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Temperature-induced crossover between 0 aner states in $F/S junctions
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Departement de Recherche Fondamentale sur la Matieondense, CEA-Grenoble, 17 rue des Martyrs, 38054 Grenoble, France
(Received 6 May 2003; published 26 August 2D03

Ferromagnetic Josephson junctions can show at equilibrimpdnase difference between the supercon-
ducting electrodes. We explain thisstate in an original way by a modified spectrum of Andreev bound states
shifted by the exchange energy. A simplified expression for the spectral supercurrent density is calculated and
the nonmonotonic temperature dependence of the critical current is discussed. This model accounts for the
cancellation of the critical current with temperature observed in a small range of barrier thickness in our
Nb/Cus,Nisg/Nb junctions. This cancellation corresponds to an inversion of the supercurrent and to a ground-
state crossover from a O state tomastate. This transition is caused both by the thermal distribution of
quasiparticles and by the temperature dependence of the exchange energy. The experimental curves are well
reproduced by our theoretical expression except for the very small amplitude of the supercurrent attributed to
a large spin-flip scattering.

DOI: 10.1103/PhysRevB.68.054531 PACS nunider74.50:+r, 74.45:+c

[. INTRODUCTION 7 state in S/F/S junctions. In Sec. Il we give an alternative
explanation of ther state based on the Andreev bound-states

A Josephson junction at equilibrium has usually a phasgpectrum instead of the superconducting correlation function
difference ¢4=0 between the two superconductors, thisconsidered in the previous works. The origin of the supercur-
property being related to the positive coefficient of therent in S/N/S junctions derives indeed from the existence of
current-phase relation. A mechanism leading to a negativehese bound states in the normal métarhe “sign” of the
coefficient and a ground state withys= was first pro-  supercurrent can be directly deduced from the dependence of
posed in S/I/S junctions with magnetic impurities in thethe Andreev spectrum with the phase difference. This ap-
barrier! but any experimental evidence of this effect hasproach therefore provides an intuitive understanding of the
never been obtained. Then S/F/S junctions were also pretnegative sign” of the critical current in S/F/S junctions re-
dicted to producer states for an appropriate ratio between sponsible for ther state. For clarity we will first consider the
the thickness dependent Thouless energy and the exchanpallistic and one-dimensional case because the Andreev
energy of the ferromagnetic layet. spectrum is easier to describe.

The experimental study of S/F/S multilayers started with  However, the experimental devices are in the diffusive
the use of high Curie temperature ferromaghetsd a sig- regime and the distribution of Andreev bound states becomes
nature of ther state was searched for in the ferromagneticmore complicated. The significant quantity is the spectral
thickness dependence of the critical temperature. Nonmonaupercurrent density which is closely related to the Andreev
tonic behaviors ofl ; were observed and attributed either to spectrum of the ballistic case. This function gives the super-
the 7 stat€ or to the onset of ferromagnetishiThese ex- current carried by the Andreev bound states at a given energy
periments are indeed difficult to interpret because the largand was originally introduced to analyze nonequilibrium
values of the exchange energy require very thin layers fosituations:? In Sec. Ill we calculate this spectral supercurrent
which ferromagnetic properties are strongly thickness deperdensity for S/F/S junctions using the linearized Usadel equa-
dent. The conclusions of these studies regarding the exisions and explain the “negative” critical current by an un-
tence of therr state remain controversial. usualspectralbehavior instead of apatial oscillation of the

Recently, perpendicular transport measurements througkuperconducting correlation function.
the ferromagnetic barrier have been carried out on S/F/S Jo- We also consider the spectral approach instead of the Mat-
sephson junctions with low Curie temperature ferromagnetssubara formalism in order to clarify the temperature depen-
Ryazanovet al. observed a nonmonotonic temperature de-dence of the supercurrent which is very unusual in S/F/S
pendence of the critical current in Nb/CuNi/Nb junctions in- junctions. It should be noticed that the early theoretical
terpreted as a crossover betwee O state and ar state’  works neglected the influence of temperature on the pair den-
They also placed five of these junctions in a double loopsity in the ferromagnetic region because the experimental
interferometer and observed a shift of half a flux quantum irstudies focused only on large Curie temperature ferromag-
the interference pattefhThese results provide the first un- nets. The investigation of low exchange energies is recent
ambiguous proof of the existence of thestate. More re- and the nontrivial influence of the temperature which can
cently similar results have been obtained inreverse the sign of the supercurrent requires a deeper analy-
Nb/Al,O5;/PdNi/Nb junctions using the ferromagnetic thick- sis. This behavior has no obvious physical interpretation in
ness dependence instead of the crossover in temperatuiiee Matsubara formalism whereas the spectral approach pro-
which has not been observédf vides a simple explanatior.

This paper presents both a theoretical analysis and an ex- In Sec. IV we present our experimental study of
perimental study of the transition between the 0 state and thib/Cu;,Nisg/Nb junctions with barrier thicknesses close to
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the value inducing a crossover between the 0 state and the Representation of an Andreev bound state
state. The critical current of these junctions has a nonmono:

tonic temperature dependence with a complete cancellatiol ky S N S

at a temperature which depends on the thickness. This carg_+ amv,t L 2
cellation actually corresponds to the sign change of the

current-phase relation coefficient discussed in the theoretica electron

part and whose consequence is a switch from the O state t  +sk 1 —R N NN e—
the 7 state. This very unusual temperature dependence is th |

same as the one reported by Ryazarbual.” However, they k-0k 1 —~—TN\WO U e—
used a different copper-nickel alloy with a ferromagnetic be- €T hole e
havior, whereas our alloy is nearly superparamagnetic. Mea o, 0,
surements of the critical current as a function of the magnetic) _ oy {

field show typical Fraunhofer patterns centered around zerc Condensate Fermi sea Condensate

field at all temperatures. This confirms that the vanishing

supercurrent is an intrinsic property of our S/F/S junctions FIG. 1. Electron and hole wave functions of an Andreev pair

and is not due to magnetic induction. which forms a bound state in an S/N/S junction. The gray areas
This interpretation s.a 0 tor crossover is also supported represent the distribution of occupied states at zero temperature. An

by a comparison in Sec. V between the experimental data faglectron is injected from the superconductor into the normal metal

different barrier thicknesses and the theoretical expression gove the Fermi level and a hole is captured below at the same

the critical current calculated in Sec. Ill. We include the con-time. A bound state is formed when the wave functions satisfy the

tribution of the temperature-dependent exchange energy b&oundary conditions imposed by the superconducting phdges

cause the measured magnetization does not saturate at IGRA ¢2-

temperature. The extremely small amplitude of the supercur-

rent cannot be accounted for by the theoretical expression itor k;,( €) =kg— Sk. This difference produces a relative phase

its simplest formulation. It can however be reproduced if weshift in the Andreev pair equal todR x. This shift reduces

include a strong spin-flip scattering which may be present irthe coherence length in the diffusive regime because the

our superparamagnetic copper-nickel alloy. elastic diffusions scatter the two particles differently when
their phase difference becomes larger than uotyequiva-
Il. EXPLANATION OF THE = STATE lently when the particles become separated by more than a
USING THE ANDREEV BOUND STATES Fermi wavelength
In a ferromagnetic metal, the two spin subbands are split
A. 9N and SF proximity effect by the exchange energy E,, and they have Fermi wave

The wave function of the superconducting condensate atectors equal toke+q where q=E,/five. Because the
zero temperature is a coherent superposition of partially ocelectron and the hole of an Andreev pair are in opposite spin
cupied states in the energy range of the gamround the Subbands, their wave vectors are now equal to
Fermi level as can be seen from the BCS expresion.
Some of these states have therefore a wave vector above the
Fermi level and can be injected in the normal metal at the
SIN interface(see Fig. 1 However, electrons can only be ;
removed by pairs in a superconductor, so that a second elec- kn(€)=kg+q— ok,
tron has to leave the condensate and it fills a hole state below
the Fermi level in N. From the superconductor point of view, 54
two electrons have been transferred from S to N, and from
the normal-metal point of view, a hole in N has been re-

ki(e)=ke—q+ ok,

flected into an electron in N. This mechanism of charge kg(e)sz+q+ 5K,
transfer at the S/N interface is called an Andreev reflection. (1)
The symmetric case is also involved in which an electron ki(e)=ke—q— ok,

above the Fermi level in N cross the S/N interface and a hole
is left (Andreev reflectedbelow the Fermi level in N. ) )

We discuss now the phase coherence of an electron and@ the two types of pairs” At the Fermi level, they have a
hole correlated by an Andreev reflection. At the Fermi level phase shift x which is responsible for a short coherence
the two particles have the same wave ve&igr k, and fol-  lengthée= V7 D/Eg, in the diffusive regime. However at the
low exactly the same path with opposite group velocitiesparticular valuee=Ee,, the excitation energy for pairs with
The relative phase of their wave functions is constant alongpin-down electrons is exactly compensated by the exchange
this path and the coherence length of the pair is very longnergy becausék=q. The wave vectorky(Ee,) for the
(limited by the phase breaking length). If the electron is  electron and<,1(EeX) for the hole are both equal ¢ and the
at finite energy &<e<A with a wave vectorkg(e)=kg internal phase shift disappears. A long coherence length can
+ 6k wheredk=e/f v, the hole has the same energput  therefore be recovered in case of a small exchange energy
below the Fermi level and has therefore a smaller wave vedsg,<A.
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B. Andreev bound states in #N/S junctions (a) Bound states in S/N/S junctions

In a ballistic normal metal placed between two supercon- s . 3
ducting electrodes, the Andreev reflections at the two inter-
faces create discrete bound stdfe$he spectrum of these _
levels is sensitive to the superconducting phase difference’’  |-§ &
between the electrodeg®= ¢,— ¢, as described in the
following.1t1°=21The wave function of an Andreev state at
energy 6<e<A is evanescent in S and propagates ifshle
Fig. 1. At the S/N (N/S,) interface, the relative phase

F 3

> o.=n/2

o~
T

|
F 3

= p.— ¢p, between the electron and hole components is equal g e

to the macroscopic phas¢, (¢,) of the superconductor, > < >

plus an additional term- (+)arccose/A due to the evanes- ¢ -0 < - 7 ¢=n2
cent part of the wave in S. In a ballistic and one-dimensional @ © i @

S/N/S junction, going from one interface to the other, the s = F =~ g S F S

relative phase of the pair changes dy=25k d, whered is
the length of normal metal anék=e/% v . A bound state

3%pears at etrlﬁrg?cvlf t.hlts [;hase Shlﬂsgc; mzalt:ches th? ph;ihse with E.,=(7/2) E1,,. Each degenerate state is split by the phase
Iference at the two Interfaces, modularz For a pair wi difference ¢ = 7/2 into states carrying currents in opposite direc-

a wave vector in the opposite d.irection, the phagesand  {ions. The first state above the Fermi level has the largest contribu-
¢, have to be exchanged. The discrete Andreev bound stat@gn to the total supercurrent which is positive for the S/N/S junc-
for positive and negative wave vectors are given by tion and negative for the S/F/S junction.

FIG. 2. Discrete spectrum of Andreev bound states in a long
one-dimensional ballistiéa) S/N/S junction andb) S/F/S junction

C. Andreev bound states in #/S junctions

Ap=2 S d=+¢+2 arcco% +2mn. 2) In ferromagnetic jungtions, the phase shift of the Andreev
h v pairs contains the additional term2qd due to the exchange
energy and Eq(2) has to be changed into

There is no state at=0 for =0 because there is no phase
shift during the transport across the normal metal whereas Eex N

. : . Ap=2 d=i¢+2arcc0§+2wn. 3
the phase difference imposed by the two interfaces should be hvg
equal torr. At e=A no phase shift is required and a bound
state is possible even for a very short junction whare
=0. Two successive levels are separated7bli, (for €
<A) where Er,=%vg/d is the Thouless energy. At zero
temperature, electrons can be injected above the Fermi leve I (a) S/N/S and S/F/S E
from the superconducting electrodes thanks to the distribu-

€ex

For the (I ]) pairs with aspin-upelectron and apin-down
hole, the additional phase shift is positive and thus the bound

tion of occupied states in the condensate. The correspondin §\%
holes of the pairs are below the Fermi level and carry cur- -~ ! b
rents in the same direction because they have opposit 5 A0

charge and group velocity. An Andreev state whith O car-
ries a charge-2e in the direction of its wave vector and
therefore a negative current. For this reason we call the
statesk>0 and (+) the statek<0. For$=0, the (+) and
(—) states are degenerate and there is no resulting curren
For ¢>0, the energy of the{) states decreases, whereas I
the energy of the {) states increases, and the spectrum | o ] /I
alternates levels with opposite currents as shown in Ka). 2 5 7 ()
Since the lowest levels are the most occupied, the norma | . R I N I
metal carries a finite and positive current which is called -~ |7 & AUANALAL ¢
“supercurrent” because no voltage is required. An important T
point to remembgr fqr the fO”OWi”Q is that the direction Qf FIG. 3. (a) Current-phase relation at zero temperature and the
the FOtaI current is given by .the_ first level. The current IS corresponding energy-phase relation for a long one-dimensional
maximum for¢=" when this first level reaches=0".  paliistic S/N/S junction and for an S/F/S junctions Witk

For g=m" tbis (+) level disappears and a-() level ap- = (7/2) Ey,. The ground states are, respectively, the 0 state with
pears at=0". As a result, the current-phase relation showng, =0 and thew state with py=7. (b) These two states are

in Fig. 3(@) is a 2w-periodic function with a sawtooth shape degenerate at the crossover fBg,= (7/4) E1,,, but the critical
at zero temperature in this ballistic regime. current is nonzero.
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states move to lower energies. Similarly, for the') pairs,  convenient, but requires some approximations. We suppose a
they move to higher energies. Each level is therefore splismall amplitude of the induced correlations in the normal
into its two spin components. metal and linearize the equations wii=1 andF<1. In

In the following, we consider the particular valle,,  principle, this approximation is only valid for temperatures
=(w/2)Et, and analyze the modification of the Andreev larger than the gap, close to the superconducting transition.
spectrum as shown in Fig(ld. For ¢=0 the first level (' ]) However, it can also be used at all temperatures for the cal-
is shifted from @r/2)E+, to 0 because the additional phase culation of the supercurrent if the exact numerical values are
shift 2qd gives exactly the appropriate valukp=7 to  not needed. We also assume a perfect transparency of the
match the boundary conditions with the superconductorsS/N interfaces ak==d/2 and do not solve self-consistently
When the phase differenag increases, the#) state disap- the order parameter in the superconductors. We calculate the
pears immediately below the Fermi level and the)(state  supercurrent as done in Ref. 25 using the following equa-
rises above carrying a current in the negative direction. Thigions wherew,=(2n+1)7kgT:
shifted spectrum with an Andreev bound state at zero energy
is therefore responsible for a negative supercurrent at posi-
tive phase difference.

The current-phase relation and also the energy-phase re-
lation given bydE/d¢=(A/2€)l 5 are translated byr com- D
pared to the normal case as shown in Fitp)3The mini- - 7V2F+wn F=0, )
mum of the energy corresponding to the ground state is
obtained forgys= 7 (instead ofpys=0 for normal caspand

27kgT
I§(T)= :Rz 2>0 Im[d F* VF] ()

this S/F/S junction is therefore calledmjunction. This de- F(xd/2)= A eTidl2 (6)
scription using the Andreev bound states shifted by the ex- VAZ+ wﬁ

change energy provides from our point of view a deeper

understanding of the origin of the state than the previous In real time formalism, the supercurrent is expressed as an
works on this subject. integral over the energies instead of a sum over the Mat-

The Andreev spectrunm this 7r ground states obtained subara frequencies,. The spectral supercurrent density
by setting¢p= 1 in Eq. (3) and is therefore identical to the Nj(e) corresponds to the term in the sum in E4) where
spectrum of an S/N/S junction with,=0 and¢,=0. The  w, is replaced by—i(e+iy). The parametety=0" sup-
additional phase shift@d= 7 is compensated by the phase presses the singularities and comes from the retarded Green
difference¢ys= . In particular the first bound state is not at functions involved in the spectral densities. In this formalism
e=0. The situation would be different in an S/F bilayer be-the supercurrent is now given by the following expressions
cause this system corresponds to an S/F/S junction always @y is removed when not necessary
¢=0 (and two times thicker As a result, the density of state L
which is always minimum at=0 in S/N systems can be _ e
maximum ate=0 in the S/F case because of the shifted IS(T)_ﬂfo Ny(€) h(e)de, ™
bound states. This “reversed” density of states has been ob-
served experimentally in diffusive Nb/PdNi bilayéfs.

2 ——
Finally we briefly discuss the situation of an exchange N,(e)=Im A 21€/Emn sing, (8)

energy equal to£/4)E+y,. The level spacing of the Andreev A?—(e+iy)? sinhy— 2iel/Ery

bound states foth=0 is two times smaller and the current-

phase relation has a period sfas shown in Fig. ). The 0 h(e)=1-2f(e)=tanh(e/2kgT). 9

state and ther state are degenerate but the critical current is

nonzero at the crossover in this ballistic regime. The spectral supercurrent density is plotted in Fig)

the long junction cas&;,<A with a Thouless energy in the
diffusive regimeE,=#D/d?. Only positive energies have a
IIl. TEMPERATURE-INDUCED CROSSOVER physical meaning but we also plot the function for negative
IN DIFEUSIVE REGIME energies to simplify the transition to the S/F/S case. The
oscillations correspond to the previously discussed @and
(—) discrete bound states split by the phase differegce
In the diffusive regime the Andreev bound states have a= 7/2 and carrying the current in opposite directions. The
continuous distribution and induce a spectral supercurrergxponential decay comes from the diffusive regime where
densityN,(€) in the normal metat®?®In the following, we  the coherence of the Andreev states at energy broken
derive a simplified expression fo¥;(€), by first calculating beyond a characteristic lengtp= AD/e. The linearization
the supercurrent in the Matsubara formalism and then byf the equations is responsible for the absence of a minigap
transforming the expression in real time formalism. aroundEqy, and for a current-phase relation proportional to
The nonlinear Usadel equatidfisor the Green functions sin¢. The critical current is obtained fap= /2.
G(wp,X) andF(w,,x) can be solved by numerical calcula- At zero temperature, all the states are available and the
tion in the general case. However for a better analysis of théotal supercurrent is the integral bif;(€). At finite tempera-
result, an analytical expression for the supercurrent is moreure, quasiparticle states are occupied by thermal excitations

A. Spectral supercurrent in §N/S junctions

054531-4
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2 ) 1
] (a) S/N/S
04 //
Z
’(: 3 \ =2 E
~ 0.0 0~
=7 7 — |z
7 o
1 5 o
) / I 0 )
08 L 3
-40 -20 4] 20 40
e/E
Z Z - =R
04 (b) S/F/S
FIG. 5. Crossover between 0 andstates at a temperatufé
resulting from a nonmonotonic dependence of the critical current in
a long S/F/S junction witlE.,= 13E1,<A (solid line), compared
to the monotonic behavior of S/N/S junctiofdashed ling The
i~ = inset shows the same curves on a larger scale.
St 0 ~
Ll - [v]
= ~ different way: the shift ofh(e) induced by the voltage is
replaced by a shift ofl;(€) induced by the exchange energy.

B. Spectral supercurrent in IF/S junctions

The exchange enerdy, increases or decreases the phase
shift of the Andreev pairs and affects not only the position of
the bound states but also their coherence in this diffusive
regime. This coherence is maximum when the excitation en-
ergy of the Andreev pair and the exchange energy compen-
and distribution function foksT=5 Ey, (dashed lingin long (a) sate each other. The spectral supercurrent density is shifted to
SIN/S junction andb) S/F/S junction withE.=13Er,<A. The  higher energy by+E,, for the (| 1) pairs and to lower en-
vertical bars illustrate the relation with the discrete Andreev boundergy by — E, for the (1 |) pairs. The total supercurrent den-
states of the ballistic regime: ther( and (—) states carrying cur-  Sity is the sum of the two spin contributions:
rents in opposite directions are split by the phase difference. In the
S/FIS case the two spin components of the spectral density are
shifted by+ E,,. Only the positive energies have a physical mean-
ing and enter in Eq(7).

e/E

FIG. 4. Spectral supercurrent density fér= /2 (solid line)

A2 ( J=2i(e+Eg)/Emn
A?—(e+ivy)?\ sinhy—2i(e+Eq/Etp,

V= 2i(e—Ec)/Erp
sinhy/—2i (e— E¢,)/Ep

NJ(E):lm

according to the Fermi distributiofy(€). The available en-
ergies for the coherent Andreev bound states are above these
excitations and are given by the functibife). Some An-
dreev levels are therefore suppressed and the supercurrentin the long junction cas&r,<A, the first term contain-
decreases with increasing temperature in a monotonic way asg the gap is close to unity, so thil(e) in the S/F/S case
shown in Fig. 5. is simply the sum of two shifted functions of the S/N/S case.
The oscillations of the spectral supercurrent density havdhe corresponding function is shown in Figh# The large
been taken advantage of to change the sign of the Josephspegative peak which was below the Fermi level in the S/N/S
current?® A transverse voltage is applied to the mesoscopicase is now above and gives a negative contribution. This
normal metal of an S/N/S junction at low temperature and armechanism is the same as in the ballistic case where the first
out-of-equilibrium distribution function with two sharp steps bound state above the Fermi level is -a)( state for¢>0.
is produced. For a voltage equal to the first nodéNgfe), Since the area of the negative part of the function is slightly
the large positive contribution is suppressed, whereas thiarger than that of the positive one, the sign of the total
small negative one at higher energy is still fully active andsupercurrentl g is negative at zero temperature and the
the sign of the total supercurrent is reversed. The negativground state of the junction isa state.
supercurrent of ferromagnetic junctions also comes from At finite temperature, the spectral supercurrent density is
these oscillations of the spectral supercurrent density, but in soultiplied by the distribution functiori(e). The contribu-

sin . (10)
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tion of the negative part just above the Fermi level isreduced 4
because the Andreev levels at low energy are partially sup:
pressed by the thermal excitations. The positive part be-
comes dominant and reverses the sign of the total supercui
rent. When the temperature is increased, the critical curren
varies continuously from a negative value to a positive one
and changes sign at a crossover temperaktiras shown in

Fig. 5. Such a junction is in the state at low temperature E 0 _//,,,hm____, 7
and in the O state above". =z U5 7

It is important to notice that this behavior is possible only
in the S/F/S case because the negative and positive contribt
tions of the spectral supercurrent density have nearly the
same amplitude. This property is due to the decoherence o /
the diffusive regime which is canceled @t E., (zero inter-
nal phase shijt In the S/N/S case, because the exponential
decay is centered a=0, the positive part is much larger 4
than the negative one and the supercurrent is always positiv
as a function of temperature. An out-of-equilibrium situation
induced by a voltage is required to obtain an S/M/$unc-
tion as already mentioned.

The additional phase shift of the Andreev pairs due to the
exchange energy corresponds to a spatial oscillation of the
anomalous Green functidh(w, ,X) calculated in Matsubara 0.00
formalism. This function describes the superconducting cor- g
relations( «; (x) ¢ (x)) in the normal metal, but the intrinsic  ~
oscillations due to the excitation energyare suppressed by ~° -0.04
an integration at thermal equilibrium. On the other hand, thep”
additional relative momentumcgis identical for all the An- &
dreev pairs and survives to this integration. It induces an %
oscillatory behavior with a period related tg= JAD/Eg,
as explained in Ref. 17. This spatial oscillation can connect  54,L
the two superconducting order parameters with opposite
signs and produce a state wherd~ &g (equivalent toE,
~E,,). However, this intuitive explanatidri?’ does not ex-
plain the electronic process involved in the Josephson cou
pling. A more physical understanding can be obtained with
the Andreev bound states as presented in this paper. More- |G, 6. (a) Spectral supercurrent density faf= /2 at zero
over, the spectral approach is necessary to understand t@&nperature in short junctions wify,= A, and different exchange
temperature induced crossover between the 0 state antl theenergies,,/E+,=0- 10. (b) Temperature dependence of the criti-
state. cal current in the range 6.0—-6(@nd 0—10 in the insgtThe tem-

perature induces a crossover between O anstates only in the
small range 6.2—-6.5.

0.04

C. Short junction case and large exchange energy

The above analysis was done in the long junction cas
with Eo,~E1,<<Ay. We now discuss the case of an interme-
diate exchange enerdy,,~ A, corresponding to our experi-
mental situation. A short junction witkr,~ A is therefore
required to obtain ar junction with a O-sr crossover in The t ture d q fthe critical tis plot-
temperature. When the thickness is decreased, the ener 1€ temperature dependence of the critical current 1S plo
spacing between the Andreev levels increases as shown frofiid In_Fig- @) using an approximate expressian(T)

Eq. (2) for the bound states in ballistic regime: only one state= 201~ (T/T,)* for the superconducting gap with the BCS
remains ate=A for very short junctions. For the same rea- relation Ag=1.76kgT.. A 7 state at zero temperature is
son the functionN;(e) in the diffusive regime has a peak obtained for exchange energies in the range
arounde~ A. This peak comes from the first term in E§)  [6.2E7,,31E+y], but a crossoverota O state in temperature
which does not contain the exchange energy because it dé obtained only in the intervdle.2E+y,,6.5E1,]. This very
scribes the superconductivity in the electrodes. The functiomarrow range of parameters illustrates the necessity to have
N;(€) in the S/F/S case is thus no more a shift of the S/IN/San exchange energy as small as possible, at least comparable
case as can be seen in Figapfor increasing exchange with the superconducting gap, in order to observe experi-
energies. When the exchange energy and the Thouless enengientally the crossover in temperature.

Qre of the same order, the large positive peak is replaced by
a negative peak corresponding to a shifted Andreev spec-
trum. The supercurrent becomes negative and the ground
state is amr state.
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FIG. 7. Crossover in temperature with the additional contribu-
tion of a temperature-dependent exchange enEgg§T) in a short

S/F/S junction withEry=Ao, Eex(0)=6.440, @dTewie=3Tc- i of 10x 10 um? is etched in the Nb/GNizs/Nb trilayer and
Three d'ﬁefe”t depe_ndenme_s are compar@dr.lqo,_ 2, and 13 the contact is made on the top through a window in a,S&yer.
corresponding to the increasing temperature variations shown in the

inset.

FIG. 8. Photograph and cross section of a device: a square junc-

The crossover in temperature is easier to observe if the range
of temperature is largéhigh superconducting transition tem-
peraturg and if the exchange energy is weak. So we chose
In the above description the exchange energy was asyobium for the superconducting electrodes and a dilute
sumed to be a constant parameter. Its dependence with teopper-nickel alloy for the ferromagnet barrier. The first step
perature can no more be neglected if the crossover occue§ the process is to deposit the three layers 100 nm/
when the magnetization has not reached its saturation valuguNi(15—20 nm/Nb(100 nn) in situ in order to achieve a
(if T* is not much smaller thafc,e). In this case the good quality of the interfaces. The patterning of the planar
Andreev spectrum tends to move back towards the positiojunctions is then made by photolithography. The bottom
for zero exchange energy when the temperature is increasegectrode is defined in this trilayer by a lift-off process and a
and the negative critical current tends to become positivgquare of 16 10 wm? is then dry etched to define the junc-
again. This effect suggested in Ref. 2 adds to the intrinsi¢ion. The contact on the top is made with a Nb electrode
0—m crossover we described previously caused by the thethrough a window in a Si@layer (Fig. 8).
mal distribution of quasiparticles. Nb and CuNi are sputtered using dc magnetron sources at
We illustrate this effect in Flg 7 by plottlng the critical room tempera‘[ure in 1641072 mbar of argon gas. The re-
current versus temperature for different variations of thesigyal pressure inside the chamber is about’l@bar. The
form Ee)(T) =Eex(0)[ 1~ (T/Tcurie) “1V*. The value at zero  deposition rates measured by glancing incidence x-ray re-
temperature is fixed a,(0)=6.4E1, corresponding to a flectometry and-step measurements are 40 A/s for Nb and
negative critical current foEr,=Aq and we choos@cyie 7 A/s for CuNi in the center of the 75-mm wafer. The CuNi
=3T, typical for dilute ferromagnetic alloys. Far=100,  thickness was also determined at different positions on the
the exchange energy is constant belbw so that the cross- substrate where several junctions are simultaneously pat-
over is induced by the thermal distribution function only. Forterned and we obtained a thickness range between 15 and 20
a=2, the crossover occurs at lower temperature because thign. The residual resistivity at 10 K for a thick niobium film
two mechanisms are involved. For a faster decrease aith js 8 () cm corresponding to a mean free path of 5 nm and
=1.3, the temperature dependence of the critical current ighe transition temperature is 8.7 K. The residual resistivity

almost dominated by the variations of the exchange energyor copper-nickel films is 5Q.Q cm corresponding to a
This additional effect can therefore contribute significantly tomean free path about 1 nm and a diffusion coefficient of

D. Temperature-dependent exchange energy

the O crossover. about 5 cri/s (using parameters of coppehe actual com-
position of the CuNi alloy was measured to be 48% of Ni by
IV. EXPERIMENTAL STUDY OF Nb /Cus,Nisg/Nb Rutherford backscattering on 5-nm and 10-nm films.
JUNCTIONS The magnetic properties of this ElMisg alloy have been

measured using a superconductivity quantum interference

device (SQUID) magnetometer on a 20-nm film in a Nb/
We now present our experimental results @runctions  CuNi/Nb trilayer and on a 200-nm film in a single CuNi

which support the theoretical analysis of the previous partlayer. The temperature dependence of the magnetization is

A. Description of the devices
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FIG. 9. Magnetization versus temperature for a 20-nmng,Qiyg FIG. 10. Critical current versus temperature for a
layer in a Nb/CuNi/Nb trilayer and for a 200-nm &MNisg single  Nb/Cu;,Niug/Nb junction withd=18 nm. The cancellation at*
layer. A magnetic field of 100 and 200 G is applied because theorresponds to a change of the critical current sign and therefore to
remanent magnetization is zero. Inset: reversible magnetization veg crossover between a 0 state and atate. Inset: voltage-current
sus magnetic field at 5 K for the 200-nm £Ni,g single layer. characteristic at 3.5 Kthe solid line is a fit using the RSJ model

o o and the dashed line represents the normal resistance
shown in Fig. 9 under parallel magnetic fields of 100 G and

200 G. The Curie temperature is about 35 K for the trilayer .
and 20 K for the single layer. The magnetic-field dependencélly filtered current source. The voltage between the super-
of the magnetizationtd K is shown in the inset of Fig. 9 for conducting electrodes is measured with a very sensitive
the 200-nm single layer. The saturation magnetization can betup since the characteristic voltage is a few nanovolts. A
extrapolated to 50 emu/chwhich corresponds to a magnetic small fraction of the bias current flows into a parallel circuit
moment of 0.0fg/atom. Bulk alloys of the same composi- containing a known resistance of 8@mmuch larger than
tion have similar characteristics with a Curie temperature ofhe resistance of the junctiprand a SQUID sensor which
23 K and a magnetic moment of 0.043/atom?® The ex- measures the derived current. The voltage across the junction
change energy of bulk alloys has been calculated as a funés simply the product of this current by the resistance.
tion of the concentration between 100% and 70% offR&f. First we present the results obtained on a junction with a
29) and a linear extrapolation for 48%both the Curie tem- CuNi thickness about 18 nm and then we will consider dif-
perature and the magnetic moment depend linearly on thferent thicknesses. The voltage-current characteristic at 3.5 K
concentratiop indicates a valueEg,~12 meV which is is shown in the inset of Fig. 10 and is well described by the
about ten times larger than the superconducting gap of nigesistively shunted junctiofRSJ model in agreement with
bium. o _ the low resistance and low capacitance of the junctforhe

An important property of our GyNiyg films is the ab-  normal resistanc®y=1.6x10"* Q is close to the intrinsic
sence of hysteresis, there is no measurable remanent magre&;n;j layer resistance obtained from the resistivity and this
tization, the magnetic behavior is perfectly reversible. Thisgicates a good interface transparency. The critical current is
property indicates a very weak ferromagnetism close to the,easyred continuously with a feedback method when tem-
superparamagnetic behavior that occurs at 45% of Ni in bulkyerature and magnetic field are varied. The temperature de-
alloys?339 In this regime the magnetic correlations are NOtpendence is shown in Fig. 10 and presents a very unusual
long range any more, the direction of the magnetization calyehavior with a cancellation af* =4.3 K where the
vary spatially without domain wall and the total magnetic qjtage-current characteristic is a straight line going through
moment can freely adjust to zero when the external field ishe origin. This behavior corresponds to the crossover dis-
r_emoyed. The characteristic length of these magnetic ﬂuc“ﬂ"’b‘ussed extensively in the previous part with a sign in the
tions is a few hundred atoms, close to the superconductingrent-phase relation that changes from negative at low tem-

coherence length and the thickness of the barrier, so that the aiure to positive abovE* and leads to the corresponding
exchange energy is just uniform on the size of the A”dree‘éhange from ar State 6 a O state.

bound states which carry the supercurrent through the junc- 1,0 negative value of the critical current bel@ cannot

tion. be measured using a single junction because the direction of
the current is imposed by the current source. The direct de-
termination of the sign requires a control of the phase differ-
The device is thermally coupled to the mixing chamber ofence¢ between the two superconducting electrodes and can
a dilution refrigerator and electrically connected to a carebe achieved by putting the junction in a superconducting

B. Measurements of the critical current
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FIG. 12. Critical current versus temperature for

FIG. .11' Cr_ltlcal_ curr_ent _versus magnetic field for a Nb/Cus,Nigg/Nb junctions withd=16—20 nm. The critical current
Nb/Cu;,Niyg/Nb junction with d=18 nm. These curves do not . . . . .
is normalized and plotted with a negative sign for theground

move with temperature and the critical current disappears com-

pletely (for all fields) at the crossover temperature of 4.3 K. Inset: states. The solid lines are the theoretical curves obtained for each
comparison with the ideal Fraunhofer diffraction pa.tte{Em.)Iid thickness by adjusting the exchange energy and the spin-flip length

line) (Sec. V B in order to fit the experimental data,,(0) was found in
' the range 6.8—7.4 meV arid;; in the range 2.4-2.7 nm.

loop. This experiment was done by Ryazarehal.”® who

obse_rved_ the same _k|nd_ of temperature dgpendence in NB{ffraction pattern always change between successive cool-
CQN'/Nb Jun_ctlo_ns with higher Ni concentrgt|or_13 an_d hy_Ster'ing and depend on the magnetic field present when the nio-
e_t|c m_agnenzatlon Curves. They_placed five identical JUNChHium becomes superconducting. The earth field and the bias
ponsf in a double surﬁ).?rcgrg)dur?tllr;g :(loop and obse:}ved r;"‘@urrent create vortices in the electrodes and the resulting in-
Interference pattern shifted by half a flux quantum when thg, , ,o4eneous magnetic field distorts the diffraction patterns
temperature is decreased bel®@. This result demonstrates of the junction. However, the crossover temperaftitehas

unambiguously that the sign of the current-phase relatior%';llways the same value because it is an intrinsic property
changes af* and is negative below. We will therefore call which is independent of the magnetic field

7 state the temperature region beld and O state the We compare now different junctions with CuNi thick-

region above. = _nesses between 16 and 20 nm and show in Fig. 12 the tem-
The magnetic-field dependence of the critical current is,erature dependence of their critical current plotted with a
shown in Fig. 11 at three different temperatu.res pelow ?n%egative sign when the ground state is supposed te.b&
aboveT*. These curves present only small distortions With¢crossover in temperature is obtained only for thicknesses be-
respect to the ideal Fraunhofer diffraction patténse) and  tween 17 and 19 nm, thinner junctions are always in the 0
are almost centered around zero magnetic field in agreemestate and thicker junctions always in thestate. This behav-
with the zero remanent magnetization observed by magnetigr was expected and confirms that the 0 andtates corre-
measurements. The periodicity is about 14 G and correspond, respectively, to the high- and low-temperature re-
sponds to an effective thickneds- 2\ =140 nm consistent gions. When the thickness is small, the Thouless energy is
with the London penetration depth of niobium. The positionlarge and the exchange energy becomes insufficient to shift
of these curves does not change with temperature, only ththe Andreev spectrum, so the ground state is the usual O
amplitude does, and the critical currentTdt is zero for all ~ state. The 16 nm junction behaves however differently from
values of the field. This result proves that the vanishing criti-an usual Josephson junction since the critical current has a
cal current observed &t* in Fig. 10 is not due to a shift of maximum at finite temperature. This indicates the presence
the diffraction curve caused by an internal magnetic inducof a negative supercurrent density which is close to the
tion. If it were the case a nonzero critical current should beFermi level and is suppressed when the temperature in-
recovered by adding an external magnetic fieldrat The creases. The 20-nm junction has no crossover but the curva-
crossover is indeed not due tespatial distribution of super-  ture of its critical current close t@, is also unusual com-
current that compensates to zero at a given magnetic flux, bpiared to the linear behavior of short junctions. This
to aspectraldistribution of supercurrent that compensates totemperature dependence results from the combined effect of
zero at a given value of the exchange energy together with the superconducting gap that close§ atand a crossover to
given thermal distribution of quasiparticles. a 0 state that would have occurred at a temperature just
The amplitude of the critical current and the shape of theaboveT..
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FIG. 14. Critical current of Nb/CyNi,g/Nb junctions at zero
temperature versus CuNi thickness compared to the theoretical
model with E.,(0)=7.2 meV and a spin-flip length ;=2.7 nm
(solid line). Inset: same graph on a larger scale, plus the theoretical
curve without spin-flip scatteringdashed ling

FIG. 13. Temperature dependence of the critical currentdfor
=18 nm (normalized and plotted with a negative sign below the
crossover compared with the theoretical model with a constant
(dotted ling or temperature depende(slid line) exchange energy
as shown in the inset. The spin-flip scatterii@gc. V B has been
included withL;=3.1 nm(dotted ling and 2.6 nm(solid line).

duced to fit the experimental data: the physical origin of this
V. COMPARISON WITH THE THEORETICAL MODEL reduction is explained in the following.

A. Discussion of the temperature dependence . . . .
P P B. Discussion of the critical current amplitude

First we consider the 18-nm junction and try to reproduce
its temperature behavior with a crossoverTat=4.3 K using
the theoretical model of Sec. Ill. Three parameters ar

known: the normal resistand®y=1.6x10"* Q, the Thou- the normal resistand@y=1.6x 10" 4 Q= (1+2T})pd/S, is
less energyEr,=1 meV, and the superconducting 94 (5o small to have such an influen@&This good interface
=1.3 meV. The experimental critical current is plotted in quality is achieved by arin situ deposition of the Nb/
Fig. 13 together with the theoretical curve using a constangyNi/Nb trilayer which avoids any contamination of the in-
exchange energg,,= 6.4 meV (dotted ling. Both are ex-  terface. Moreover, the small spin polarization of this very
pressed in terms of the normalized parameteRgdc/A,  dilute magnetic alloy cannot reduce significantly the prob-
but the amplitude of the theoretical curve has been stronglgbility of the Andreev reflection as it is expected to do with
reduced to be comparable with the experimental one: thligh Curie temperature ferromagnets where the densities of
origin of this extremely weak supercurrent will be analyzedstates per spin are not eqdal.
in the following section. In the theoretical model we neglected any inelastic and
The saturation at low temperature is a general behavior: idecoherent process because the typical thickness of S/F/S
occurs below about 0P, for short junctions and below the junctions is usually quite small. However, our CuNi alloy has
Thouless energy for long S/N/S junctions. However, thisa superparamagnetic behavior which indicates that the mag-
saturation is nofor much lesspresent in our S/F/S junction netic moments can fluctuate easily and induce a large spin-
because the exchange energy is still temperature dependdtip scattering. This process destroys a large number of An-
at low temperature. This dependence was reported for buldreev pairs and reduces therefore the supercurrent amplitude.
CuNi alloys”? and our own magnetic measuremetftig. 9) However, the surviving pairs still form bound states whose
also show that the magnetization is not saturatel ik and  spectrum depends on the exchange energy andr thiate is
is still increasing linearly. For this reason we consider nownot destroyed.
the model already discussed in Sec. Ill with a temperature- This process can be qualitatively taken into account by
dependent exchange energy,(T). Using a linear depen- simply adding an exponential decay exu{Ls;) with a spin-
dence and a Curie temperature of 35 K, this model reproflip scattering length_s;. The maximum critical current at
duces better the experimental behavior at low temperature.zero temperature is plotted in Fig. 14 as a function of the
The different types of curves measured for different CuNithickness and is well reproduced by the model wih,
thicknesses can be reproduced with an exchange energy at7.2 meV andLg=2.7 nm. The error bars on the critical
zero temperature of about 7 me¥ig. 12 using the same current indicate that higher values may be possible since we
linear dependence foE.,(T) as before. As already men- observed some changes depending on cooling conditions
tioned, the theoretical amplitudes have to be strongly refsee Sec. |Ytypically by a factor of 2. The very small value

The large discrepancy between the measured amplitude
and the model cannot be explained by the interface transpar-
%ncy because the barrier paramdigr=0.3, deduced from

054531-10



TEMPERATURE-INDUCED CROSSOVE. . . PHYSICALREVIEW B 68, 054531 (2003

obtained for the spin-flip length can be compared to the 7.5nsight into the microscopic mechanism of this effect. The
nm measured in the GiNi,3 alloy which is not magnetic at spectral supercurrent density in the diffusive regime has been
all, only because of the spin-orbit couplifilt is therefore  calculated and used to interpret the origin of themOeross-
not unrealistic to have a shorter value in our superparamagver in temperature. We have presented some critical current
netic alloy. measurements of Nb/GsNi,g/Nb junctions where the bar-
The spin-flip scattering can also be directly included infier has a superparamagnetic behavior. In a small range of
the equations and this can be done easily in the linearizeflarrier thickness the critical current cancels out as a function
case by changing into e+iys¢ in the second term °f+Eq- of temperature when the ground state changes from 0 state to
(10), but not in the term containing the gap wheye0". 5 - giate Our theoretical model can reproduce these experi-
This new theoretical expression reproduces the experlment%ental results by including a temperature-dependent ex-
data with almost the same spin-flip length;=AD/yst  change energy and a large spin-flip scattering.
=2.5 nm. However, it requires a different exchange energy
E.,=20 meV because the shift of the Andreev bound states
is now intrinsically coupled to the spin-flip scattering pro-

cess.
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