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Incomplete Andreev reflection in a clean superconductor-ferromagnet-superconductor junction
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We study the Josephson effect in a clean superconductor-ferromagnet-superconductor junction for arbitrarily
large spin polarizations. The Andreev reflection at a clean ferromagnet-superconductor interface is incomplete,
and Andreev channels with a large incidence angle are progressively suppressed with increasing exchange
energy. As a result, the critical current exhibits oscillations as a function of the exchange energy and of the
length of the ferromagnet and has a temperature dependence which deviates from the one predicted by the
quasiclassical theory.
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Current  understanding of the superconductor-oped in order to mesure directly the spin polarization of
ferromagnet-superconduct¢8FS Josephson effect is lim- materialsit*?such as Lg;Sr, s;MnOs, CrO,, NiFe, NiMnSb,
ited to small spin polarizations. In the case of conventionalwhich were not easily accessible by spin resolved tunneling
superconductors, the Josephson current is due to thepectroscopy? A huge amount of theoretical efforts has been
AndreeV conversion of singlet Cooper pairs into correlateddevoted to transport properties in a nanosé&geontact*-18
electrons and holes with opposite spins propagating cohewhile few studies have considered the thermodynamical
ently in the ferromagnetic metal. Applying the Eilenbergerproperties ofFS heterostructure¥-2!
equation$ to a clean multichannebFSjunction, Buzdinet In this paper, we address the physics of the Josephson
al.2 have predicted that this nondissipative current oscillategffect in a clean multichann@FSjunction in the range of
as a function of both the exchange energy splittifag and  arbitrarily large spin polarization. We show how the Joseph-
the lengthd of the ferromagnet, because of the mismatchson current is modified by the ordinary reflection induced by
2E.,/fivg between the spin-up and spin-down Fermi wavethe ferromagnet in the crossover fromSiNS(#=0) to a
vectors. This quasiclassical result assumes that the Andre€3/HM/ S junction (> 1). With increasing exchange energy,
reflection is complete, as it is fully justified for weakly spin- the Andreev reflection is suppressed for electrons propagat-
polarized ferromagnetic alloys.,<Eg, Er being the Fermi  ing with a large incidence, so that the number of channels
energy. First experimental evidence for such oscillating criti-contributing to the total current decreases. This reduction of
cal current has recently been reported in Nb-Cu-Ni-the number of “Andreev active channels” has furthermore a
Cu-Nb junctions! The so-calledm-phase state of &FS  subtle effect on the Josephson current: althoughF®eon-
junctior? has also been observed using diffusive weak ferroductance is always reduced whenincreases? the critical
magnetic alloys such as ¢yNi, (Ref. 6 or Pd_,Ni,.”™® current has a nonmonotonic behavior, depending on the

In the new field of spintronics, devices with high spin current-phase relationship of the suppressed channels. For
polarization are used in order to manipulate spin polarizedarge spin polarizations, the oscillations of the critical current
currents. In the recently discovered half met@$/s), such  depend separately on the prodigtl and on the spin polar-
as CrQ and Lg 7Srp sMnO;3, the current is completely spin ization %. They are reduced and shifted with respect to the
polarized because one spin subband is insulating. Ferromagredictions of the quasiclassical thebrin which only a
netic elements Fe, Co, Ni, also exhibit quite large spin posingle parameter, 2,,d/ (fvg)=7ked, is relevant. For small
larizations. Anticipating the interest for large spin polariza-spin polarizations, we naturally recover the quasiclassical re-
tions, de Jong and Beenakk&have shown that in this case sults. In the HM limitEs,— Er, the critical current vanishes
the Andreev reflection is not complete at a cleanpecause the Andreev reflection is totally suppressed for all
ferromagnet-superconduct@#S) interface, in contrast to the the transverse channels. In addition, we study the tempera-
case of a clean nonmagnetic normal metal-superconductaire dependence of the critical current for different values of
(NS interface. Even in the absence of impurity scatteringthe spin polarization and of the lengthof the ferromagnet.
normal reflection may occur because of the diagonal exOur results are in agreement with those of Radati@l 2
change potential barrier between the ferromagnet and the saithough they are not derived in the same way. They com-
perconductor. This suppression of the Andreev reflection afpute the Josephson current in a balliSié¢ISdouble-barrier
fects preferentially the channels with large transversgunction with Fermi velocities mismatch, arbitrary large spin
momentum. As a result, the subgap conductance of a ballistisolarization, and arbitrary transparencies of the barriers. We
FS contact decreases quasilinearly as a function of the spihave developed a much simpler formalism for the Josephson
polarization n=Eg,/E¢ from twice the normal state conduc- current in the more restrictive case of fully transparent inter-
tance(7=0) to zero(n=1), because of the progressive sup- faces with no Fermi velocities mismatch. Our results can be
pression of the Andreev process. Using this principle, dnterpreted as a generalization of the quasiclassical result
point-contact Andreev reflection technique has been develwhere high-incidence trajectories have been removed.
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We consider a clean shd8f-Sjunction with a large num- tween the corrections associated to each anticrossing, the
ber M of transverse channels and with a lengthof the  current is almost unaffected up to very large spin polariza-
ferromagnetic region much smaller than the coherence lengttions 7»=0.95. The region in which Andreev reflection and
of the superconductaf,=%ve/ Ay, whereA, is theT=0 su-  ordinary reflection coexist is extremely small. As a result, the
perconducting gap. The itinerant ferromagnetism is dedJosephson current through a single char8ie§junction is
scribed within the Stoner model by an effective one bodygiven to great accuracy by the formula for perfect Andreev
potentialV,(x) =—oE,, which depends on the spin direction, reflectior?
characterized byo=x1. In the superconducting leads,

Vy(x)=0. The superconducting pair potential A(x) i(x,ked, 77,6,=0) = 77_A > sin x+oa

=|A|€X? in the left lead and\(x)=|A|e7'¥'2 in the right lead. 0 g=1 2

In the absence of spin-flip scattering, the Bogoliubov—de A Y+oa

Gennes equations split in two sets of independent equations X tan}‘{E_ COE(T)] (4)

for the spin channelgu;,v ) and(u;,v,)
Ho+ V,(X) AX) u u forr;_<1 and it is zero forp>1. The parametea:(\s’m
( 7 ) )( 7 ) = 6()()( 7 ) 1) -v1-7n)ked is the phase shift accumulated between an elec-
AR ~Ho+Vo(¥) tron and a hole located at the Fermi level during their propa-
where €() is the quasiparticle energy mesured from thegation on a lengttd. S
Fermi energy? The kinetic part of the HamiltoniarH, In the present paper, we generalize this result to transverse
=[-i%d/dx—gA(X)]2-E¢/2m, with the effective mass of channels with finite angl@,, in the more realistic case of a
electron and holen, is expressed in terms of the vector po- f|n|Fe width _SFSJunct|on. The crossover between Andreev
tential A(x), which is responsible for the phase differenge active and inactive channels occurs in a narrow window of
between the leads, arEF:ﬁZKE/Zm is the Fermi energy. incidences in the vicinity of,=arccosy 7. Below this cut-

The Fermi velocities are identical in both superconductor®ff: the current carried by a single Andreev active channel is

U—(T v—(J'

and in the paramagnetic metal. . A _ x+oa,
Because both the pair and the disorder potential are iden- i(x.Ked, 7, 6,) = oo > sin —
tically zero in the ferromagnet, the eigenvectors of Eq. 0 o=21
are electrons and holes with plane wave spatial dependen- A X+ oa,
cies. For a given transverse channel, the electron and hole X tan oT co AL (5)

longitudinal wave vectorg,,, andh,_,, respectively, satisfy

ﬁZ
—kn+En:E,:+e+ 0Eey

5 and it is zero ford,>arccosy7. In order to treat large ex-
g
2m

change splitting, one has to take into account the exact band
structure(here a simple isotropic parabolic barahd to ex-
press the phase shift between an electron and its Andreev
h2h2_ reflected hole by
—_+E,=Ef— €~ 0Eq, (2
2m 7 7
_ ap=kegdcosf,| \/1+ -4/1- , (6
whereE, is the transverse energy of the channel. One may cos 6, cos 6,
!ab_el the transverse channels by_an an@J_eNhlph IS t_he instead of using the linearized form
incidence angle of the corresponding quasiparticle trajectory
ﬁZk'2: . . a,= 7]de — 2Ee)5j .
E,= o Sir? 6, = Eg sir? 6,. 3 cos#, #uvgcosé,

(7

The transverse channels considered above are indepen-
dent becaus&/(x) is translationaly invariant in the trans-
. . verse directions. Thus, the total current is the sum of the
f_IEFtS('jnz Oh=> EFI_E‘tEX‘ The_rt?]f(:rr]e the electr_on f|s norn:;llg '€ currents carried by each of them. As we assume a large num-
ected as an electron wi e same spin for arjle 9, ber of channels, the discrete sum owecan be replaced by

=arccos\z. Such a process is insensitive to the supercony integral over the anglg Calculating the total current, one

ductmg phase and thﬁs carries no fi]osgphson cur:ent. In ”Pl%s to restrict the integration over Andreev active levels only,
opposite Ca§Q”< 0, the Andreev re Qctlon IS comp etg and so that the angular integral has to be limited by the upper
supports a finite current. In the following, the former kind of cutoff & :arccos\f;

) J

channel is referred to as “Andreev inactive” and the latter as
“Andreev active.” k2s [’
Recently, we have performed detailed studies of the spec- 1(xked, 7) = ZI
trum of a single channebFSjunction for arbitrarily large
exchange energi&s. Solving the Bogoliubov—de Gennes whereSis the cross section area of the ferromagnet.
equations, the spectrum is found to be strongly modified in This expression, together with Eq&) and (6), is the
comparison to the quasiclassical spectttinecause gaps central result of this Brief Report. It gives the Josephson
open aty=0 andy=m. However, due to a cancellation be- currentl(y,ked, ») of a cleanSFSjunction in the regime of

From Eqg.(2), one sees that an electron with incidertze
cannot form an Andreev bound state with a holeEf

" d0sin 6 cosOi(ked, 7,6, (8)
0
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FIG. 1. Current-phase relationships at zero temperaturea for ) =
=m/4 obtained for several pairg;,ked). In the quasiclassical ap-
proximation, the current is a function of the single paramatand N
does not decrease with increasingThe current is given in units of 0 2 0
lo=mAp/ (eRy). 0 10 0 10
om e k.d k.d

arbitrarily large spin polarization. Examples of current-phase FIG. 3. Zero-temperature critical currelf7) as a function of
relationships are shown in Fig. 1. In the limit of small polar- ked (thick lines, for different values of the spin polarizatiop As
ization =E,,/Er— 0, we recover the quasiclassical current- 7 increases, the exact current (_jeV|_ates _from_the quasiclassical esti-
phase relationshiin which all the transverse channels con- Mate(dashed lines The current is given in units db=mA/(eRy).
tribute becaus#, — /2.

Increasing the spin polarization, we study how the critical ) T
current evolves from the case of a weakly spin polarized le=Mig(1-7) =a(1_ ). 9
junction to theS/HM/S junction. As shown in Fig. 2, the
critical current has a nontrivial oscillatory behavior as aThis linear reduction of the current with increasing the ex-
function of exchange Sp||tt|ng for a given |ength’ name|y’ forChange field is qUite reminiscent of the almost linear reduc-
fixed ked. The number of oscillations occuring during the
crossover from theSNS (%»=0) to the S/HM/S junction 1
(7=1) decreases wheked is lowered. In the limit of an
ultrasmall junctionkcd= 1, there are no oscillations because
the phase shift in Eq(6) tends to zero, and all transverse
channels carry the san®N\Scurrent with maximal valué, k.d=10
=27Al ¢y, Where ¢g=h/e is the flux quantum. Conse-
quently, the reduction of the total current is only governed by
the upper cutoff in Eq(8):

LA (T)

c o

o
-

0.3 4 034
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N
=093 T n=064|

(b) ' T, (c) T,

FIG. 4. (a) Critical current as a function of the spin polarization
n at T=0.9T.. It vanishes for particular values of the spin polariza-
tion, when the junction undergoes a 70-transition. 1o(T)
=7A(T)?/ (4eRyT,) is the critical current for &SNSjunction. (b)
Critical current[in units of Ip=7Ay/(eRy)] as a function of the
reduced temperaturé/T, for values of » corresponding to the

FIG. 2. Zero-temperature critical curreif ) as a function of  maxima of(a). (c) Critical current as a function of/T,, for differ-
n=Ee/Er for different lengths of the ferromagnedtzd=1,5,10.  ent values ofy corresponding to the @ transitions. All curves
The current is given in units dh=7Aq/(eRy). correspond to a short junction witgd=10.
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tion obtained in Ref. 10 for the conductance of &  tween the zero-phase state and thestate of the junction.
nanocontact® The total number of transport channeé¥é  For fixed parameters-d and 7, the critical current decreases
:k§S/477 is large and determines the small normal state remonotonously with increasing temperatufe as shown in
sistanceRy=h/(2¢’M) of the heterojunction. The natural Figs. 4b) and 4c). This temperature dependence is very
unit for the critical current i$y=mA/eRy, namely, the one of  sensitive to the spin polarization. For polarizations corre-
a short clearSNSjunction. sponding to O transitions,|(T) decreases exponentially
Figure 3 represents the critical current as a function of th&ith, temperaturdFig. 4(c)], whereas a much more slower

length d of the ferromagnetic region, for different spin po- 4o rease is obtained for the local maxima of the critical cur-
larizations. We find that the oscillations are reduced an ent[Fig. 4b)]

shifted with respect to the quasiclassical calculation. There We have studied the Josephson current of a cBES

?arf éwi?]g%?n%rés ;r)(; threoseréjses\i/\l/aetllonssl.J F':Zts’sterz]egggsﬁ dW':Ehnction for arbitrary large spin polarizations. The two physi-
9 brog Y supp ) ’ | effects involved are the reduction of the number of active

phase shift between electrons and holes for a given chann[ee e
. . vels participating in the Andreev process and the use of the
[Eq. (6)] depends on the particular band structure and dIﬁer%onlinearized band structure. In any experiment with strong

g:%::i% r':gedalerg:dSvlg\rla'oznt:zzljzd:g%sHé‘r'afgrr;a:ge%;rgtuaferromagnetic elements or nearly half metallic compounds,
. Y y P : the critical current oscillations should be affected by these
tions, they are expected to be severely reduced veher-

- effects. First, the oscillations depend separately on the spin
lceenegdtf] Eh((eT';hermaI lengthy=five/T or the phase coherence polarization and on the produdt-d instead of the single
(b .

We finally consider the effect of a finite temperature combinationzked as suggested by the quasiclassical theory.
e Secondly, when the temperature is increased from zero to the
on the critical current. We have adopted the BCS y P

critical temperature, the local minima of the current are more
temperature Mence of the order parama(?T) strongly suppressed than the local maxima. The present re-
=Aotani(1.74T/T-1), and the exchange energy is as-g ;s were obtained with a quadratic dispersion relation. In
sumed to be temperature independent. FerT,, Fig. 48)  order to compare quantitatively our predictions with experi-

shows that the critical current oscillates with the spin polarents. one should use the actual band structure of the mate-
ization » and cancels out for some valuesgfin this tem- 5.

perature range, the current-phase relationship is sinusoidal
[(x)=I.siny and the current vanishes identically whigris We thank Zoran Radovic for useful discussions and Igor
zero. These cancellations are associated to transitions b&utic for his comments.
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