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We propose an efficient mechanism for the operation of writing spin in a quantum dot, which is an ideal
candidate for qubit. The idea is based on the Andreev reflection induced spin polariZeRtBP) in a
ferromagnetic/quantum-dot/superconductor system. We find that on the resonance of Andreev reflection, the
spin polarization of quantum datrongly depends on the magnetization of ferromagnetic electrode, and the
sign of the spin polarization is controllable by bias voltage. In the presence of intradot interaction, we show
that ARISP effect can still survive as long as the charging energg/comparable to the superconducting gap
A. Detailed conditions and properties of ARISP are also discussed.
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Qubit is the basic unit in the achievement of quantumtween QD and electrodes. We define the Green funct@ns
computing. Among many quantum two-level systems, theG?, andG= in the Nambu representatidrin the noninter-
spin of quantum dotQD) is an ideal candidate for such a acting case, these Green functions can be solved exactly, and
purpos€- This is because QD fabricated in semiconductorthe occupation of QD can be determined By .
two-dimensional electron gd8DEG) can be well controlled Figure 1 shows the curves of the occupation number
by metallic gates; parameters such as resonant levels, tunn@l,)=(c’c,) vs the resonant leveE,=E,=E,. (a), (b),
barriers, and charging energy are experimentally tunable. land(c) correspond to the bias voltages>0, V=0, andV
addition the spin coherence time is rather long in semicon<<0, respectively. Fo¥ =0, there is a step from 0 to 1 in the
ductors (exceeding 100 ns at low temperattrewhich is  curve, indicating an electron filing wheg, sweeps the
orders larger than charge coherence time. Moreover, due ©hemical potentialg.r=us=0. ForV>0 (V<O0), the step
the OD nature of QD’s, many spin-flip mechanisms are fur-s shifted toEy=ug=V, and there emerges a resonant dip
ther suppressed, resulting in an even longer lifetime of spiripeak pinned atE,=ug=0. The results can be understood
in QD2 as follows[see the inset ofa)]: Because there is no single-

One of the challenges to exploit the spin of QD as qubit isParticle state in the superconducting gap, electron filling to
to efficiently control its local spin polarization. A natural idea the QD is mainly determined by F, leading to a step linked to
is to apply a magnetic field and induce the spin polarizationr - When the resonant level lines up wijbs, however,
by Zeeman splitting.But this scheme has practical difficul- r€Sonant AR may occur, in which a spimand a spin elec-
ties because the field is required to be of the order of tesi§©n iN QD can leak into S by forming a Cooper pair and vice

and confined within the scale of QD. More importantly, the Versa. As a result, an Andreev difindreev peakis super-
sign of spin polarization in QD cannot be controlled electri- Posed on the steplike curve. The most remarkable features of

cally. AR dip (AR peak are as follows(1) The spin polarization

It is the purpose of this paper to propose an efficien®f QD, M=(n;)—(n,), stronglydepends on the magnetiza-
mechanism for writing spin in a QD with ferromagneti®) tion of F; (2) thesignof mis controllable by the bias voltage,
and superconducting) electrodes. The idea is motivated by M= 0 for V>0 andm<0 for V<0. Hereafter, the properties
the fact that F can provide spin-polarized electrons while f AR resonance are referred to as Andreev reflection in-
can only accept Cooper pair which is spin singlet. We shaluced spin polarizatiofARISP). Qualitatively, ARISP effect
show below that on the resonance of Andreev reflectiorf@n be interpreted as follows: F>0 andEq= us, spin
(AR),5~®the spin polarization of QD strongly depends on thea'f‘d spin electror)s in the QD form Cooper pair and enter S.
magnetization of F, and the sign of spin polarization is con-Since F can provide more spirelectron than spinelectron,
trollable by a bias voltage. The effect can survive even in thdh€ Spirl_electron will be depleted by the spirelectron in
presence of strong Coulomb interaction, as long as the charge process of AR, resulting in a strong spin polarization in
ing energy of QD is comparable to the superconducting ga®P- ForvV<0 andEq=us, a Cooper pair is converted into
ins. a spin’ and a spi electron in QD. It is much easier for spin

Noninteracting caseTo see the physics clearly, we start | €lectron than spin electron to escape to the empty states
with  the  noninteracting  ferromagnet/quantum-dot/Of F, resulting in a reversed spin polarization.
superconductofF-QD-9 system modeled by the following ~ For quantitative analysis, we evalugte,) near the AR
Hamiltonian, H=Hg+Hg+Hp+Hy, in  which He  resonance, obtainingn;)=1-n(p) and(n )=1-n(—p)
=S (ex—oh)al,a, is for the F electrode, Hg for V>0, (ny=n(p) and(n;)=n(-p) for V<0, where
_ T ot
_EpgspbpabngLEp(Abmb_er H.c.? the S electrode, 1 r2
Hyot=2,E,C,C, the noninteracting QD, andHt n(p)==(1-p)

t s t . P 2 p 2 2 2 2 2’

=3,118),C,+ Zp,trb),C,+H.c. the tunnel couplings be- 4E5(1—p9) +I'e(1-p9)+ T

()
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tigate whether ARISP effect can still survive in presence of
intradot interaction. Due to the electron-hole symmetry, only
the case ov>0 is discussed.

Interacting caseTo include the Coulomb interaction, we
add the ternn;n, to Hp, which makes F-QD-S a strongly
correlated system. Notice that in the limit—, double
occupation is forbidden in QD, and electron number cannot
fluctuate by two. Hence AR is completely inhibited by the
interaction in this limit. If, however, the charging energyis
comparable to the superconducting gapAR can still occur
with the aid of bias voltage. Therefore, techniques tbr
—oo limit (e.g., slave boson methpdannot be applied to the
calculation of ARISP. Alternatively, we adopt the equation of
motion (EOM) method, which is known to be reliable in the
Coulomb blockade regime, and qualitatively correct for
Kondo physics:!® Moreover, EOM solution becomes exact
in theU—0 limit. In the EOM approach, one can derive the
equation for the retarded Green functi@i\(t1)|B(t,)))" by
differentiating with respect td; or t,, and generate new
Green functions. To close the equation chain, we make the
truncation in those Green functions containing two electrode
operators in a mean-field manner. After some algebra, the
equation forG" can be obtained as

<N >

<n >

AG'+G'A=2N+B+B, 2)

in whichB=(g; 1—3)U™ %, A=B(g,*—3f) +35, AorB
represents the transpose/ffor B, U, andN are defined as

+U 0) _((nl) O)
o -u)t Tl o (n))

. T " T " T y 0o andg, are the bare Green functions for the resonamges
-0.8 -0.4 0.0 0.4 0.8 andE,+ U,

<N >

U= (3

FIG. 1. The occupation numbén;) (solid) and(n,) (dotted vs o—E;

the resonant leveE, in a noninteracting F-QD-S system. The su- 9= 1 '

perconducting gapjA =1 is set as energy unit, the bias voltage 0

=0.5, 0, and—0.5 for (a), (b), and(c), respectively. Other param-

eters ard'r=0.01,I's=0.1, kgT=0.02, andp=0.5. The inset of

(a) schematically shows the AR resonance Yor 0. 1
o—E;—-U

in which I's and [g=(I'r;+T¢))/2 are the coupling %= 1

strengths between QD and electrodes, ape:(I'g; 0 wtE +U

—FFL)/(FFT+FH) is the magnetization in F. Two features !

are noteworthy:(1) The AR resonance has the Lorentzian2y andXj are the corresponding dressing self-energies due

line shape with half-width\[T2(1—p?)+T2]/4(1—p?), to tunnel coupling with electrodeX, is the self-energy con-

implying that the resonance is broadened with the increase dfibuted by the spin flip in the cotunneling process, which is

p; (2) the spin polarizatiorm reaches its maximum when related to Kondo physics. In the wideband limit, these self-

Eo=us=0, and the maximurm, only depends on theatio ~ energies can be evaluated analytically. Bgt=3f; + 3,

p andr=I'g/T's. ARISP effect is most pronounced whpn

4

is large and is small. In the limitr —0, my=3(1*p) and ) i [Ty O

mo=73(1+p) (upper sign forv>0 and lower sign forv FO" " 2| o T, )’ ®
<0). This means that both F and S electrodes are important .

in the ARISP effect: F provides the asymmetry between two i (Teo 42T 0

spin categories, while S enforces the asymmetry via AR pro- r=—z 2l Fl ) , (6)
cess. Below we shall consider the interacting QD, to inves- 2 0 Fg +2Tg,
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—wl—V w3—V
Tonm ¥ 93TV 0
r FHQ( keT ' kgT )
F2= . ; w03V w,—V| | (7)
FIQI i koT
So(wg) _Sl(wo))
3= ( , (8
0TS —Si(wp)  Sy(wg)
oo [ S2(wo) +S( @) +5x(w3) S1(w3) ©
st S1(w3) Sp(wg) +S(w3) +Sx(w3) )

Fs( So(@1) +Sy(w3) +84(w1) —Sa(w3)  S1(wg) +S1(w3) +S3(wgp) +S3(w3) ) 10

252:7 S1(wg) +81(w3) —S3(wo) —S3(w3)  Syp(wy) +Sy(w3) +S4(w3) —Ss(wy)

in which s;(w)=—(1/m)J(w/A), Sy(w)=—(1/7)I(w/A) in whichE; =E;+E +U ando, is the third Pauli matrix.
X(wlA), s3(w)=—(UUm)l(w/A)(w/A), s;(w)=-(1/  This equation can be interpreted as “detailed” stationary
m)I(w/A)(w?/A?%), and wy=0, v;=0—E;—E;—~U, w, condition, i.e., the observables in the energy intewvand
=w+E;+E +U, w3=w—E;+E . The dimensionless ¢+dw are time invariant in the steady state. For compari-

functionsl, J, Q are defined as son, we also try the Keldysh equati@~=G'3~~G?, and
_ employ the commonly used Ng's ansatz .19 The
arcsinx IX|<1 calculated results qualitatively agree with each other, but the
xyJ1—x2' numerical convergence is much poorer in the latter scheme.
[(x)= _ To sum up, Eq.2) for G" and Eq.(15) for G= will be
T 1 In(|x|+Vx2—1), [|x|>1, applied to the numerical study of ARISP. o
2xVx>—1  |x|Vx®—1 Before presenting the numerical results, we qualitatively

(1))  analyze the physics in the problem. As seen in the noninter-
acting case, spin polarization occurs on the AR resonance.
1 The conditions for AR resonance are as followk: QD is
x|<1 occupied with even number electrons g2l a pair of elec-
J(x)= (12) trons can transfer freely between QD and S. In the noninter-
T i acting case, these conditions amount gp>ugr and Eg
> msgf(x), x|>1, = ur for AR dip, or 4 <pg andEq=ug for AR peak. In
the presence of intradot interaction, the occupation number
) of QD is quantized due to Coulomb blockade effect. Notice
n i e{w(3+ 1) that the occupation of QD is mainly determined by F; it is
2 2 2= energetically favorable that QD is empty whEg— ug>0,
singly occupied when-U<Ey— ug<0, and doubly occu-
pied when Eq—up<—U. AR resonance occurs in the
evenly occupied valleys, and further requirgs+E, +U
=2us, Mmeaning that the energy of QD is degenerate when
moving two electrons between QD and S. Therefore the con-
ditions for AR resonance argy— ug=—U/2 andEy— ug
> <—U for AR dip, Eq— us=—U/2 andEy— >0 for AR

i
X,y)=—= +
QUYI==3 e+1 e'+1

74

AR T (13

with ¢ being the digamma function.

As for G=, we invoke the stationary condition
d 4 d k. The k int is that el filling is link
—clc, JiCIC peak. The key point is that electron filling is linl e_d to
dt t o (14 while AR is linked tous, and ug# us in nonequilibrium.
d ., d : e Figure 2 shows the curve @h,) vs Ey for p=0.5. As
&CTCl aCLCL expected, a spin-polarized AR dip is superposed on a steplike
pattern. The steps from 0 tpand3 to 1 are located around
Using Heisenberg equation and neglecting high-ordegy— ur=0 andEy,— ur=—U, and AR dip located around
fluctuations? we obtain Eo—ums=—U/2, in agreement to the above analysis;)
1 1 and(n|) are nearly equal away from the AR resonance, but
P, < ~<[wa,t Iy _y<na separated dramatically on the resonance, indicating ARISP
2ot 2 ETiUZ) G -G (2°+2 E”UZ) G2 —2, G effect. The insefa) shows the detailed line shape of AR dip
(15 for severalp. One can see that E¢l) derived in the nonin-
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1.0

N=2

FIG. 2. The occupation numbén,) (solid)
and(n,) (dotted vs the resonant levet, in an
interacting F-QD-S system. The bias voltage
=0.75, the charging energy=1.2, other pa-
rameters are the same as Fig. 1. The inset
shows the detailed line shape of the Andreev dip
for severalp. The insets(b) and (c) show the
curves of(n;) (solid) and(n) (dotted at E,
—us=—U/2 vs the charging energy, with the
bias voltagev=0.5 andV=1.5, respectively.

A
c” 05+
v

0.0
-1.0

teracting case is also applicable to the interacting case. Ithe onset of single-particle process. We note that EOM solu-
fact, the intradot interaction plays a role of quantizing thetion is valid for relatively smallU, and the suppression of
electron number of QD. Coulomb blockade is lifted underARISP is probably underestimated wher=2A. Neverthe-
certain conditions, in which resonant AR occurs as if throughess, the maximum atf =2A is reliable, which is related to

a noninteracting QD. Next, we discuss the choice of charginghe singularity in the density of states of S.

energyU, which is determined by the size of QD. The insets | conclusion, we have proposed an efficient mechanism
(b) and (c) show the curves ofn,) vs U on the AR reso-  for writing spin in a QD which is based on the ARISP effect
nance Eo—pus=—U/2). (b) is for the case oVM<A, in 5 F.QD-S system. The scheme has the advantages that the
which all single-particle processes are forbidden and only,,qnetization of F is not required to be strong and the sign
AR dominates. One can see in the plot that the spin polara¢ ohin polarization can be controlled in fully electric man-

ization is almost independent ofwhenU <2V, but gradu- o, "caiculation shows that the optimal conditions for ARISP
ally suppressed wheld>2V. The reason is as follows: on areTp<Ts, U=2A, Eq— us=—U/2, and|V|>U/2. The
the AR resonance, QD favors double occupation when e ies of ARISP can be described by Ex). In practice,

<2V and single occupation what>2V. For double 0cCuU-  {he resonant levek, can be tuned by gate voltage, and AR
pation, ARISP is determined by the rapoandr, and inde-  oqonance can be monitored by the small tunnel current be-

pendent of other parameters. For single occupation, the €fyeen F and S electrodes.. In the context of intensive re-

fective S-QD coupling is greatly suppressed, and thereforgearch and impressive progress in F/2DEG, S/2DEG, and

ARISP vanishes. One tends to think that increasing the biaﬁ/S hybrid structure~16 the proposed F-QD-S system
voltageV may help to overcome the charging enetgyThis — qpq,14 pe feasible with up-to-date nanotechnology. We are

is true as long a¥<A. WhenV>A, however, both single- |5oking forward to hearing the relevant experimental re-
particle processes and AR are allowed, and the situation Sponse.

more complicated(c) shows({n,) vs U for V>A. It turns

out that the spin polarization is still independentlfnvhen This project was supported by NSFC under Grant Nos.
U<2A, reaches a maximum &t=2A , suppressed when 10074001 and 90103027, by National Project under Grant
2A<U<?2V, and gradually vanishes whed>2V. The No. 2002CB613505, and by the State Key Laboratory for
suppression in the range oA2<U <2V can be attributed to Mesoscopic Physics in Peking University.
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