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Tunneling resonances and Andreev reflection in transport of electrons through a ferromagnetic
metalÕquantum dotÕsuperconductor system
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We calculate the transport properties of a ferromagnetic metal/quantum dot/superconductor system by the
use of the equivalent single-particle multichannel network that takes into account the interaction in the dot and
the pairing potential on the superconducting side. The transport properties are qualitatively different from the
nonmagnetic case due to the modification of the Andreev reflection by the exchange field in the ferromagnet.
It is found that at finite temperatures the conductance versus the gate voltage exhibits a series of peaks due to
the Andreev reflection, depending on the resonances controlled by the charging energy and level spacing of the
dot, as well as by the exchange field of the ferromagnet. The zero-bias conductance of the system can either be
enhanced or suppressed by the exchange field, depending on the matching condition of the Fermi velocity
which is related to the electron occupation in this structure.
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I. INTRODUCTION

The development and refinement in nanotechnology
materials have made it possible to fabricate mesosc
hybrid systems with various materials and in tunable m
ner. Spin-polarized transport between ferromagnets~F! and
superconductors~S! has become the subject of extensi
research because of the potential device applications1–4

Recently, some interest has been focused on the trans
through theF/S point contacts because it has been sho
that the spin polarization of the conduction electrons c
be effected by the Andreev reflection.5–7 In an earlier theo-
retical work the interplay of the spin-polarized transport a
the superconducting pairing was studied and the curr
voltage characteristics were calculated for theF/S junction
with a conventional superconductor.8 It was found that the
Andreev reflection in this structure is strongly suppressed
the Fermi surface polarization is increased. On the ot
hand, the resonant tunneling of electrons through a nor
quantum dot~QD! with superconducting leads, such as t
superconductor/quantum dot/superconductor and the no
metal/quantum dot/superconductor~NQDS! structures, be-
came another extensively studied subject after observing
eral new phenomena related to the Andreev reflection.9–11

Due to the electron-electron interaction in the QD the s
tems can exhibit specific phenomena such as the Coul
blockade and the Kondo effect which are modified by
competition with the superconducting pairing. As for t
NQDS structures, the resonant behavior of the Andreev
neling has been obtained from theoretical calculations.12–15

By replacing the normal metal in the NQDS system with
ferromagnetic metal, the splitting of the spin-up and sp
down subbands in the ferromagnetic metal will change
features of the Andreev reflection and may add new phy
to such a mesoscopic hybrid system. In a recent paper
et al. have investigated the Andreev reflection through a Q
coupled with two ferromagnets and a superconductor
derived a general current formula by using nonequilibriu
Green function.16
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In this paper we investigate the spin-dependent trans
of electrons through the ferromagnetic metal/quantum d
superconductor~FQDS! system by the use of the equivale
single-particle multichannel network that takes into acco
both the interaction in the QD and the pairing potential
the superconducting side. This method has been previo
used to investigate the in-phase features of the transpo
electrons through a dot in the Coulomb blockade regime w
normal leads.17 Here, the pairing potential on the superco
ducting side is described with the Bogoliubov–de Gen
Hamiltonian. We include the effects of the Coulomb intera
tion and the multilevel structure of the QD which have n
been considered in Ref. 16. From these effects rich feat
of the Andreev reflection, caused by the interplay among
Coulomb blockade effect in the QD, the Andreev reflecti
from the superconducting lead, and the exchange interac
on the ferromagnetic side, emerge. At finite temperatures
zero-bias conductance of the system can either be enha
or suppressed with increasing the exchange field, depen
on the matching condition of the Fermi velocity which
related to the electron occupation in this structure.

The paper is organized as follows. In Sec. II we descr
the model and the basic formalism. We present the calcula
results in Sec. III. In the final section we give brief summa
and discussion.

II. THE MODEL AND THE BASIC FORMALISM

The Hamiltonian of the system can be written as

H5HF1HD1HS1HT , ~1!

whereHF , HD , HS , andHT represent the sub-Hamiltonian
of the ferromagnetic lead, the QD, the superconducting w
and the coupling between the dot and the leads, respecti
In a tight-binding scheme they are expressed as
©2003 The American Physical Society16-1
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HF5t0 (
m,21,s

~cm,s
† cm11,s1 H.c.!

2 (
m<21,s

sgn~s!hcm,s
† cm,s , ~2!

HD5(
i 51

N

(
s

~j i1Vg!di ,s
† di ,s1

1

2C S e(
i 51

N

(
s

di ,s
† di ,sD 2

,

~3!

HS5t0 (
m>1,s

~cm,s
† cm11,s1H.c.!

2 (
m>1,s

~Dcm,s
† cm,2s

† 1H.c.!, ~4!

HT5(
i 51

N

(
s

~ tLc21,s
† di ,s1tRc1,s

† di ,s1H.c.!, ~5!

wherecm,s anddi ,s are annihilation operators of electrons
the leads and in the dot, withs, m, and i being indices of
spin, sites and levels, respectively,tL (tR) is the hopping
matrix element between the left~right! lead and the dot
which is assumed to be independent of the dot levels
simplicity, andN is the number of the involved dot levels
The electron states in the closed dot are characterized
level energyj i , dot potentialVg induced by the gate voltage
and charging energy of an effective capacitanceC. In the left
lead the motion of electrons are described by hopping in
gral t0 and exchange fieldh. The spin indicess5↑,↓ corre-
spond to the majority and minority spins in the ferromagn
respectively. In the right leadD is the pairing potential of the
Bogoliubov–de Genes Hamiltonian for the superconduc
ity. In the following we set the Fermi level to be the ener
zero and chooset0 as energy units. For simplicity we sup
pose that the Fermi level is at the band center if there are
spin polarization and superconducting pairing.

Due to the superconductivity of the right lead, both ele
trons and holes contribute to the conductance of the sys
They are considered as quasiparticles on basis of the F
sea. We suppose that the dot hasM electrons occupying sev
eral levels according to the thermal probability before a
after tunneling. Including one electron or one hole in t
leads, there areM61 electrons in relevant many-bod
states. To solve the Schro¨dinger equation we use the follow
ing many-body states as the basis wave functions:

Fm,s,D
(e) 5cms

† S )
$ is8%PD

dis8
† D uF&, FD(1)

5S )
$ is8%PD(1)

dis8
† D uF&,

~6!
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Fm,s,D
(h) 5cm,2sS )

$ is8%PD

dis8
† D uF&, FD(2)

5S )
$ is8%PD(2)

dis8
† D uF&, ~7!

whereD, D (1), andD (2) denote sets ofM, M11, andM
21 states in the dot, respectively, anduF& represents the
Fermi sea. A wave function that describes the tunneling p
cess can be written as a linear combination of these b
functions

C5(
m,s

(
D

pm,s,D
(e) Fm,s,D

(e) 1 (
D(1)

qD(1)FD(1)

1(
m,s

(
D

pm,s,D
(h) Fm,s,D

(h) 1 (
D(1)

qD(2)FD(2). ~8!

By applying the Hamiltonian onC we obtain the following
Schrödinger equations for coefficientspm,s,D

(e) , pm,s,D
(h) ,

qD(1), andqD(2):

@xD2sgn~s!h#pm,s,D
(e,h) 6t0~pm11,s,D

(e,h) 1pm21,s,D
(e,h) !

5Epm,s,D
(e,h) , ~m,21!, ~9!

@xD2sgn~s!h#p21,s,D
(e,h) 6t0p22,s,D

(e,h) 6(
i

tLqD(1,2)( i ,s)

5Ep21,s,D
(e,h) , ~10!

xD(1,2)( i ,s)qD(1,2)( i ,s)6tL* p21,s,D
(e,h) 6tR* p1,s,D

(e,h)

5EqD(1,2)( i ,s) , ~11!

xDp1,s,D
(e,h) 6t0p2,s,D

(e,h) 6(
i

tRqD(1)( i ,s)1Dp1,s,D
(h,e) 5Ep1,s,D

(e,h) ,

~12!

xDpm,s,D
(e,h) 6t0~pm11,s,D

(e,h) 1pm21,s,D
(e,h) !1Dpm,s,D

(h,e)

5Epm,s,D
(e,h) , ~m.1!, ~13!

whereE is the total energy of theM61 particles,D (1)( i ,s)
@D (2)( i ,s)# is a set of dot states obtained fromD by adding
~subtracting! state$ is%, the sum fori is over all possible sets
D (1)( i ,s) @D (2)( i ,s)# for a givenD, and

xD5
e2M2

2C
1MVg1 (

i PD
j i , ~14!

xD(1,2)( i ,s)5
e2~M61!2

2C
1~M61!Vg1 (

i PD(1,2)( i ,s)

j i .

~15!

In Eqs. ~9!–~13! the plus sign in6 corresponds to the firs
index in the superscript of coefficientp which refers to elec-
tron ~e! or hole (h).

In the following calculations we will include four discret
levels with equal level spacing for the dot. From the abo
6-2
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equations the problem of the transmission through the FQ
system reduces to a single-particle picture of a multichan
network. In Figs. 1~a! and 1~b! we partially show possible
networks for a dot with three~odd! electrons before and afte
tunneling. Symbolsc† and c denote the electron and ho
channels in the leads, respectively. The states of the do
represented by the occupation status of levels shown in
circles. To keep a stationary current, the outgoing chan
should have the same status of the level occupation as th
the incoming channels, but the spin of electron in the
may be flipped. Figure 1~b! shows the spin-flip process in th
tunneling. In Fig. 1~c!, we display the tunneling process
the case of even electrons in the dot. In the intermed
states the tunneling electron goes to an empty level, w

FIG. 1. Illustration of the equivalent single-particle networks f
electron tunneling through a ferromagnetic metal/quantum
superconductor system. Four energy levels in the dots are inclu
The ferromagnet is described with a one-dimensional tight-bind
lattice. There are three electrons in the dot for~a! and ~b!, four
electrons for~c!, before and after tunneling. The states of the dot
described in cycles. The position and spin of the tunneling elec
are represented by the lattice sites and↑ or ↓ signs, respectively.c†

~c! stands for electron~hole! channels.
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the hole from the superconducting side goes to an occu
level, creating a Cooper pair in the superconducting le
There are other independent networks which are not sho

If an electronic plane wave with unit amplitude is incide
from the ferromagnet, there appear reflected waves in b
the electron and hole channels of the left lead, and the c
ficientspm,s,D

(e,h) can be written as

pm,s,D
(e) 5eiks

(e)m1r s,D
(e) e2 iks

(e)m, for m,0, ~16!

pm,s,D
(h) 5r s,D

(h) e2 iks
(h)m, for m,0, ~17!

wherer s,D
e,h andks

(e,h) are, respectively, the reflection ampl
tude and the wave vector in the corresponding channels.
wave vectors satisfye52t0cosks

(e)2sgn(s)h2eVb ande5

22t0cos(2ks
(h))2sgn(s)h1eVb , where e5E2xD is en-

ergy of the electron or hole in the lead andVb is the bias
voltage. We can calculate the reflection amplitudesr s,D

(e,h) for
all channels in networkl by solving the Schro¨dinger equa-
tions. By virtue of the current conservation, at low tempe
tures the conductance can be evaluated on the ferroma
side and expressed as8,18,19

G52
e2

h E2`

`

de (
l

] f 0~e!

]e
Fl~T!@Nl

(e)2Tr~R̂l
(e)†R̂l

(e)!

1Tr~R̂l
(h)†R̂l

(h)!#, ~18!

where l is the index of the independent networks,R̂l
(e) and

R̂l
(h) are reflection matrices for, respectively, electron a

hole channels on the ferromagnet side,Nl
(e) is the number of

electron channels,f 0(e,T) is the standard Fermi distributio
of electrons, andFl(T) is the thermal probability of the do
states in networkl,

Fl~T!5
1

NexpS 2
xDl

kBT
D , with N5(

l
expS 2

xDl

kBT
D .

~19!

The contribution of the Andreev reflection to the condu
tance is included by the term ofR̂l

(h) in Eq. ~18!. By sweep-
ing the gate voltageVg , the occupation number in the dot
sequentially changed, corresponding to a series of reso
conductance peaks. The spacing between peaks is d
mined by both the charging energy and the level spac
The calculation of the current at a finite bias voltage is sim
lar but the difference in the chemical potential between t
leads should be taken into account.

III. RESULTS AND DISCUSSION

On the basis of the Schro¨dinger equations, we carry ou
numerical calculations on transport properties of the FQ
system. In the case ofueu,D, only the Andreev reflection
makes contribution to the current. In the numerical calcu
tions, we use the following parameters: the level spacing
dot is dj50.04, the first level is atj150.0, the electron-
electron interaction in the dot is represented bye2/2C
50.015, the temperature is set to beKBT50.005, the super-

t/
d.
g

e
n
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conducting energy gap is assumed to beD50.15, and the
coupling strength is taken ast l5t r50.10. These parameter
are structure dependent and may vary from sample
sample. Figure 2 shows the currentI as a function of the gate
voltageVg at small bias voltage and various exchange fiel

FIG. 3. ConductanceG versus gate voltageVg for different
exchange fields.

FIG. 2. CurrentI versus gate voltageVg for different exchange
fields and bias voltages.
04531
to

.

At first, due to the interplay of the Coulomb blockade a
the Andreev reflection, a series of peaks emerges in theI -Vg
curves, and they can be classified into A, B, and C types.
A and B types correspond to the odd and even occupation
the dot, respectively. If the bias is larger than the interval
levels, the C-type peaks begin to appear. The features o

FIG. 4. The contributions to the Andreev reflection from~a! the
majority spin channel and~b! the minority spin channel versus th
energy of the tunneling electron for different exchange fields. T
corresponding dot state has the maximum thermal probability
gate voltageVg520.18.
6-4
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types are similar to those in an NQDS system.15 Secondly,
due to the existence of the ferromagnetism in the system
Andreev reflection is modified by the exchange interact
on the ferromagnetic side. As can be seen from Fig. 2,
current is suppressed with increasing the exchange field

FIG. 5. The maximum magnitudes of the Andreev reflection
spin-up and spin-down channels as functions of exchange eneh
for spin-up incident electron. Panels~a! and ~b! correspond to net-
works shown in Fig. 1~c! with e50.033 and Fig. 1~a! with e
50.023, respectively.
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cause of the reduction of the Andreev reflection. For sm
exchange interaction, the B-type peaks are more discern
reflecting the favor of the even occupation in the dot for t
Andreev reflection. However, the B-type peaks are more s
sitive to the increase of the exchange interaction on the
romagnetic side.

In Fig. 3 we plot the linear conductance versus the g
voltage at different exchange fields. It can be seen that

FIG. 6. The magnitude and phase of the Andreev reflection
functions of exchange energyh for networks shown in~a! Fig. 1~c!
and in ~b! Fig. 1~a! with e50.0. For panel~a! the contributions
from the spin-up and spin-down channels are almost the same
6-5
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B-type peaks are strongly suppressed at zero bias and
C-type peaks completely disappear. This is because at
bias the tunneling processes involving more than one le
in the dot or two spin states in the ferromagnetic lead
occur only via the thermal excitations. When the exchan
field increases, the B-type peaks are suppressed. How
the A-type peaks are first increased slightly and then
creased. This complicated behavior is due to the four ty
of processes involved in the A-type tunneling which a
shown in Fig. 1~a!. The quantum interference originate
from the different wave vectors of the spin states may lea
the complicated behavior of the A-type peaks. In the sens
the proximity effect the Andreev reflection of the FQDS sy
tem is similar to that in aF/S junction, but in the former the
level structure and the interaction strength within the dot
also influence the results.

In order to study the Andreev reflection in more deta
we investigate the behavior of contributions from the ch
nels of the majority and minority spins in the injection lea
The contributions to the Andreev reflection from the major
and minority spin channels versus the energy of the incid
electron for the dot state with the maximum thermal pro
ability are, respectively, plotted in Figs. 4~a! and 4~b! for
various values of the exchange energy. The reflection ta
place in an energy range corresponding to the supercond
ing gap, while the peak structure reflects the energy level
the dot. By increasing the exchange energy on the ferrom
netic side, the peaks are lowered and split, implying the s
pression of the exchange field on the Andreev reflection
the splitting of energy of the two spin states. From the co
parison between these two figures it can be seen that
difference in the shape of curves is rather small. The rea
is that the process of the Andreev reflection involves b
spin states.

In Figs. 5~a! and 5~b! the magnitude of the Andreev re
flection as a function of the exchange energy for the spin
incident electron at energy corresponding to the peak in
case ofh50 is plotted. In the case without spin-flip pro
cesses, the Andreev reflection decreases monotonously
increasing the exchange energy, as expected from its
pression effect. However, for the spin-flip tunneling proce
the Andreev reflection may increase with increasingh, as
shown by the dotted line in Fig. 5~b!. Similar behavior is
obtained and discussed forF/S junctions and FQDS system
and is attributed to the exchange-energy dependence o
matching condition for the Fermi velocities.1,4,16 In the
present case the magnitude of the Andreev reflection dep
on the parameters of the QD and on the Fermi velocitie
the incoming and outgoing channels. Thus, the match
condition becomes more complicated. Especially, the ou
ing channels are different for the non-spin-flip and spin-fl
processes, leading to evident difference in the matching c
dition. This is reflected in Fig. 5 which shows the differe

*Email address: sjxiong@nju.edu.cn
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behavior for the non-spin-flip@curves in Fig. 5~a! and solid
line in Fig. 5~b!# and the spin-flip@dotted curve in Fig. 5~b!#
cases.

It is also interesting to investigate the variation of t
phase in the Andreev reflection. In Figs. 6~a! and 6~b! we
show the magnitude and phase of the Andreev reflection
functions of the exchange energy for the contributions fr
the networks shown in Fig. 1~c! and Fig. 1~a!, respectively.
As one can see, in Fig. 6~a!, the magnitude of the Andree
reflection decreases monotonously, while the phase
creases, with increasing the exchange field. In Fig. 6~b!, due
to the existence of the spin-flip process, in the curve for
spin-up incident wave the phase changes abruptly byp at a
value ofh. It is worthy to note that this point coincides wit
the value ofh where the magnitudes of the Andreev refle
tion for the spin-up and spin-down incident waves beco
equal.

IV. SUMMARY

We have investigated the transport of electrons throug
quantum dot coupled to a ferromagnetic lead and a super
ducting lead by taking into account the pairing potential
the superconducting side, the exchange energy on the fe
magnetic side, and the Coulomb interaction and level str
ture of the dot. The tunneling current measured on the fe
magnetic side is mainly from contributions of the Andre
reflection. The obtained results lead to the following conc
sions. ~1! Both the intensity and the phase of the Andre
reflection can be controlled by the resonant tunnel
through the dot which can be tuned with varying the g
voltage. ~2! For even occupations of the dot, the resona
tunneling involves two dot levels, one empty and the oth
occupied, to create or destroy Cooper pairs on the super
ducting side.~3! The tunneling spectrum depends on the e
change energy of the ferromagnetic lead, the Coulomb in
action and the level spacing of the dot. Their combined eff
leads to complicated structure of peaks.~4! For odd occupa-
tions of the dot, the spin-flip processes occur in the tunn
ing. In this case the magnitude of the resonant Andreev
flection can either be enhanced or suppressed with increa
the exchange field. The above conclusions are from deta
calculations based on the equivalent single-particle netwo
which can account for the Coulomb interaction, the lev
structure, the pairing potential, and the exchange energy
an equal footing.

ACKNOWLEDGMENTS

This work was supported by National Foundation
Natural Science Grants No. 10074029 and 60276005, an
the China State Key Projects of Basic Research~Grant No.
G1999064509!.

3J.X. Zhu, B. Friedman, and C.S. Ting, Phys. Rev. B59, 9558
~1999!.

4S. Kashiwaya, Y. Tanaka, N. Yoshida, and M.R. Beasley, Ph
Rev. B60, 3572~1999!.
6-6



ett

n

m
J

o
ys.

TUNNELING RESONANCES AND ANDREEV REFLECTION . . . PHYSICAL REVIEW B67, 045316 ~2003!
5G. Tatara, Y-W. Zhao, M. Munoz, and N. Garcia, Phys. Rev. L
83, 2030~1999!.

6S.K. Upadhyay, A. Palanisami, R.N. Louie, and R.A. Buhrma
Phys. Rev. Lett.81, 3247~1998!.

7R.J. Soulen Jr., J.M. Byers, M.S. Osofsky, B. Nadgorny, T. A
brose, S.F. Cheng, P.R. Broussard, C.T. Tanaka, J. Nowak,
Moodera, A. Barry, and J.M.D. Coey, Science282, 85 ~1998!.

8M.J.M. de Jong and C.W.J. Beenakker, Phys. Rev. Lett.74, 1657
~1995!.

9C.W.J. Beenakker, Phys. Rev. B46, 12 841~1992!.
10N.R. Claughton, M. Leadbeater, and C.J. Lambert, J. Phys.: C

dens. Matter7, 8757~1995!.
11R. Fazio and R. Raimondi, Phys. Rev. Lett.80, 2913~1998!.
04531
.

,

-
.S.

n-

12K. Kang, Phys. Rev. B58, 9641~1998!.
13J.C. Cuevas, A.L. Yeyati, and A. Martin-Rodero, Phys. Rev. B63,

094515~2001!.
14Q.F. Sun, H. Guo, and T.H. Lin, Phys. Rev. Lett.87, 176601

~2001!.
15J.F. Feng and S.J. Xiong, J. Phys.: Condens. Matter14, 4111

~2001!.
16Y. Zhu, Q.F. Sun, and T.H. Lin, Phys. Rev. B65, 024516~2001!.
17S.J. Xiong and Y. Xiong, Phys. Rev. Lett.83, 1407~1999!.
18K. Kikuchi, H. Imamura, S. Takahashi, and S. Maekawa, Ph

Rev. B65, 020508~2002!.
19J.X. Zhu and C.S. Ting, Phys. Rev. B61, 1456~2000!.
6-7


