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Andreev drag effect in ferromagnetic-normal-superconducting systems

David Sánchez, Rosa Lo´pez, Peter Samuelsson, and Markus Bu¨ttiker
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~Received 26 September 2003; published 3 December 2003!

We investigate conductances and current correlations in a system consisting of a normal multichannel
conductor connected to one superconducting and two ferromagnetic electrodes. For antiparallel orientation of
the ferromagnet polarizations, current injection from one ferromagnet can, due to Andreev reflection, lead to a
net drag of current from the second ferromagnet toward the superconductor. We present the conditions for the
Andreev drag in terms of lead polarizations, contact conductances, and spin-flip scattering. Remarkably, both
equilibrium and nonequilibrium zero-frequency current correlations between the ferromagnets become positive
even in the presence of spin relaxation.
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I. INTRODUCTION

At a normal-superconducting interface, Andreev reflect
causes a conversion of the quasiparticle chargeanda flipping
of its spin—an electron with spin up, incoming towards t
superconductor, is reflected as a hole with spin down. T
leads to exciting consequences in the transport physics w
the focus is put on creating, manipulating and detecting s
currents and magnetization.1,2 When the carriers are spin po
larized, the transport properties are strongly sensitive to
relative orientation of the ordered moments of ferromagn
electrodes,3,4 a feature that has received a lot of interest d
to the relatively long spin dephasing times observed
metals5,6 and semiconductors.7 In hybrid systems containing
a superconductor, various aspects of the interplay betw
Andreev reflection and ferromagnetism have been addre
theoretically8,9 and experimentally.10–12

The structure of interest here is shown in Fig. 1~a!: two
ferromagnetic contacts are connected to a normal condu
which is in turn connected to a superconductor. Of particu
interest is the case of crossed Andreev reflection betw
ferromagnetic leads with antiparallel polarization dominat
over crossed normal reflection. In such a geometry, wit
voltage applied to one of the leads while the other lead
the superconductor are grounded, the injected current f
the biased ferromagnetic lead effectivelydragsalong a cur-
rent from the grounded lead. This effect is easy to underst
since the transfer of Cooper pairs into the supercondu
requires a pair of electrons with opposite spin. If the injec
current consists only of, say, spin-up carriers, the sys
supplies the spin-down carriers from the oppositely polari
ferromagnetic lead even though no voltage is applied at
contact.

The physics of the Andreev drag effect was already
dressed by Jedema and van Weeset al.13 for a multiterminal
metallic diffusive conductor. These authors pointed to ne
tive four-terminal resistances as a consequence of the
dreev drag effect. In contrast, much of the recent theoret
discussion has focused on a geometry where two nee
shaped ferromagnetic leads with antiparallel polarization
directly coupled to a superconductor at two spatially se
rated points.14 In this case, even in the case of 100% sp
polarization, the crossed Andreev reflection probability
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strongly suppressed in realistic geometries,15 making the ex-
perimental detection of the drag effect difficult. In additio
the direct connection of the ferromagnetic electrodes to
superconductor might lead to unwanted modifications of
local properties of the ferromagnet11 and the
superconductor,12 suppressing the drag effect.

In this work, we overcome the above difficulties by in
serting a normal multichannel16 mesoscopic conductor with
generic elastic scattering between the ferromagnetic e
trodes and the superconductor@see the sketch of Fig. 1~a!#.
We include arbitrary interface conductances and spin-flip
laxation ~see below!. The advantage of this scheme is tw
fold: ~i! since the superconductor is only contacted at o
point, the drag effect develops to the fullest extent possi
being of the order of the conductances of the contacts
tween the normal conductor and the ferromagnetic and
perconducting electrodes and~ii ! the sources of the compe
ing phenomena—superconductivity and ferromagnetism
are spatially separated by the normal conductor.

We find that the Andreev drag effect is observable wh
the conductance of the normal-superconducting~NS! inter-
face dominates over the ferromagnetic-normal~FN! contact
conductances. The drag effect is reinforced with increas
lead polarization and survives for a considerable amoun
spin-flip scattering. Furthermore, we demonstrate that
crossed Andreev reflections have a profound influence on

FIG. 1. ~a! Generic ferromagnetic-normal-superconducti
structure: the process that gives rise to the Andreev drag effe
indicated.~b! Sketch of the equivalent circuit model~see text!.
©2003 The American Physical Society01-1
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zero-frequency current-current cross correlations. We
serve that both the thermal noise and the shot noise po
measured between the two ferromagnetic leads yieldpositive
values.

II. MODEL

We analyze a hybrid system~shown in Fig. 1! consisting
of a normal conductor connected to two ferromagnetic (F1
and F2) and one superconducting~S! reservoirs. For sim-
plicity, the direction of the magnetization of the two ferr
magnets is assumed to be collinear and we consider iden
FN couplings. Any type of contacts, e.g., diffusive, ballist
or tunnel contacts, can be treated. In what follows, we d
with point contacts at theFN ~NS! interface with N ~M!
transversal modes and mode independent transparenG
(GS). We consider the case with dimensionless conductan
~in units of 2e2/h) much larger than unity:g5NG,gS

5MR@1, whereR5GS
2/(22GS)2 is the Andreev reflection

probability. Under these conditions, weak localization
well as Coulomb blockade effects can be safely neglec
Moreover, the dwell time of the normal conductortd is as-
sumed to be shorter than typical inelastic scattering time

Throughout the paper, we consider the case when
proximity effect inside the normal conductor is suppress
~but the Andreev reflection at theNS interface is taken into
account!. A strong proximity effect would quench the dra
effect as the normal conductor would behave effectively a
superconductor.17 This can be avoided either with a magne
field ~e.g., a stray field from the ferromagnets or an ext
nally applied field! or with a characteristic quasiparticle e
ergy ~biaseV or temperaturekBT) much larger than the in
verse dwell timeeV,kBT@\/td . Nevertheless, to avoid
single particle transport, botheV andkBT should be smaller
than the gap of the superconductor.

The resistance of the system is completely dominated
the resistances of theFN and NS contacts. Moreover, we
assume that the physical properties within the conductor
isotropic due to diffusive or chaotic scattering. We can th
consider the normal conductor to be effectively zero dim
sional. This restricts our model to systems with a spin-
length much larger than the lateral dimensions of the syst
i.e., there are no spatial variations of accumulated spins
side the dot, though no assumptions are made about th
lation between the spin-flip timetsf andtd . We stress that al
the above constraints form a situation that is experiment
accessible with present techniques. Vertical structures s
as metallic thin-film heterostructures, epitaxial layers of ha
metallic chromium dioxide or diluted magnetic semicondu
tors are equally suitable for the observation of the effe
discussed here. In fact, a uniform spin accumulation w
very recently achieved in a normal metallic island coupled
magnetic leads.18

General theoretical formulations of semiclassical s
transport, based on quasiclassical Green’s functions, h
been developed by Brataas, Nazarov, and Bauer for nor
ferromagnetic systems19 and by Belziget al. for normal-
ferromagnetic-superconducting systems.9 Here, we follow
the approach of Samuelsson and Bu¨ttiker20 extended to spin-
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dependent transport. This simple theory is equivalent to R
9,19 for the geometry in Fig. 1~a!. It is directly formulated in
terms of distribution functions and allows us to treat t
current and the current correlations within a unified fram
work. Because the proximity effect is suppressed, the e
trons and holes are independent20 and the system is mappe
onto the equivalent circuit of Fig. 1~b! in which the electron
and hole subsystems~with opposite spins! are connected via
Andreev reflection. Spin relaxation in the normal conduc
gives rise to a spin-flip current between the spin subsyst
with the same quasiparticle charge. As a result, we can
scribe the conductor with four nodes@two nodes (↑ and↓)
for each quasiparticle type~electrons and holes!# connected
to each other and to the ferromagnetic reservoirs via s
dependent resistances. We model the spin dependent con
tances of the FN contacts asga

↑,↓5g(16ha)/2, whereha is
the spin polarization of the leada (a5$1,2%): ha5(na

↑

2na
↓ )/(na

↑ 1na
↓ ), where na

s is the density of states of th
ferromagnetic lead close to the Fermi energy (s5$↑,↓%).

Conservation of time-averaged~spin-dependent! current
densities must be fulfilled at each node for every energyE.
Currents flowing into the normal conductor are defined po
tive such that thespectralcurrents obey

(
a

i aq
↑ 7 i S

↑1 i ↓↑,e50, (
a

i aq
↓ 7 i S

↓2 i ↓↑,e50, ~1!

where q5(e,h) labels the carrier~electron or hole! and
2 (1) is for q5e (q5h). The currents through theFN and
NScontacts are

i aq
s 5ga

s~ f aq2 f̂ q
s!, i S

s5gS~ f̂ e
s̄2 f̂ h

s!/2, ~2!

where f aq(E)5$11exp(@E7eVa#/kT)%21 is the equilibrium
distribution function at reservoira. Note that f aq is spin
independent as spin relaxation mechanisms are usu
highly efficient in ferromagnets. In Eq.~2!, f̂ q

s(E) is the
nonequilibrium distribution function of the normal conduct
to be calculated from Eq.~1!. The spin-flip currenti ↓↑,q

5g( f̂ q
↓2 f̂ q

↑) equilibrates the spin distributions. Here,g
5hn0 /tsf (n0 is the density of states of the conductor at t
Fermi energy andtsf the spin-flip time!.19

III. CONDUCTANCE MATRIX

The total current flowing out of reservoira is

Ia5I ae
↑ 1I ae

↓ 2I ah
↑ 2I ah

↓ , ~3!

where I aq
s 5(e/h)*dEiaq

s (E), from which we determine
the conductance matrix. The conductanceGab relates
the currentIa with a voltage change at leadb. In the case
V1.0 and V25VS50, the interesting conductance
G215(h/2e2)(I2 /V1):

G215
g2@g~h1

21h2
222!24g22h1h2gS#

g2@42~h11h2!2#18ggS14g~2g1gS!
. ~4!

In a normal system,G21 is always negative.21 On the con-
trary, in our system we can haveG21.0, which is the mani-
1-2
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festation of the Andreev drag effect.22 Figure 2 shows the
behavior ofG21 as a function of 2g/gS . In the parallel~P!
case,h15h25h andG21 is negative@Fig. 2~a!#. The maxi-
mum ~absolute! value of G21 is attained ath51 and de-
creases with increasing values ofg @Fig. 2~b!#. In the anti-
parallel~AP! configuration (h152h25h), a reversalof the
current atF2 occurs for low values ofg/gS andg @see Figs.
2~c! and 2~d!#. Note that the drag effect can result already
a small value ofh. In fact, crossed Andreev reflections sta
to dominate whenh2.(g/gS)/(11g/gS) at g50. In par-
ticular, for the fully polarized case one always findsG21
.0 regardless of the ratiog/gS . WhengS@g, we find that
G21.0 holds for any value ofh.0, in agreement with Ref
13. Increasingg, the spin relaxation processes randomize
spin distributions and eventually lead toG21,0 @the curves
tend to theh50 case of Fig. 2~b!#. The condition for the
drag effect is

2g,h2gS2g~12h2!. ~5!

This is a central result of our work.
Interestingly, the Andreev drag effect implies that ev

the equilibrium Nyquist-Johnson noise yieldspositive cur-
rent cross correlationsP2154kBTG21 in contrast to normal
conductors. Nevertheless, energy dissipation is ensure
the eigenvalues of the conductance matrix are semiposit

Another striking result is that forh51 there are two lin-
early independent voltage configurations that yieldzero
eigenvalue of the conductance matrix. One is the ga
solution (V15V25VS). The nontrivial arrangement i
V152V25V and VS50. Here, F1 injects electrons
whereas an equivalent flow of incident holes stems fromF2.
Complete Andreev reflection yields then zero net current

IV. MAGNETIZATION

Out of equilibrium forV1.0 andV25VS50, an accu-
mulation of majority spins forms within the conductor. B
fore applying the voltage, the conductor has zero magnet

FIG. 2. Off-diagonal conductanceG215(h/2e2)I2 /V1 of the
current in ferromagnetic leadF2 when a voltage bias is applied t
lead F1 as a function of the contact conductances. The magn
moments of the reservoirs are aligned parallel in~a! with spin-flip
rateg50 and~b! with polarizationh51. ~c! and ~d! same as~a!
and ~b! in the antiparallel orientation.
21450
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tion. In the AP case, the polarization excess is given by

M5

E dE(
q

~ f̂ q
↑2 f̂ q

↓!

E dE(
q

~ f̂ q
↑1 f̂ q

↓!

5
gh

2g1g1gS
. ~6!

It approachesh for g@gS ,g and vanishes forg@g or gS
@g.

V. CROSS CORRELATIONS

To obtain additional insight into the drag effect, we inve
tigate the shot noise of the current. Of particular interest
the correlations between currents flowing in the two fer
magnetic reservoirs. In purely normal systems, the curr
cross correlations are manifestly negative.23 However, in hy-
brid superconducting structures it was shown that Andr
reflections can cause a reversal of the sign of the cr
correlations.24 The positive correlations in few-mode con
ductors were also shown to be enhanced by ferromagn
leads.25 Here, we focus on the cross correlations in the
configuration, which is the most interesting case.

The contacts act as generators of fluctuationsd i aq
s and

d i S
s . As a result, the spin-dependent distribution function

the normal conductor fluctuates itself. The total fluctuati
current is

D i aq
s 5d i aq

s 2ga
sd f̂ q

s , D i S
s5d i S

s1gS~d f̂ e
s̄2dĥe

s!. ~7!

We also take into account the fluctuationsd i ↓↑,q due to spin
relaxation, giving the fluctuating current

D i ↓↑,q5d i ↓↑,q1g~d f̂ q
↓2d f̂ q

↑!. ~8!

The next step is to determine the fluctuations of the d
tribution functions of the conductord f̂ q

s . In the zero fre-
quency limit, the fluctuating currents are conserved (7 for
q5e,h):

(
a

D i aq
↑ 7D i S

↑1D i ↓↑,q50, ~9a!

(
a

D i aq
↓ 7D i S

↓2D i ↓↑,q50. ~9b!

The fluctuations of the charge current at contacta are found
from D i a5D i ae

↑ 1D i ae
↓ 2D i ah

↑ 2D i ah
↓ .

The noise power of the current cross correlations is

P2152E dt^DI2~ t !DI1~0!&. ~10!

The contacts emit fluctuations independently so that

^d i aq
s ~E,t !d i a8q8

s8 ~E8,t8!&5
h

e
d̄Saq

s , ~11!

with d̄[daa8dqq8dss8d(E2E8)d(t2t8). Here, Saq
s is the

fluctuation power20,23

ic
1-3
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Saq
s 5ega

s@ f aq
s 1 f̂ q

s22 f̂ q
s f aq

s 2G~ f aq
s 2 f̂ q

s!2#, ~12a!

SS
s5egS@ f̂ e

s1 f̂ h
s̄22 f̂ h

s̄ f̂ e
s2R~ f̂ e

s2 f̂ h
s̄!2#/2, ~12b!

S↓↑q5eg@ f̂ q
↓1 f̂ q

↑22 f̂ q
↑ f̂ q

↓#, ~12c!

where we have assumed that the statistics of spin-flip ev
is Poissonian.26

The above system of equations is complete and can
solved for any set of applied voltages, polarization alig
ments, and spin-flip rates. We calculateP21 for the bias con-
figuration given byV1.0, V25VS50 in the AP case a
kBT50. We present only the analytical result in limitin
cases and show the general result in Fig. 3. In Fig. 3~a!, we
plot P21 as a function of the conductance ratio 2g/gS for
various polarizationsh, g50, andG5R51. ~Qualitatively,
the results are independent ofG andR.! For h50, the cross
correlations are negative. Ash is turned on,P21 can become
positive. With increasingg/gS , P21 exhibits a crossove
from negative to positive values at 2g/gS;1. Indeed, for
dominating NS conductance~small g/gS) we find

P215p0h2@G122h2~3G22!#/161O~g/gS!, ~13!

which is manifestly positive forh.0 (p0[4gV1e3/h). In
this case, the electron and hole distributions within the c
ductor are almost identical.

On the other hand, for dominatingFN conductance~small
gS /g) the cross correlations become

P215p0~12h2!@G221h2~3G22!#/81O~gS /g!, ~14!

FIG. 3. Cross correlationP12 for G51 and R51 versus the
ratio of the conductances of the point contacts in the antipara
case. In~a! g50 whereas in~b! h51. Insets: ‘‘Phase diagram’’ of
the occurrence of the Andreev drag effect~below the dashed line!
and positiveP12 ~below the solid line! for ~a! g50 and~b! h51.
.
,

A

21450
ts

be
-

-

which are negative forh,1. Notice that forh50 this ex-
pression yields the shot noise for a chaotic dot coupled
two normal leads. In the fully polarized case, the cross c
relations arealwayspositive independently ofg/gS .

For illustrative purposes we show in the inset of Fig. 3~a!
the ‘‘phase diagram’’ (h,g/gS). The solid line marks the
crossover between positive and negative cross correlati
With increasingh, the crossover point shifts toward large
values of 2g/gS . For comparison, we also plot a dash
curve that marks the transition to the Andreev drag effe
Notice that the conditionsP21.0 and G21.0 are closely
related, but not identical. This is the case since the scatte
processes in general contribute in different ways for the c
rent and noise.20

A finite source of spin relaxation leads to the suppress
of positive P21. To see this, we show in Fig. 3~b! the cross
correlations for the fully polarized case for different valu
of g. For nonzero values ofg, P21 becomes negative with
increasing 2g/gS . Eventually, wheng→`, we recover the
unpolarized case (h50) of Fig. 3~a!.

VI. CONCLUSIONS

We have investigated the transport properties of a nor
conductor attached to ferromagnetic leads and coupled
superconductor in the subgap regime. The proposed ge
etry, which includes generic elastic and spin-flip scattering
shown to exhibit a pronounced Andreev drag effect. We h
demonstrated that the equilibrium and transport current c
relations are strongly sensitive to crossed Andreev refl
tions. The theory presented here applies to a wide rang
geometries and should therefore advance experimental ob
vation of the Andreev drag effect.

Note added in proof.Recently we became aware of th
work of Lambertet al.27 who compute numerically the con
ductances for a metallic diffusive geometry similar to Fig.
They also conclude that a normal conductor inserted betw
the ferromagnetic and the superconducting contacts lead
an enhancement of the Andreev drag effect. In contrast to
work, the role of spin-flip, the effect of differing lead pola
izations, and the shot noise are not investigated.
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