in the nonlinear regimeglannihilation) operator of electrons with spir at energy
In fact, it may even be more important for devices with FM level n for the quantum dot region. Although we can assume
leads. Previous analysis of the bias dependence of TMR hasmultilevel QD with levels ak,,, for simplicity in the fol-
neglected these interactions’?° Our investigations found lowing we will consider just one leved,, and the spin-orbit
that Kondo peaks in the FM/QD/FM device can be modu-and multiplet splittings are neglected. In our notations, we
lated by the magnetization anglg while the current and have made another simplification that the value of molecular
nonlinear conductance also depend on the interaction pararfield M is the same for the two electrodes and the spin-valve
eterU. effect can be obtainédlby varying the angl@. In reality, M
The rest of the paper is organized as follows. In the nexshows the difference of density of statéB0S) between
section we derive the formula for the current through thespin-up and spin-down electrons in the electrdtlend are
interacting TMR system. Section Il presents numerical caltherefore different for different FM materials. However, we
culations of the local density of states and the nonlinear conaeglect such a detail because it will not alter any qualitative
ductance. Section IV is a short summary. Some tedious algeesults of this work. With the model Hamiltonian Ed4)—
bra is included in the Appendix. (4), we now proceed to derive expressions for the transport
current and the associated Green’s functions.
The electric current flowing through the TMR device can
Il. THEORETICAL FORMULATION be calculatetf in terms of the Green'’s functions of the QD:

+ d 9 +
TkLoCkLoAne T Tkre COS;Chry

d,,+C.C.. (4)

The TMR device we examine is schematically shown in ie (dw
Fig. 1. It consists of a quantum dot on which there is ahﬁgf ETV(Fa(w){G<(w)+fa(w)[GR(w)—GA(w)]}),
Coulomb interaction of energy scalé and the QD is con- (5)
nected to two ferromagnetic electrodes to the outside world.
The magnetic momerl of the left electrode is pointing to wheref ,=f(w—u,) is the Fermi function of thex lead,
the z direction, the electric current is flowing in thedirec- ~ and the trace is over both the state index and spin index.
tion, while the moment of the right electrode is at an arggle Here
to thez axis in they-z plane. In second quantized form this

: N r
device is described by the following Hamiltonian: -~ ar(@) 0
I'(w)=| 9o Ty (o)
H=H_ +Hg+HgortHr. D with T (@) =27 ol Two | 20(W— €xao) the  linewidth

function. The matrixT,,, describes coupling to the leads;
Hgot describes the quantum dot including the Coulomb in-GR(w,U) is a 2x2 matrix in spin space for the retarded
teraction represented by a finite Anderson term, Green’s function withU the on-site Coulomb repulsion. If
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one neglects the strongre interaction, i.e., in Hartree ap-  The remaining task is to derive the<2 Green’s function
proximation,GR(w,U) is typically written as GR which appears in Eq(8),
R R R R
GR(w,U)= ———<x, ore |Gl G| _[Cn G
& Haor>2 ef, of/ leh 65

where the self-energ¥R is also a 2< 2 matrix in spin space

and has contributions from both leadSR=3(w)

+E§(w). 3R describes coupling of the QD region to the two " N © N

magnetic electrodes. For a strongly interacting QD, on the GU(,/E((dU,d,,/))E—if e'“'({d,(t),d_,(0)})dt. (9)

other hand, we will deriv&SR(w) in the following with de- 0

tails summarized in the Appendix. Here,{,} and() denote anticommutator and statistical aver-
In Eq. (5) G=(w) is the lesser Green’s function which is age of operators, respectively. In this work we evaluafe

calculated* through the Keldysh equatioB~=GRE=G”.  using the standard equation of motion method for which we

When there is no interactior,~(w) =35 (w) can be com- refer interested readers to Refs. 31, and 35-38. In the fol-

puted exactly and expressed in terms of the retarded anidwing we outline only the essentials specific to the present

advanced self-energies ast;(w)= _EaeL,R[Ega(w) system and we present some tedious algebra in the Appen-

— 30 (@) ]fo(@). Here 3§ (0)[25.(w)] is the retarded dix. _ o as a8 _

(advancedinoninteracting self-energy. However, when there  Iterating the equation of motiott;**~**we obtain

is interaction as in our case, it is not straightforward to cal-

culate the lesser self-energy. We therefore apply the ansatz (©— €0){{(dy,d )y = 8,0+ > Tr {(Chio d i)

proposed by NgRef. 35 by assumingE~=35A and%~ : ;

=35 A, whereA is a matrix to be determined by the condi- x + 5(_)

tion 3~—3"=3R—3A This choice of the lesser self- +§k: Tiro{(Cursrd,1)) €O 2

where the components are, by definition,

energy becomes exact in the noninteracting lithit 0. It is i
worth mentioning that this ansatz guarantees automatically > T;Rg((ckR(,,d;,»sin(z)
the conservation of curreft.We obtain K

37 =35 (3F-38) (SR-3A) ©) +U D ((d;dd,.d))); (10

ogFo
which is calculable from the knowledge of Green'’s functions N N
andzol (w_ekL(r)<<Ckeradg'>>:TkL(r<<d<rid(r’>>; 11
From Eq.(5), the current from the left lead to the QD P

region can be rewritten as (0~ €xro){{Ckror A1) = Tkro co{z ((d,,d))

ied
= f %Tf[FMGREGAfﬁGRYGA)], (@)

— 0
_aTkR;sin<§><<d;,dZ,>);
whereX=3R—3". Substituting Eq(6) into Eq. (7), defin-
ing Tr=[f 1+ 35 (26— 39 1(ZR—3*) where 1 is a unit (12)
matrix, Eq.(7) is reduced to a compact and final form,
— gt
((dz.d,))

0
(0— GkR;)«CkR;ier» = TkR;CO< 5

|—iefdwT I, GRI'xGA 8
7 Er[ L rG™]. (8

(4
Although this formula looks similar to that without the on- —0TyRe sin( E)((da,d;»;
site Coulomb interaction, it is important to realize that quan-
tities inside the integrand are now functionslf (13

(@ o= UN(d,dyd,,d,0))=({d dad, dy )+ 20 T ot dpn)) — 22 T (6, doiar )

0
= 2 T (G ots 4y )+ 2 T;R,<<o%d;:k%,d:,>>cos(§ — 02 Tiro{(d,d5Ckrz ;)

X sin

0 . 0 x
E) - Ek: TkR;«dgdo'ckRaad;’»co{z +ak: TkR;<<d§d0'CkRzr 1d;'>>

X sin|

0 0 )
2| (0, 0101004 5] + 7 Tusal(Gim il i 3 1
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At this level, applying the Hartree-Fock decoupling ap-in terms of retarded and advanced Green'’s functions as dis-
proximation to Eq.(14) gives a solutioff for the Green’s cussed in the previous section. These equations are therefore
function. Such a solution predicts a local density of statesolved iteratively’' After obtaining the statistical averages,
(LDOS) which exhibits two peaks neas, and o+ U, the  we then proceed to calculate all other quantities from Egs.
former indicates a resonance transmission through the QPn3)—(A14) and (A25)—(A28) without further difficulty.
while the latter describes the Coulomb peak. In order to in-  For our FM/QD/FM system, we calculated the local den-
vestigate how the Kondo resonance is affected by the spigjry, of states LDOS — (1/7)Im 3, (GR) at different po-
valve, we consider the equation of motion for the Green'srization angles (units set by =e=2m=1). For QD's

functions appearing on the right-hand sid_e Of. Eq_d’)’ and with normal leads in the Kondo regime, there are three peaks
we apply the following decoupling approximation: in the LDOS340:3135,5 3 function of energy at zero bias.

((Cfaucklalalda'd:/»“(C:MCklalal)((da,d:/» One peak is due to the intradot renormalized !es/@l one
corresponds to the Coulomb peakegt+ U, and finally the
:,skkl(swlgwl<c;agckw> Kondo peak at the chemical potential of the leads. In our
FM/QD/FM system, these three peaks are also obtained as
X{((dg,d)); (15)  expected.
In the following we focus on a small energy range around
<<d:;ckaocklala'l=d;’>>~ov (16) the Kondo peak. For the QD having a spin-degenerate level
and at equilibrium(zero biag, the Kondo peak is at the
(c.d,)=(d Cpo) ~0. (17) chemical potential of the leads giving rise to a resonant

transmission through the Qt4.If a bias voltage is applied,
This decoupling approximation has been known to givethe Kondo peak splits to two located at the chemical poten-
qualitatively correct Kondo physics af<Ty.™ For T tja] of each lead and the peak heights are suppressed since
>Tg, itis also quantitative reasonakf’l%.\/\/ﬂh the decou-  the electrons dissipatively jump from the lead with high
pling, Eq.(14) is simplified and the Green's function in EQ. chemical potential to that with low potential through the QD.
('10) can be'derlved explicitly as shown in the Appendix. TheFigure 2a) shows LDOSE) for different orientations) ver-
final result is sus energy. The two Kondo peaks at each chemical poten-
Cc'D tial are clearly observed. Whe#=0, i.e., when magnetic
1+UY,AC-UY,A— moments of the two FM leads are parallel, LDOS is largest at
«d,,d+y)= B (19) all temperaturesinset of Fig. Za)]. When 8= = for which
7 DD ’ the moments are antiparallel, the LDOS is the smallest.
B—— Therefore the Kondo peak height is modulated by the rela-
B tive orientation of the magnetization of the leads in similar
5 manner as the magnetoresistafitigure 2b) shows LDOS
IO _ n at temperatur& g T=0.005 andd=0 for different polariza-
({dgde )=~ UY AR T E«d” Ao )y 19 tions of the FM leads, henég is the Boltzmann constant. As
- _ _ usual, the polarization is defined &=(I',;—I,)/(I'4;
where all the quantities on the right-hand side are knowny I',|), here we have assumed that the left and right FM
functions of energy and parametetdJ. They are given in  |eads have the samB. From Fig. Zb), when P=0 the
Egs.(A19), (A20), and(A25)—(A28) in the Appendix. Equa- Kondo peak LDOS is at a minimum, and it increasesPas
tions (18) and (19) form the basis for further numerical cal- increases. This result suggests that the Kondo resonance is
culations for the FM/QD/FM system which we present in theenhanced when materials with larger polarization is used for
next section. the FM leads. The inset of Fig.(® shows the change of
shape of Kondo resonance on temperature. Since the Kondo
I1l. NUMERICAL ANALYSIS peak is induced by single electron excitations from the
many-body ground state, as temperature increases, the
weight of ground state decreases and therefore Kondo peak

!

To numerically evaluate Eqél8) and(19), we first obtain
solutions for the statistical averaggs,) and(d_ d,). These

disappears.
statistical averages can be written in the following way: Nggt, we investigate the behavior of the magnetoconduc-
do tance. The conductance of the FM/QD/FM system is ob-
(n;)=(d>d;)=Im J —((d7,d5) <, tained by calculating the current flowing through one of the
7 2m 7 contacts between the leads and the QD, as given in&q.

Calculation of current requires the lesser Green’s function

(dFd)=—i f d_w«df )= which was discussed in Sec. Il but it actually follows imme-

M 2q NI diately from LDOS. The zero-temperature current is then the

) ) . Integrated density of states weighted by couplings to the

These equations are self-consistent because the matrix elgzds. In the following our aim is to study conductance at

ments of the right-hand sic(éd;df))< and((d,d;))= are different polarization and orientation of magnetic moments
actually lesser Green'’s functions and they can be expressed the Kondo regime.
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Figures 3a) and 3b) show differential conductanc& 0.1
with different polarizations a#=0 and, as a function of
bias voltage. The two broad peaks represent the main reso-
nance peak due to the QD leve} and the main charging
peak due teey+U. The sharp peak at zero bias between the
main peaks is the Kondo resonance. The conductance value©
of the main peaks is approximately independenPdbr 6
=0, while it reduces significantly with® for 6= . This
behavior of main peaks is similar to that of the conventional
noninteracting U =0) TMR system. From the point of view
of resonance tunneling through two barriefs; 0 means the
two barrier heights are the same, therefore the resonance 004 |
tunneling probability is unity, i.e.,

0.08 |

0.06 |

Conductance

T(6=0) Lk
o (’FTH})
(e—€x)+ %

2”1’ 0.02

0.09

0.07

LDOS

0.05

Conductance G

0.03

0.01

-3 -2 -1 0 1 2 3
Bias voltage V

FIG. 3. Nonlinear differential conductance as a function of bias
voltage at different polarizatiorta) For orientation angl@=0; (b)
for 6= (KgT=0.005). The insets ifa) and(b) show the Kondo
peak region more clearly.

which is independent oP. Figure 3a) shows some small
changes withP, this is due to the effect of interactiod.
When U # 0, the coupling parameteis, in the above ex-
pression are “renormalized” from their bare values, therefore
the P dependence of the effective coupling parameters be-
comes more complicated. Whés 7, the Briet-Wigner tun-
neling formula becomes

LDOS

I
L+
2

T(O=m)~

(e— eo)z—i—

FIG. 2. (a) LDOS versus energy with on-site Coulomb inter- . . i o
actionU=6.0 and chemical potentials, =0.1, ug=0.0 for differ- |t is not difficult to confirm, from the definition oP, that
ent orientation angles. Inset: LDOS versus energy for different temJ (6= 7) decreases aB increases which is shown in Fig.
peraturesk g T=0.005 (solid line), KgT=0.01 (dotted ling, KgT  3(b).
=0.05 (dashed lingat =0 and polarizatiorP=0.6. (b) LDOS Although the main peaks of the interacting system can be
versuse for different polarization. Inset: LDOS versusfor differ-  qualitatively understood from resonance tunneling consider-
ent temperaturek g T=0.005(solid line), KgT=0.01(dotted ling,  ations, the Kondo peak appears to behave differently. In par-
KgT=0.05(dashed lingat #=0 and polarizatio?=0.6. ticular, our investigation found that tHe dependence of the
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. , , , 0.012
FIG. 4. The nonlinear differential conductance versus bias volt-
age at polarizatiorP=0.6 and different orientation angles g T T
=0.005,U=6.0). L. ’_
Kondo peak can change depending on other system parame gy | \‘\\\ _/,/’/
eters such as the relative position of the QD energy leyel 3 - Tt B P
At 6=0, Fig. Ja) (and its inset shows the Kondo peak to § N e
increase withP; and at¢=m, the Kondo peak tends to de- _‘g’ N 7
creasg Fig. 3(b) and inseL Of course, there is no apparent § N, i
reason for the Kondo peak to behave the same way as theS ©0% | bo s L
main peaks, because the physical origin of these peaks are [ - P=0.2 T
totally different: the main peaks occur due to tunneling from T Ejg-g
the leads to the QD while Kondo peak emerges as a result of o (b)
high-order co-tunneling processes in which the intermediate .00 \
states are only possible for a very short time determined by ! 2 AnZIe o 4 5 6

the Heisenberg principle.

Next, we study the spin-valve effect by fixing polarization  FiG. 5. Nonlinear differential conductance as a function of ori-
of the ferromagnetic leads and varying the relative orientaentations for different polarizations(a) For interdot energy level
tion angled of the magnetic moments. Figure 4 shows con-¢,=—1.0; (b) For e,=—4.0. Other parameters are the same as

ductance as a function of bias voltage for several angles those of Fig. 4.
with P=0.6. The Kondo peak as well as the main peaks all
decrease with increasing and it can be explained exactly romagnetic electrodes have been studied theoretically. Our
the same way as above. Whérchanges from zero tar, it theory was based on the Anderson model applied to spin-
gives rise to a rearrangement of the number of spin-up angolarized transport through the TMR system. The presence
spin-down electrons. Therefore the couplings for spin-up an@f the stronge-e interaction makes the analysis much more
spin-down electrons become different and conductance de&omplicated, however, it is this interaction that is responsible
creases. Figures(® and 3b) show clearly how zero-bias for the Kondo phenomenon. Our analysis suggests that not
conductance vary withg for several values oP with dot  only the resonance tunneling and the Coulomb charging
level eo=—1 [Fig. 5@)] and ;= —4 [Fig. 5b)]. These re- peaks, but also the Kondo peak, are affected by the magnetic
sults show the familiar spin-valve behavibin that G is  properties of the ferromagnetic leads. This finding indicates
modulated by the polarization angheeven though there is a that in addition to the conventional spin-valve modulation of
stronge-e interactionU. Again, we note that conductance is the current, the many-body physics in terms of the Kondo
largest at all polarizations whef=0 and smallest whed®  resonance can also be controlled by such an effect. In par-
=. When eg= —4, the LDOS is shifted which leads to a ticular, a quantum dot based TMR device is, perhaps, a good
smaller contribution to current from tunneling processessystem for experimental investigations of Kondo effect since
This is why changes in polarization affect co-tunneling sig-it carries low spin-polarized current which can be varied by
nificantly and conductances are separated from each other fpplarization and magnetic moment of the ferromagnetic
different values ofP. leads. Finally, our results suggest that in the presence of
stronge-e interaction, the usual spin-valve effect persists in
IV. SUMMARY that the conductance can be controlled by the relative angle

. . . of the magnetic moments.
In this work, quantum transport properties of an interact-

ing mesoscopic quantum dot connected to two metallic fer- We gratefully acknowledge financial support from the
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' k W~ EkRg W~ €EkRo
APPENDIX
— 0 0 0 0
In Sec. I, Egs.(10—(14) have been used to solve the 0 C0S5SIn5 0 COS; SNy
Green’s functlonGR Because of the complications brought ER o —E + — | Tkro TkRo
about by parameterg and U, in this Appendix we present @7 €kRo @~ €kRo

some details concerning the derivation of the final expres- (AS)

sions(18) and(19). T .

In order to solve Eq(14) for ((didma ,di,)), one has to Ei;o(r: D - kLo_ ;LU' = (A6)
obtain solution for all the high-order elements included in @T €kLo™ <€0
this  equation. For example, matrix element

((c, ;d,d,,d ")) satisfies(from equation of motion c02?

RO’O’ E

((1)+ ekL;_ZEO_U)<<C|:—|_;d;d(r’d;’>> “

0
= kL‘(<d dO' U"d ’>> szz

0+ €ry—2€60—

— TkroTkrs: (A7)
W+ €ry— 26— U 7 KR
+E Tk’L;<<CkL Ck'Lo o!d >> KR °

— 0 6
N T 4 ocoszsinz
+ 2 T (C i s05Ciriod i) ST y
K’ R;o0 " w+EkRa_2€0_U
+2 T RoCOS5 ((ckL(r K'Ro U,d D) acogsinf
+ TiroTiro:  (A8)

w+ GkR;_ZGO_U
—2 ) roosin <<ckLa ~Crrrody,d))

TkLlT :LO’
\ 0 P o= 2 flews);  (A9)
+> Tk,RUcosz((c;L;d;ck,R(,,d;,)) Y w+t e, 26— U
k/

0
. 0 coS= fr( €xry
=3 Topeosing (6, GCory d;). (A . v 2 'R ro)
k Rioo w+ EkRa'_ZGO_U
Using the approximation Eq$1l5)—(17), we can rewrite this P
equation in the following way: sinZEfR(ekR;)
+ T — 2e U TkRo’ ERU; (Alo)
(w+€kLo'_2€0 U)<<Ck|_4da o"d ’>> @ EkRa €0
_ * + * + + —_ 0 0
~Tr{ddid, dy) + T (G CaaX(ded, ) 7 C0S SinSTR( €rry)
a —_—
(A2) ER?‘"’ ; w+ epy,— 26— U
Slnce(c LsCkLo) IS just a Fermi functlorf(ek,_a) of the left 0 0
lead, matrix eIemen(t(c ml;dg,d ,)) can be easily deter- (rcosismsz(ekR;)
mined from Eq.(A2). All other matrix elements included in + — TiroTkro (A1)
w+ EkR(,._ZGO_ U

EqQ. (14) can be obtained in a similar manner.
Next, we substitute these high-order matrix elements into T. T
Eqg. (14). To simplify notation we introduce the following s> kLo kLUfL(ka ): (A12)

Lioo™

self-energies: k @~ €ig
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0
C032§fR(€kRa)
SR =
R;o0 zk ©— €Ry
0
SianfR(ekR;)
+———— | Tkro Tkroes (A1)
W~ €ERy
— 60 0
o z crcoszsmifR(skR,,)
Rioo ™ k W~ ExRgy
0 0 B
o cosz smzf r(€kre) )
+ — Tkro Tkro - (Al4)
W~ €ExRy
We further define some combined self-energies,
i i i
2 =2 gt T 2R o (A15)
320 =32 +3° (A16)

a,oo’ a,o0’ a,o0’ !

wherei=0,1a,b anda=L,R.
With these definitions, Eq14) takes the form

((drdyd, A7) =Y, AN +3 L oY A(drd;)]
ab
R;o0

~Y AS2yst vy

oo R;o0

X((d,, d2))+Y,AZE ~

R;o0

+35 vo3(dy,d ). (A1)

R;o0 oo
Similarly,
((drd,dy,d])) ==Y A(d A + 3o Y o(ns)]
B DA e e

X((dg, Ao+ YAS S,

T30, Y 2 01(d,,d0)).

R;o0

(A18)
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Y, 'l=0—e-U-3J -3%—3—  (A19)
and
A l=1-3 —ysl-ovy, . (A20)

R;o0 R;o0

From Eq. (10), consider the two situations where spin
indiceso, o’ have the same or opposite values. We obtain

(0—e€o—39,)((d,,dI))=1+37 ~(d,.d}))
+U((d>d,d,,d;)),
(A21)

(0— e~ ){(dyd )=S0~ ((d,.d7))
+U((dd,dy,d5 ).
(A22)

Finally, substituting Eq(A17) into Eq.(A21), and Eq.(A18)
into Eq.(A22), we obtain the following equations which can
be solved to obtain the Green’s functions:

B{(d,,d ))=1+UY,AC+D{{d,d})), (A23)

B((d,,d}))=—UY,AC'+D{(d,.d;)), (A24)

where for simplicity we have defined quantitiBs C, C’,
andD as

B=w— e~ 30, +UY,A[S2+3L —y 3% ],
(A25)
C=(n,)+ 3¢ . Yo(dsdy), (A26)
C'=(dd)+3p o, Yolno), (A27)

D=3p ~HUYASE 35 Y35 (A28)

[

In all the equations abovey is the interdot levellJ is the
on-site Coulomb energy,,. is the hopping matrix between

In these expressions we have defined the following notalead « and the quantum dof,,(€g.,) is the Fermi function
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