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We investigate the spin-flip process through double quantum dots coupled to two half-metallic ferromagnetic leads

in series. By means of the slave-boson mean-field approximation, we calculate the density of states in the Kondo regime

for two different configurations of the leads. It is found that the transport shows some remarkable properties depending

on the spin-flip strength. These effects may be useful in exploiting the role of electronic correlation in spintronics.
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1. Introduction

In  recent years, the double-quantum-dot
(DQD) systems have attracted much attention be-
cause of their importance in physics and device
applications.! 1% In contrast to the single quantum
dot (QD), the DQD systems have richer physics. On
the one hand, with recent advances in nanofabrication
technology, the related experiments can be preformed
under controlled circumstances, and the DQD sys-
tems provide an ideal model system for the study
of the two-impurity effect,'®) which has long been
the highlight in condensed-matter physics.['') On the
other hand, a series-coupled DQD can cross over from
the weak tunnelling regime to the strong tunnelling
regime by varying the dot-dot coupling strength. In
the weak tunnelling coupling regime, when the tem-
perature is below the Kondo temperature, the Kondo
resonance is formed in each dot and lead, and the
tunnelling is dominated by hopping between the two
Kondo states. On the contrary, in the strong tun-
nelling regime, the electrons are delocalized over both
dots, and two dots are coupled coherently and form an
artificial molecule. Therefore, the DQD systems have
been suggested as possible candidates for building
blocks of a quantum computer™ and other possible

device applications.['3] Recent theoretical and exper-

iment studies have shown that coherent couplings
between dots can be fulfilled by adjusting relevant pa-
rameters properly when the DQD systems are coupled
to the electrodes,['*~10 where the Kondo resonance
peak splits into two peaks as a result of the energy dif-
ference between the bonding and antibonding states
in the Kondo regime.

Half-metallic ferromagnets (HMF) are ferromag-
netic metallic compounds showing a spin polarization
of P = 100% at the Fermi level Er in the ideal case
and at zero temperature. This means that the spin-
resolved density of states (DOS) presents a metallic
character only for one spin direction (usually majority-
spin), with energy bands crossing Er; contrary to this,
the other spin direction (minority-spin) behaves like
an insulator with Fr inside a band gap. This ex-
otic behaviour has inspired research not only in the
field of basic science, but also for applications in spin-
tronics, since the extreme spin polarization suggests
that the HMF are ideal for inducing and manipulating
the transport of spin-polarized electrons. In principle,
HMF are ideal spin injectors and detectors, because
under moderate voltage they can carry current in only
one spin direction.

Since HMF were originally introduced in 1983,117]

the properties have been explored extensively.['8:19]
Recently, it has been pointed out that we can con-
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trol the spin-state of a single electron spin trapped in
a semiconductor quantum dot by laser cooling and the
fidelity can reach as high as 99.8%.1201 But the prop-
erties of QD coupled to two HMF leads were seldom
mentioned.?!) Therefore, we theoretically study spin-
flip process through double quantum dots coupled to
HMF leads in series. It is assumed that the left and
right leads are fully polarized, where the relative ori-
entation of magnetization between the two electrodes,
namely, the parallel (P) and antiparallel (AP) con-
figurations are considered. When the magnetic elec-
trodes are in P configuration, we assume that the spin-
majority electrons are up and the spin-minority elec-

trons are down. We further assume that in the AP
configuration the magnetization of the right electrode
is reversed.

2. Formulation of the models

In Fig.1, the DQD system is described by an N (=
2)-fold degenerate two-impurity Anderson Hamilto-
nian with the inter-dot tunnelling. In the limit U —
oo (U is the Coulomb repulsion in the QD), the Hamil-
tonian can be written in terms of auxiliary slave-boson

operators plus constraints and spin-flip process:[14~16!

H =) ehaoClaoChas + stfagfaa N Z (EobLb fro + SR bRV fuo) + 1 (fdo fdo + fis fao)

ka,o

\/_ Z VO‘U Ckoza fﬂft‘f + f;gbackao) + Z Ao

ka,o

where ¢/ _(Ckao) is the creation (annihilation) opera-
tor of an electron with spin o in the lead « (o = L, R),
and the fourth term is used to describe potential spin—
orbit coupling, which may cause the spin rotation of an
electron in the DQD. According to the slave-boson of
electrons in the left or right dot, d_(d.s) is replaced
by df, — [} bo(dao — facbl,) where by (foo) is the
slave-boson (pseudo-fermion) annihilation operator of
an empty state (singly occupied state). The last term
with the Lagrange multiplier A\, is introduced to in-
corporate the constraint imposed on the slave particles
Yoty fdofao +
symmetric dots with e, = eér, = €¢ and the line
width function is I'g(e) = 73, , Vo ?6(¢ — €kas).
By introducing the effective spin-polarization strength

= (I'e —Ty)/(Ire+ ) (0< p <1), FTL = FTR =
(1+p) 10, FL FR = (1—p) I} are for the P configura-
tion, and FL FR = +p)lo, I'l = FR =(1-p)Iy

bl b, = 1. Here we only consider the

= . de
ORI /
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are for the AP configuration, where Iy is the value at

p = 0. To analyse our model, we use the slave-boson

mean-field approximation,* in which boson fields are

approximated by their mean values, b (¢ ) /VN —
< o)) /VN = bs, Vag = Vaoba, te = tebLbr, and
Eqa = €0+ Aa-

VR

<> O4>Q <«

dot L dot R

Fig.1. Schematic of the DQD system coupled to HFM leads,
tc is the inter-dot coupling and Voo (oo = L,R o =T, |) rep-
resents the dot-lead tunnelling for an electron with spin o.

To determine the mean-field values of (l;L, br, AL,
Ar), we employ the equation of motion method with
This
educes the following set of self-consistent equations,

the non-equilibrium Keldysh Green functions.

1
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where GLL(RR)M(E) is the Fourier transform of
the Keldysh Green function G, ,(t — t) =
{(f5 (') fac(t)). From the equation of motion of

aa’oo’

(2,4]

the operator fuo, we have the explicit form of the

Green function,

GLL(RR,)G’G” W= ENL(R) + ifL(R)U —r —t 0

G LL(RR)5o’ -r w — gL(R) + I.ZN—‘L(R)Er 0 _EC

G L(LR)oo’ _Ec 0 W — éR(L) —+ ifR(L)a’ —r

G L(LR)go’ 0 —t~c T w — éR(L) + lfR(L)&
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where the representation of G~

aa’co’ is

GLL(RR)oo’ w = Eym) + L) - —te 0
GLi®r)sor | _ - w = Eym) + L) 0 —tc
GRL(LRYoo’ ~t 0 w = Er(w) + TR0 -
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Moreover, we obtain the density of states for the
dot a(a = LR) as pac(c) = —1/7b2ImG
in which G%,_,,(¢) is the Fourier transform of the
Keldysh Green function G t—t) = —if(t —

) ({fao ), f0/(})-

Ot(l(T(T( )
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3. Results

Next, we discuss the results computed at abso-
lute zero in the equilibrium and non-equilibrium cases
separately with the DQD coupled to HMF or ferro-
magnetic (FM) leads. To be simple, the bandwidth of
the leads is taken as D = 60 Iy and the bare level for
two dots is fixed as g = —3.5 Iy (Kondo regime with
T% = 10731). Iy is used as the unit of the energy
and the Fermi level at V' = 0 as the origin of the en-
ergy. We choose two typical values: t. = 0.3 for the
weak inter-dot coupling and ¢. = 3.0 for the strong

inter-dot coupling.

The transport properties in the equilibrium (V' =
0) case are studied first. We denote the DOS for the
left and right dots as ps(€) = pLe(€) = pro(€) in the
P configuration and pr,(¢) = prs(€) in the AP con-
figuration.

As shown in Fig.2, when r = 0, for t. = 0.3
(Fig.2(a) and 2(b)), the Kondo resonance is formed
in each dot and lead, and the tunnelling is dominated
by hopping between the two Kondo states. But for
te = 3.0 (Fig.2(c) and 2(d)), the two dots are cou-
pled coherently and form an artificial molecule, the
energy levels of the bonding and antibonding states
split clearly, the bonding and anti bonding orbits are
formed by the coherent superposition of the Kondo
states of each dot, so the Kondo resonance peak splits
into two peaks. Remarkably, by increasing the value
of the spin-flip transition r, we find some exotic phe-

nomena. For relatively small values of r(r < T%2),
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the height of the Kondo peaks decreases but the DOS
does not split. The appearance of a splitting occurs
at r ~ TZ. Importantly, due to the coexistence of
the Kondo state and the intradot spin-flips, the po-
sitions of the peaks in the DOS are renormalized by
Kondo correlations. For large values of r (r > Tg),
the splitting becomes more obvious. When the leads
are 100% polarized, as shown in Fig.3, we find that
both the spin-up and spin-down cases are the same
as the FM case when t, = 0.3. However, when DQD

0.3 . . .
—r=0T2
———r = 0'5TI(<)

e/TY

are strongly coupled t. = 3.0 (Figs.3(c) and 3(d)), the
spin-up peaks are split into four from three and the
spin-down ones change from two sharp Kondo peaks
into three that are not obvious. These phenomena are
different from those in the FM case, caused by the in-
creasing magnitude of the polarization. The splitting

is due to the coupling of spin-flip transition process

between the dot and the magnetic electrodes and can
be expressed by the high order self-energy.

—50 0 50
e/TY

Fig.2. DOS of the left and the fight dots coupled to FM leads p = 0.3: (a)(b) tc = 0.3 and (c)(d) tc = 3.0

with the P configuration in the equilibrium case.
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Fig.3. DOS of the left and the right dots coupled to HFM leads: (a)(b) ¢tc = 0.3 and (c)(d) tc = 3.0 with

the P configuration in the equilibrium case.
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In the AP configuration, as shown in Fig.4 and
Fig.5, pro(€) = prs(e), for simplicity, we only focus
on the left dot. By increasing the value of the spin-
flip transition r of the HF leads, both the original
spin-up and spin-down Kondo peaks are split into two
well-defined peaks (Figs.4(a) and 4(b)) or four peaks
(Figs.4(c) and 4(d)). When the leads are fully polar-
ized as shown in Fig.5, when ¢, = 0.3, the spin-up DOS
have two well-defined peaks, and increasing r makes

0.3

0.2F

pL1(€), pry(€)

— =01
© r—osTe

0.1

pL1(€), pry(€)

0 L 1 L
—-50 0 50

the Kondo resonance become wider. In the spin-down
case, the height of Kondo peak is suppressed sharply
and the width of it becomes broader with the increas-
ing of 7. For r > Ty, the original spin-down Kondo
peak is split into tow peaks. But when ¢. = 3.0, for
r > TZ, the original two spin-up peaks are split into
four from two and the spin-down ones are changed
from two into one with rather high apex at e = 0.
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Fig.4. DOS of the left and the right dot coupled to FM leads p = 0.3: (a)(b) tc = 0.3 and (c)(d) tc = 3.0

with the AP configuration in the equilibrium case.
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Fig.5. DOS of the left and the right dot coupled to HFM leads: (a)(b) tc = 0.3 and (c)(d) ¢tc = 3.0 with the

AP configuration in the equilibrium case.



No. 1

Spin-flip process through double quantum dots coupled to two half-metallic ferromagnetic - - - 301

We next show the results in the non-equilibrium
(V' # 0) case with the P and AP configurations of
the polarized leads. We set the chemical potentials
u, = V/2 and ug = —V/2.

Let us first look at the Kondo resonance at t.=0.3
in Fig.6. At small V, the DOS for up-spin electrons
has sharp splitting peaks due to the 100% polarization
of the leads. With increasing V', the Kondo resonance
of the left (right) dot is shifted, following the change in
the chemical potential of the left (right) HFM leads.
There is no more splitting caused by different value
of V, so we investigate the transport properties with
V=03T¢ or V=3.0Tg.

As shown in Fig.7, the DOS for up-spin electrons
has two obvious peaks with small splitting at small r.
In addition, for large value of r, the splitting becomes
wider. Especially, when r = 0.0, for the down-spin
electrons, there is no Kondo resonance. The reason is
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Fig.6. DOS of the left and the right dot coupled to HFM leads with the P configuration in the non-

that, with the spin polarization of P = 100% at the
Fermi level, the spin-resolved DOS presents a metallic
character only for the up direction, but the down di-
rection behaves like an insulator with Er inside a band
gap. When r > 0.0, the Kondo resonance appearance.
Moreover, in Fig.8, with AP configuration, both the
spin-up and spin-down Kondo peaks of the DQD are
split into four peaks for large value of r. These ex-
otic phenomena are caused by the spin-flip which will
open one more path in the tunnelling of an electron
out of the QD: an electron with a spin-up (down) can
tunnel into the QD, but due to the spin-flip, it can
tunnel out of the QD as an electron with spin-down
(up). An electron spending more time in QD due to
polarization now has more probability to tunnel out
from the dot. Besides, the spin-flip not only shifts the
level position of QD, but also changes the spin-up and
spin-down distribution of DOS for the split levels.
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Fig.7. DOS of the left and the right dots coupled to HFM leads with the P configuration in the non-

equilibrium case of t; = 0.3, V =0.3 TI%.
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Fig.8. DOS of the left and the right dots coupled to HFM leads with the AP configuration in the non-

equilibrium case of t. = 3.0, V = 3.0 TI%.

4. Conclusion

By applying the slave-boson mean-field approxi-

mation to highly correlation Anderson model, we find

that the strength of the spin-flip process is one of the

key parameters to control transport phenomena via

the modified Kondo resonances, when the DQD are
coupled to the FM or HFM leads in both the equi-

librium and the non-equilibrium cases.

When the

D@D are coupled to FM leads in series and r = 0,
the above results are consistent with other author’s

work.['5) But when the spin-flip scatting strength is

comparable with the Kondo temperature, the original

single Kondo peak in the DOS is split into a struc-

ture with more than one peak. We expect these novel

results are useful in exploiting the role of electronic

correlation in spintronics, such as exploiting the spin-

filter devices.
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