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We study Andreev reflection tunneling through a ferromagnet–quantum dot–superconductor system. The
intradot spin-flip interaction is considered. By using the nonequilibrium Green function method, an expression
for the linear Andreev reflection conductance is derived at zero temperature. It is found that competition
between the intradot spin-flip scattering and the tunneling coupling to the leads dominates the resonant behav-
iors of the Andreev reflection conductance versus the gate voltage. A weak spin-flip scattering leads to a
single-peak resonance. However, with the spin-flip scattering strength increasing, the Andreev reflection con-
ductance will develop into a double-peak resonance indicating a novel structure in the conductance tunneling
spectrum. Besides, the influences of the spin-dependent tunneling couplings, the Fermi velocity matching
condition, and the spin polarization of the ferromagnet on the conductance are examined in detail.
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I. INTRODUCTION

With the advances in nanofabrication and material growth
technologies, it has been possible to fabricate various kinds
of hybrid mesoscopic structures.1–4 Recently, spin-dependent
electronic transport through these hybrid mesoscopic struc-
tures has become one of the major focuses of the rapidly
developing spintronics5 for both its fundamental physics and
potential applications. In particular, the Andreev reflection
(AR) in spin-polarized transport through ferromagnet-
superconductor(F-S) junctions has been studied based on the
scattering matrix formulation.6–11 It is found that at low bias
voltage, the AR tunneling through the F-S interface is
strongly affected by the spin polarization of the ferromagnet
electrode,6 and the detection of the differential AR conduc-
tance can give information about the spin polarization at the
Fermi energy for several metals.7 In addition, further
investigations8,9 show that the AR conductance of the F-S
junction is also modified by the Fermi velocity matching
condition. For instance, the AR conductance may even in-
crease first up to its maximum amplitude where perfect AR
occurs and then drops quickly, indicating a nonmonotonic
behavior with the spin polarization of the ferromagnet in-
creasing. On the other hand, if one neglects the Fermi veloc-
ity matching condition, the effect of spin polarization invari-
ably results in suppression of Andreev reflection.6,7

On the other hand, spin-dependent resonant tunneling
through a quantum dot(QD), a small system characterized
by discrete electronic states, coupled with a ferromagnet(F)
and a superconductor(S) forming a F-QD-S system, has
been another interesting subject of experimental and theoret-
ical investigations for the past decade. Zhuet al.12 suggested
an efficient method for writing spin in the F-QD-S system
based on the AR-induced spin-polarization mechanism. They
also studied the AR tunneling through a QD embedded in a
three-terminal hybrid structure consisting of two ferromag-

nets and a superconductor by neglecting the intradot Cou-
lomb interaction and the multilevel structure of the QD.13 It
is found that the AR tunneling is strongly dependent, besides
the spin polarizations and the matching condition of Fermi
velocity, on the tilt angle between the magnetization orienta-
tions of the two F-leads. Feng and Xiong14 investigated the
transport properties of an F-QD-S system, in which both the
Coulomb interaction and the multilevel structure of the QD
are considered. However, the spin-flip scattering effect being
taken into account is confined to the tunneling barrier, and
the intradot spin-flip scattering has not been involved yet.

The significant role of spin-orbit interaction in the QD,
which may vary the spin orientation of an electron, has at-
tracted considerable attention recently.15–19 The spin-flip
mechanisms in the GaAs-based QD have been investigated
in Ref. 15. Theoretical studies17–19 of the spin-polarized
transport in magnetic nanostructures show that the intradot
spin-flip scattering can lead to a novel spectrum structure in
both the linear and nonlinear conductance of the F-QD-F
systems in the Kondo regime. When the spin-flip scattering
strength is comparable with the Kondo temperature, the
original single Kondo peak in the differential conductance is
split into a structure with two peaks or three peaks.18,19

Hence, it is natural to ask if the intradot spin-flip scattering
could induce some novel spectrum of the AR conductance
for such an F-QD-S system. This is an ongoing problem and,
to our knowledge, no related reports have been found in the
literature.

In this paper, we study AR tunneling through an F-QD-S
hybrid structure by using the nonequilibrium Green function
method. We mainly emphasize the effect of spin-flip scatter-
ing in the QD on linear AR conductance at zero temperature.
The spin-flip scattering in the QD plays important roles in
AR tunneling through the F-QD-S system. For an isolated
QD, it can split one spin-degenerate level of the QD«d into
two spin-coherent levels,«±=«d±R, whose states are a su-
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perposition of the spin-up and spin-down ones. HereR de-
notes the spin-flip scattering strength. It indicates17 that the
incident electrons with up-spin and down-spin from the
F-lead should tunnel coherently onto the levels split by the
intradot spin-flip scattering. This spin-coherent tunneling
process is expected to bring about some novel resonant fea-
tures of the Andreev reflection conductance. Indeed, we
found that the competition between the level splitting and the
broadening of the split levels that arises from the tunneling
coupling to the leads, together with the spin polarization and
the Fermi velocity matching condition, can determine the
spin-up and spin-down populations of the QD, thereby domi-
nating resonant behaviors of the AR conductance of the sys-
tem. When the spin-flip scattering strength overwhelms that
of the tunneling coupling, the AR conductance versus the
gate voltage displays a symmetric double-peak resonance,
and the spin-flip scattering always suppresses the height of
the double peaks. However, when a weak spin-flip scattering
is involved, only a single peak exists in the AR resonant
conductance. In this case, as the spin-flip scattering strength
increases, the height of the single peak of the AR conduc-
tance may first increase gradually and then drop fast, depend-
ing on the matching condition of the Fermi velocity.

II. THE MODEL AND FORMULA

Consider the AR tunneling through a QD with the intradot
spin-flip scattering connected to the F- and S-lead, in which
only one spin-degenerate energy level is included and the
Coulomb repulsion is neglected for simplicity. The spin
quantization axis of the F-QD-S system is taken as the ori-
entation of the F-lead magnetization, that is, thez axis. The
model is shown schematically in Fig. 1. The Hamiltonian of
the system under consideration can be written as

H = HF + HS+ Hdot + HT s1d

with

HF = o
k,s

s«ks + sMdfks
† fks, s2d

HS= o
p,s

«psSps
† Sps + o

p

sD*sp↑
† s−p↓

† + Dsp↑s−p↓d, s3d

Hdot = o
s

«dds
†ds + Rsd↑

†d↓ + d↓
†d↑d, s4d

HT = o
k,s

sTksfks
† ds + H.c.d + o

p,s
sTpssps

† ds + H.c.d, s5d

whereHF andHS are the Hamiltonians for the F-lead and the
S-lead, respectively. Under the mean-field approximation,
the F-lead is characterized by an internal magnetic moment

MW . The tilt angle between the magnetic moment and the
F-QD interface has been chosen to be zero. The BCS Hamil-
tonian is adopted for the S-lead withD the energy gap.Hdot
models the QD with a single spin-degenerate level«d. The
spin-flip term in theHdot comes from the spin-orbit interac-
tion in the QD(Refs. 15 and 17) andR is the spin-flip scat-
tering strength.HT describes the tunneling part between the
QD and the F-lead/S-lead with the tunneling matrix elements
Tks andTps. We have assumed that the spin of the electrons
is conserved as the tunneling through the two side barriers of
the QD, which is different from what is considered in Ref.
14.

The current flowing into the central region from the
F-lead can be evaluated from the time evaluation of the total
electron number in the lead,13,20

Jl = − eKdNlstd
dt

L = −
e

"
Reo

k

i=1,3

Tk;ii
† Gk;ii

, st,td. s6d

Here we express various kinds of Green functions in the 4
34 Nambu representation.20 Let Gr denote the Fourier trans-
formed retarded Green’s function of the QD, and thenGr can
be exactly solved in terms of Dyson’s equation,Gr =gr

+grorGr, in which gr is the retarded Green’s function for an
isolated QD without the intradot spin-flip interaction, andor

is the self-energy matrix due to both the tunneling couplings
between the QD and the leads and the spin-orbit interaction
in the QD.gr can be easily obtained as

sgrd−1 =1
v − «d + i0+ 0 0 0

0 v + «d + i0+ 0 0

0 0 v − «d + i0+ 0

0 0 0 v + «d + i0+
2 . s7d

For the F-QD-S system under study,or consists of three parts and can be written asor =oR+o f
r +os

r. The off-diagonal term of
Hdot, i.e., the intradot spin-flip scattering contribution, is then conveniently expressed in terms of the self-energyoR as

FIG. 1. The quantum dot with intradot spin-orbit interaction is
coupled to a ferromagnet and a superconductor. A level of the QD is
split into two spin coherent levels by the spin-flip interaction.
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oR
=1

0 0 R 0

0 0 0 − R

R 0 0 0

0 − R 0 0
2 . s8d

The spin-dependent tunneling coupling between the QD and
the F-lead can be described by introducing the spin polariza-
tion P that specifies the F-lead magnetization. The spin-up
and spin-down tunneling coupling strengths are defined as
G f↑=G f0s1+Pd and G f↓=G f0s1−Pd, respectively. The spin-
averaged coupling strengthG f0 denotes the tunneling cou-
pling between the QD and the F-lead without internal mag-
netization, which is defined byG f0;2pr f

nuTksu2 with r f
n

being the density of states for the F-lead without magnetiza-
tion. Under the wide bandwidth approximation, the self-
energy coupling to the F-lead iso f

r =−si /2dG f, whereG f is
the tunneling coupling matrix between QD and the F-lead
and is written as

G f = G f01
s1 + Pd 0 0 0

0 s1 − Pd 0 0

0 0 s1 − Pd 0

0 0 0 s1 + Pd
2 . s9d

The self-energy from the tunneling coupling between the QD
and the S-leados

r is given by

os

r
= −

i

2
rs

rsvdGs01
1 −

D

v
0 0

−
D

v
1 0 0

0 0 1
D

v

0 0
D

v
1

2 , s10d

wherers
rsvd is the modified dimensionless BCS density of

states,

rs
rsvd =

uvuusuvu − Dd
Îv2 − D2

+
uvuusD − uvud

iÎD2 − v2
s11d

and Gs0=2prs
nuTpsu2 is the tunneling coupling strength be-

tween the QD and the S-lead.rs
n in Gs0 is the density of states

when the superconductor lead is in the normal state. It is
useful to introduce the coupling matrixGs to describe its
tunneling to the S-lead,

Gs = rssvdGs01
1 −

D

v
0 0

−
D

v
1 0 0

0 0 1
D

v

0 0
D

v
1

2 s12d

with the ordinary dimensionless BCS density of states
rssvd= uvuusuvu−Dd /Îv2−D2. It is straightforward to show
that the tunneling current reads20

J = JN + JA s13d

with

JN =
e

h
E dvff lsv − eVd − f rsvdg o

i=1,3
fGd

r GsGd
aG fgii s14d

and

JA =
e

h
E dvff lsv − eVd − f lsv + eVdg o

i=1,3

j=2,4

Gd,i j
r sG fGd

aG fd ji ,

s15d

wheref lsvd and f rsvd are the Fermi-distribution functions in
the left and right leads, respectively.JN is the normal tunnel-
ing current which is caused by the single quasiparticle or
quasihole transport, andJA is the Andreev reflection current.
We can show that, in the linear-response regime, the normal
tunneling conductance and the AR conductance are obtained
as follows:

GN =
e2

h
E dvF−

] f

] v
G o

i=1,3
fGd

r GsGd
aG fgii s16d

and

GA =
2e2

h
E dvF−

] f

] v
G o

i=1,3

j=2,4

Gd,i j
r sG fGd

aG fd ji . s17d

Since the normal linear conductance is zero,GN=0, at zero
temperature, only the Andreev reflection process contributes
to the linear electronic transport of the system. So the total
conductanceG is equivalent toGA.

III. THE CALCULATION AND DISCUSSION

We discuss the linear AR conductance at zero temperature
for the F-QD-S, in which the energy level of the QD con-
trolled by the gate voltageVg is restricted in the range of the
energy gap of the S-lead, that is,u«du,D and u«d±Ru,D. In
the following calculations, both Fermi energies of the F- and
S-leads are set to zero. The energy gap of the S-lead,D, is
taken as the energy unit and the spin polarization is chosen
asP=0.3.

First we illustrate the effect of the intradot spin-flip scat-
tering on resonant behaviors of the AR conductance versus

SPIN-DEPENDENT ANDREEV REFLECTION TUNNELING… PHYSICAL REVIEW B 70, 235341(2004)

235341-3



the energy level of the QD«d. For a fixedGs0=0.1, we plot-
ted the AR conductance as a function of«d in Figs. 2(a)–2(c)
with G f0=0.02,G f0=0.1, andG f0=0.2, respectively. Different
spin-flip scattering strength curves forR=0 (solid line), 0.03
(dashed line), 0.05(dotted line), 0.07(dot-dashed line), 0.09
(dot-dot-dashed line), and 0.15 (short dashed line) are
shown. In Fig. 2(a), where G f0,Gs0, for a weak spin-flip
scattering strength in the range ofR=0–0.05, the AR con-
ductance displays a single-peak resonance at«d=0 and its
amplitude gradually rises until the maximumGm=4e2/h at
Rm.Gs0/2=0.05 with R increasing. This is a perfect AR
tunneling process. For some stronger spin-flip scatterings
R, s0.05,0.06d, the AR conductance displays also a single-
peak profile at«d=0, but the amplitude of the resonant peak
reduces quickly. Further increasing the spin-flip scattering
strength,R.0.065, for instance, the original single-peak
conductance develops to a well-resolved double-peak reso-
nance with the peaks near«= ±R, respectively. It is also
shown that the intradot spin-flip scattering always suppresses
the heights of the resonant double peaks.

Figure 2(b) presents the curves of the resonant AR con-
ductance for the tunneling couplings,G f0=Gs0=0.1, and the

other parameters are the same as those in Fig. 2(a). Similar
AR conductance behaviors have been indicated. But, com-
paring with Fig. 2(a), only a strong enough spin-flip scatter-
ing (R.0.08, for instance) can lead to a double-peak reso-
nance of the conductance due to the larger broadening of the
two split levelsG=sG f0+Gs0d in this case. Also, we find that
the width of the resonant double peak enlarges because of the
enhanced broadening of the minority spin,G f↓. In Fig. 2(c),
whereG f0.Gs0, the amplitude of the single-peak resonance
shows a novel feature: as the spin-flip scattering increases,
the amplitude of the resonance peak decreases monoto-
nously. It is believed that in the presence of the intradot
spin-flip scattering, the amplitude of the single peak of the
AR conductance embodies characteristic behaviors that de-
pend essentially on the effective overlap of the broadening of
the two split levels.

To elucidate the evolution of the AR conductance from
single-peak to double-peak resonance, we calculate the mag-
nitude of the AR conductanceG0sRd as a function of the
spin-flip scattering strengthR at «d=0. Define the ratio of the
two tunneling coupling strengthsr =Gs0/G f0. The matching
condition of the Fermi velocity,13 G f↑G f↓=Gs0

2 , now reads
P2+r2=1. This matching condition is analogous to the one
initially formulated in bulk F-S systemskf↑kf↓=ks

2,8,9 which
is related to the electron occupation in the structure of the
system. Figure 3(a) shows curves of the AR conductanceG0,
for a givenGs0=0.1 and several different coupling strengths
G f0=0.1 (solid line), 0.1/3 (dashed line), 0.1/5 (dotted line),
0.1/7 (dot-dashed line), and 0.1/9(dot-dot-dashed line). Re-
markably, for the case ofr .1, the magnitude ofG0 in-
creases first to its maximum 4e2/h at Rm and then drops
quickly as the spin-flip scattering strengthR increases. It
should be mentioned that forr .1 where the matching of the
Fermi velocity can never be satisfied,G0 should decrease
monotonously with the spin polarizationP increasing and
could not reach its maximum 4e2/h in F-S junctions8,9 and in
the F-QD-S system.13,14Our calculations indicated that there
must exist, apart from what is considered in Refs. 13 and 14,
other mechanisms that result in the perfect AR tunneling
with G0 of 4e2/h. We believe that the intradot spin-flip scat-
tering may account for it, which we will discuss further later
in the paper. For a small enoughG f0, G0 becomes very sharp,
and the maximum positionRm approaches very closely to
Gs0/2. This means that once the spin-flip scattering strength
slightly deviates fromGs0/2, the AR conductance drops from
4e2/h to 0 quickly.

The typical feature shown in Fig. 3(a) is understood quali-
tatively as follows. Spin-up and spin-down electrons can es-
cape from the QD through the tunneling to the leads, which
leads to the resonant broadening of the two spin-coherent
split levelss«d= ±Rd by an amount ofG. Here the linewidth
of the split levels,G=sG f0+Gs0d, delineates the distribution
of the density of states(DOS) qualitatively. WhenR,Rm
s.Gs0/2d, the linewidths of the two split levels are over-
lapped effectively at«d=0, so that the AR conductance ver-
sus«d behaves as a single-peak resonance. In this situation,
the AR conductanceG0 is enhanced with increasingR be-
cause the intradot spin-flip scattering not only shifts the level
position of the QD from«d=0 to «d= ±R, but also changes

FIG. 2. The resonant curves of the AR conductance vs the en-
ergy level of the QD,«d, with parametersP=0.3, Gs0=0.1, and
several spin-flip scattering strengthsR=0 (solid line), 0.03(dashed
line), 0.05 (dotted line), 0.07 (dot-dashed line), 0.09 (dot-dot-
dashed line), and 0.15(short dashed line) for three different spin-
averaged tunneling couplings to the F-lead:(a) G f0=0.02, G f0

,Gs0; (b) G f0=0.1, G f0=Gs0; and (c) G f0=0.2, G f0.Gs0.
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the spin-up and spin-down distribution of the DOS for the
split levels.17 Since the minority spin population near the
Fermi energy determines the probability of the pairing and
thereby the behaviors of the AR tunneling, the spin-flip scat-
tering that turns effectively the majority spin carriers to mi-
nority ones near«d=0 will causeG0 to rise possibly to its
maximum 4e2/h, atRm, when spin-up and spin-down carriers
from the F-lead form pairs into the S-lead completely. When
R.Gs0/2+G f0.Rm, the two split levels have been separated
sufficiently away from each other, leaving an almost vanish-
ing spin-dependent DOS at«d=0. Therefore,G0sRd drops
quickly to zero, resulting in a deep valley in the conductance
curve at«d=0. This implies that the AR conductance has
developed into a well-resolved double-peak resonance
shown in Fig. 2(a). Figure 3(b) presents the curves of the AR
conductance,G0 versusR with a fixedG f0=0.1, and different
Gs0 values withr .1. The peak locationRm varies withGs0,
as expected, and the pattern for each curve is very analogous
due to a constant spin minorityG f↓ involved in the tunneling.

In Fig. 4(a), we plottedG0 as a function of the spin-flip

scattering strengthR with a fixedGs0=0.1 and several differ-
ent G f0=0.1 (solid line), 0.3 (dashed line), 0.5 (dotted line),
0.7 (dot-dashed line), and 0.9(dot-dot-dashed line). This is
the situation ofr ,1, and the magnitude ofG0 decreases
monotonously withR increasing. Since the linewidthsG f↑
andG f↓ are larger thanGs0, which is larger than theG f↑ and
G f↓ in Fig. 3, the spin-up and spin-down DOS are relatively
low compared with those in Fig. 3. With the increasing of
spin-flip scattering that pushes the split level peaks farther
away from«d=0, the minority spin occupation reduces sig-
nificantly at«d=0. Simultaneously, the majority spin carriers
can scarcely turn into the minority ones by the spin-flip scat-
tering because a largeG f↑ implies more uncertainty of the
majority spin DOS and a lower probability for the pairing at
«d=0. As a result, the magnitude ofG0 decreases monoto-
nously with R increasing. In Fig. 4(b), we present some
curves ofG0 for the case ofr ,1 with a fixedG f0=0.1, but
for several differentGs0. Similar features, but an even faster
drop inG0 with R, compared with that in Fig. 4(a), have been
indicated. As is well known,Gs0 describes the probability

FIG. 3. The AR conductance vs theR at «d

=0 with P=0.3,G f0,Gs0. (a) For fixedGs0=0.1,
and differentG f0=0.1 (solid line), 0.1/3 (dashed
line), 0.1/5 (dotted line), 0.1/7 (dot-dashed line),
0.1/9 (dot-dot-dashed line). (b) For fixed G f0

=0.1, and differentGs0=0.1 (solid line), 0.3
(dashed line), 0.5 (dotted line), 0.7 (dot-dashed
line), 0.9 (dot-dot-dashed line).

FIG. 4. TheG0 vs R with P=0.3, G f0.Gs0.
(a) For Gs0=0.1, and differentG f0=0.1 (solid
line), 0.3(dashed line), 0.5(dotted line), 0.7(dot-
dashed line), 0.9 (dot-dot-dashed line). (b) For
G f0=0.1, andGs0=0.1 (solid line), 0.1/3 (dashed
line), 0.1/5 (dotted line), 0.1/7 (dot-dashed line),
0.1/9 (dot-dot-dashed line).

SPIN-DEPENDENT ANDREEV REFLECTION TUNNELING… PHYSICAL REVIEW B 70, 235341(2004)

235341-5



that two electrons in the QD tunnel into the S-lead forming a
Cooper pair. So the weaker theGs0, the lower the probability,
and the fasterG0 drops to zero asR increases.

IV. CONCLUSION

We studied the spin-dependent AR tunneling through an
F-QD-S structure by using the nonequilibrium Green func-
tion method. We found that the coherent spin-flip scattering
in the QD plays important roles in the spin-dependent AR
tunneling through the F-QD-S system. The observed behav-
iors of the AR conductance, a single- or double-peak reso-
nance, versus the gate voltage are a consequence of the com-
petition between the intradot spin-flip scattering and the
resonant broadening of the two split levels because of the
tunneling between the QD and the F/S lead(s). When the
spin-flip scattering strength is smaller than the broadening of
the split levels, the AR conductance exhibits a single-peak
resonance. In this case, as the spin-flip scattering strength

increases, the height of the single peak conductance may first
increase gradually and then drops quickly. However, when
the spin-flip scattering induced splitting of the spin-
degenerate level overwhelms the broadening of the split lev-
els, the AR conductance appears as a symmetric double-peak
resonance, for which a novel structure in the tunneling spec-
trum of the AR conductance is predicted to appear. We ex-
pect the present results may have practical applications in the
field of spintronics.
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