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We study the Josephson effect in ballistic double-barrier SIFIS planar junctions, consisting of bulk super-
conductoryS), a clean metallic ferromagnég), and insulating interface$). We solve the scattering problem
based on the Bogoliubov—de Gennes equations and derive a general expression for the dc Josephson current,
valid for arbitrary interfacial transparency and Fermi wave vectors mism@de¥vVM). We consider the
coherent regime in which quasiparticle transmission resonances contribute significantly to the Andreev process.
The Josephson current is calculated for various parameters of the junction, and the influence of both interfacial
transparency and FWVM is analyzed. For thin layers of strong ferromagnet and finite interfacial transparency,
we find that coherentgeometrical oscillations of the maximum Josephson current are superimposed on the
oscillations related to the crossovers between O argiates. For the same case we find that the temperature-
induced G- 7 transition occurs if the junction is very close to the crossover at zero temperature.
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I. INTRODUCTION ferromagnetic-metal barriers with mesoscopic disotder.
The temperature induced-Or transition is attributed to the
Proximity effects in superconduct¢®)—ferromagneiF) spin discrimination of Andreev bound states in the case of
hybrid structures have been studied for some time alréadyfinite transparency and strong ferromagnetic influhce.
The recent realization of ar state in metallic SFS Another characteristic feature is a strong contribution of
junctions?>* has reinvigorated interest in further experimen-higher harmonics to the current-phase relati¢s) in the
tal and theoretical studi€s?> Nowadays, understanding vicinity of the crossover points, as has been shown for me-
of the coherent geometrical effects in ballistic heterojunc-allic SFS junctions in both clean and diffusive limifst” for
tions is also becoming more importéit?® due to the Josephson junctions with a magnetically active insulating
progress in nanofabrication technology and the improvemerinterface®*® and for nonequilibrium supercurrent through
of experimental technique$:2° mesoscopic ferromagnetic weak linksThis implies that the
The possibility of ar state in superconductors coupled energy of the junction in the vicinity of the crossover has two
through a magnetically active materian insulating barrier minima as a function o, at =0 and¢= 7. The resulting
containing paramagnetic impurities, or a ferromagneticcoexistence of stable and metastable 0 andtates in the
meta) was proposed long ag83'In the 7 state of an SFS  crossover region can generate two flux jumps per one exter-
structure, in contrast to the usudl) state, the phase shift nal flux quantum in superconducting quantum interference
equal torr across the junction in the ground state reverses theevicest®
direction of the supercurrent flofvand drastically changes The underlying microscopic mechanism is well under-
the density of state€DOS) in F metal? Following the theo-  stood. The Andreev process, recognized as the mechanism of
retical predictior??3® evidence form states in proximity- normal-to-supercurrent conversith;*! is modified at F-S
coupled S-F superlattices has been sought previously in theterfaces due to the spin imbalance in the ferromaffs
oscillations of the superconducting critical temperaflifeas  a result, the superconducting pair amplitude induced in F by
a function of the F-layer thicknes&3 More recently,w  the proximity to S is spatially modulatéd.The current-
states have been observed in nonmagnetic junctions of higlearrying Andreev bound states are split and shifted in an
T, superconducto?§ and in out-of-equilibrium mesoscopic oscillatory way under the influence of the ferromagiiéthe
superconducting structuras. crossovers between 0 andstates and highly nonsinusoidal
Oscillations of the maximum Josephson currenand of  current-phase relation follow from the strong spin polariza-
the local DOS, with the thickness and strength of the F layertion of the Andreev statek*
are prominent features of SFS metallic junctions. These os- Several quantities characterizing the proximity effect,
cillations are related to the crossovers between 0 and such ad(¢) and local DOS, have been studied in a number
states, thd, minima being located at the crossover poihts. of theoretical works for different geometries of S-F struc-
Nonmonotonic temperature variations Igf, also related to tures, using the quasiclassical approach in both clean and
the transition fromm to O states, were observed receftly. diffusive limits121320-22However, a theory of the phase-
This effect is studied theoretically for superconducting junc-coherent electronic transport in mesoscopic structures should
tions with different barriers, such as magnetically active in-be based on the solutions of Gor’kov or Bogoliubov—de
sulating interface&? metallic FIF layers(including insulat- Gennes(BdG) equations. The coherence effects have been
ing inhomogeneity and nonuniform magnetizajiéh**and  studied recently for double-barrier SINIS junctions contain-

0163-1829/2003/68)/0145018)/$20.00 68 014501-1 ©2003 The American Physical Society



Z. RADOVIé, N. LAZARIDES, AND N. FLYTZANIS PHYSICAL REVIEW B 68, 014501 (2003

ing an interlayer of a clean nonmagnetic metd) with in- Here, Ho(r)=—%2V2/2m+W(r)+U(r)—u, where U(r)
sulating interface$l),?® and for FISIF junction$>?° and u are the electrostatic and the chemical potential, re-
In this paper, we study the simultaneous influence of twaspectively. The interface potential is modeled by(r)
insulating barriers on the supercurrent flow in ballistic — iy 5(z) + 5(z—d)], where thez axis is perpendicular to
double-barrier SIFIS planar junctions. The influence of dif-the |ayers, ands(z) is the Diracs function. In Eq.(1), o
ferent band-widths in two metal@éhe Fermi wave vector
mismatch — FWVM is also included. We limit ourselves to is the quasiparticle energy with respect ta, h(r)

conventional §-wave superconductors. Assuming a con- _ N : .

stant pair potential in the S electrodes, we solve analyticall){;g@l_(élsi(s? deZ)stIZpthfeur?():(t(i::r?ngai;()t?sntfll, (V_VT;&}(OZ? I;’
the scattering problem based on the BdG equations, and de- . e
rive a general expression for the Josephson current. This aP_-T(l).' Neglec_n?g the_self-kcon_3|stﬁncfy of the superconduct-
proach has been applied previously to SIS and FIS junctiongg pair potential A(r) is taken in the form

with magnetically active insulating interfaces, both for the

wave and for an unconventional pairing symmetry in A(r)=A[e?LO(—2)+e'rO(z—d)], 2
superconductor8~*°In a limiting case, our expression gives

a generalization of the previous formulas for the Josephso

current?*#’ that includes the finite interfacial transparency in
SINIS junctions. Strong geometrical oscillationslgfin the temperature dependence of is given by A(T)

junctions with thin normal-metal interlayers and finite inter- _ —_— .
facial transparency are related to the contribution of quasi- A(0)tanh(1.74T,/T—1). The electron effective mass

particle transmission resonané&sor thin layers of a strong IS ass_,umed to be the same for both rrzg)tp]s,u(r) Is the
ferromagnet, these oscillations are superimposed on the og_erm! energy of the supercon(nglctcEﬁ ' ?r the mean
cillations related to the crossovers between 0 andtates. F€rmi energy of the ferromagnéy = (E¢ + E¢)/2. Moduli
Lower transparency and FWVM shift the crossover pointsof the Fermi wave vectorsk®=+2mE®/%2 and k("
and narrow the adjacent regions of coexisting 0 anstates - \/2meF)/42, may be different in general, and in the fol-
with a highly nonsinusoidal current-phase relation. In ajunc1owing the FWVM will be parametrized by = k(FF)/k(FS)_

tion with finite transparency, with or without FWVM, and The parallel component of the wave vectay is con-
with a strong ferromagnetic influence, the temperaturegaed. and the wave function

induced transition between 0 amdstates occurs if the junc- ’

tion is sufficiently close to the crossover at zero temperature.

In that case, the transition region of coexisting 0 anstates u,(r)
is considerably large. (1)
The paper is organized as follows. In Sec. Il, the scatter- 7
ing problem based on the BdG equations is solved analyti- ) i

cally for a planar SIFIS junction, and general expressions fopalisfies appropriate boundary conditions

both the Andreev and normal reflection amplitudes are pre-

sented. In Sec. lll, an expression for the Josephson current is WD) 0 =(2)|pe0 ., (4)
derived; this section includes an analysis of the influence of - *

the junction parameters on the crossovers between Orand

denotes the spin orientatiowr & 1 ,1),;is opposite tar, E

iherea is the bulk superconducting gap, ate: pg— ¢ is
the macroscopic phase difference across the junction. The

)=exqik|or)w(z) (3)

states and on the current-phase relation. Concluding remarks di(2) d(//(z)| omW
are given in Sec. IV. 5 =3 ’ - #(0), (5)
z z=0_ z z=0, fi
Il. SCATTERING PROBLEM

We consider the following model for a planar double- W(2) == ¥(2)|z=q,, (6)
barrier SIFIS junction: a ferromagnetic layer of thickndss
connected to superconductors by insulating nonmagnetic in-
terfaces. We assume that both metals are clean, that the left di(2) dy(2)| 2mW
(L) and right(R) superconductors are equal, and so are the g =4 | i P(d). (7)
interface barriers. We use the Stoner model for the ferromag- Z lma. z z=d, h

net (a uniform magnetization is parallel to the layerand
describe the quasiparticle propagation by the Bogoliubov—dgq tqur independent solutions of Ed) correspond to four

Gennes equation types of quasiparticle injection processes: an electronlike
quasiparticle(ELQ) or a holelike quasiparticléHLQ) in-
(Ho(r)—pgh(r) A(r) )(ua(r)) jected from either the left or from the right superconducting
A*(r) —Ho(r)+pzh(r)) \ v (r) electrode(see Fig. 2 in Ref. 40
For the injection of an ELQ from the left superconductor
_ (“0(”) 1) with energyE>A and angle of incidencé (measured from
v(r)) the z-axis), #(z) has the following form:
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Uei b2 Dl
[exp(ik"z)+bexp(—ik"2)] i +a,expiik~2) —inr) z<0,
P S 1 .- .= 0
yy(z)={ [C18XNiq,2) + Coexp( —iq,2)] 0 +[Caexpliq,z) + Chexp(—iq;2)] 1) 0<z<d, ®)
ue'?r2 vel9R2
c.expikz) iR +d.exp(—ik™2) g2 z>d.

Here,u=(1+Q/E)/2 andv=(1—Q/E)/2 are the BCS
amplitudes, and)=\E?—AZ?. Perpendicular ) compo-
nents of the wave vectors are

k*=[(2m/4?)(EQ + Q) — k{2 9
and

s =[2m/A%)(EP +p,h=E)-kf]¥% (10

Andreev reflection as a HLQ, normal reflection as an ELQ,
transmission to the right electrode as an ELQ, and transmis-
sion to the right electrode as an HI“®Amplitudes of elec-
trons and holes propagating in the ferromagnetic layer are
given by the coefficient€,; throughC,. All amplitudes are
o-dependent through the Zeeman termsyjn, but there is

no spin current across the junction in contrast to FIS and
FISIF geometry®4>4%The ELQ and the Andreev-reflected
HLQ have identical spin orientations in absence of spin-flip

wherelk;|=V(2m/#2) (EEY +Q) sing is the conserved par- processes and for singlet-state pairing in SIFIS geomdtry.

allel component. The coefficients,, b,, ¢, andd, are,

For the injection of a HLQ from the left superconductor

respectively, the probability amplitudes of the generalizedwith energyE>A and angle of incidencé, (z) is

[exq—ik‘z)+b2eX|:(ik‘z)](_

! P ! _int
111,2(2): [ClequqUZ)‘{‘Czqu Iqaz)] 0
U_eiqSR/Z
coexp —ik™z)

Ue 4R

where the wave vectors are given by E(®.and(10), with

el dL2

Je-ibL2
1 _ _ 0
+[Czexpiq;z) + Chexp( —iq;2)] 1) 0<z<d

_ )+dzexp(ik+z)

ueidL2
, z<0,

+aexp—ikTz)| —
28XN )(ve"/’L’Z

(11)

z>d,

Uei oRl2 )

e i9R2

{y=d(q,*q;). (12

|kl = V(emi42)(ES - Q) sing. Analogously, one can write _
W5 and ¢, for an injection of the ELQ and HLQ from the First we present the results fag andb,, given by
right superconductor, respectively.

Solutions of Eqgs.(4)—(7) for the scattering amplitudes
can be simplified significantly if one neglects, except
in exponentials, small term@/E<1 and E/EF<1 in
the wave vectors. In the followingk,|=k®sing, the wave
vectorsk™ are replaced bk= k2 —kf=k>cos, and in
the pre-exponential factors only, and g, are replaced by
q, and g5, where q,= Vk2(1+ p, h/EF) - kfi. Physi-
cally important oscillations of the scattering amplitudes, both

rapid and slow on the atomic scale&? , are characterized
respectively by the exponents

20 ..
a;= [~ 40,0, (Ecosp+iQsing) + A; cog{,)

—Afcod i) —iASsing, ) +iAS sG] (13
and

20
by=-5-[B1codf,)~Bicods,)~iB,sin(L,)

+iBjsin(¢))], (14)

where
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At = (0,7 9)[E(Q,70,) —i1QZ,(q,=q,)],
. . o (15
A;=0(q,F9,)[1+257 0,051,

and

+

Bi=E(1-iZ)[(0,)*~(0,)%]- Q{(1+Z5)(1~iZ,)?

—(A)2(U)*+iZ y(1-iZ [ (A,) 2= 40,05+ (a1},

o s (16)
B3 =—E(d,79)[(1-iZy)**q,05]
+Q(0,20,)[(1+2iZ)(1-iZy)?
F(1-2iZ)9,9,1.
The common denominator is given by
G=8A%q,q,c0sp— G cog{,)+Gcod L)
+iG,sin(¢,)—iG,sin(¢,), (17)

where
G1 ={E(Q,7a)+ Q[1+2Z5-iZ4(q,*q5) 7 A, 051}
+{E(Q,7 ;) — Q[1+Z5+iZ,(0,%0,) ¥ 9,01},
L (19
G, =40(1+2579,9,)[E(Q,70,) —iQZ4(q,=T,)].

Here, we introduced the normalized quantitﬁ}ag:qglk,

and Z,=Z/cosf, where Z=2mW#%k® is the parameter
measuring the strength of each insulating interface. Note that eA 2 K TE (anl an2
B

all amplitudes are functions d, o, 6, and ¢, for given
A, h, andZ

The Andreev reflection amplitudes, anda; are simply
connected. For the sante o, and 6 in our approximation
we get

a(p)=ay(—¢), (19

which is in agreement with the detailed balance relatfns.

Expression fob, can be given in a form similar tb;, so
that

20 _ _
b,=-5-[By cos{,) — B cod {;) +1B; sin({,,)
~iB;sin(¢;)], (20
with G given by Eq.(17), and
By =—E(1+iZp)[(4,)2— (4% Q{(1+22)(1+iZ,)?
—(9,)2(05)2=iZ y(1+i1Zp)[(9,)2 = 49,95+ (G,) 21},

_ o o (21)
B; = —E(Q,+ ) [(1+iZ )%= 0,05]

— Q9,9 [(1—2iZ ) (1+iZ,)?

F(1+2iZ,4)0,95].
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Note that the normal-reflection amplitudds, throughb,,
are even functions of. From the assumed symmetry of the
junction, within our approximation it follows that;
=a,, a;=a;, bs=b,, andb,=b,.*°

In the corresponding NIFIN junction, when the supercon-
ductor electrodes are in the normal state, the expressions for
the normal reflection amplitudes reduce bg=b,=by,
where

by
B 2Z,9,c0ddq,)+(1+23-g%)sin(dq,)
2i(1+iz,)q,c08dq,)+(1+2iZ,~Z2+%)sin(dq,)
(22)

Because of the conservation kfj, the ELQ and HLQ
undergo the total reflection fop>6.,=sin I\,, if A\,

= K\/1+p,,h/E(FF)<1. The correspondingq, becomes
imaginary and electrons and/or holes, depending on the spin
orientation, cannot propagate in the ferromagnetic layer.
However, the contribution of an evanescent type of the An-
dreev reflection to the Josephson current is not neglidile,
and should be taken into account in the finite geometry.

IIl. JOSEPHSON CURRENT

The dc Josephson current at a given temperature can be
expressed in terms of the Andreev reflection amplitudes by
using the temperature Green’s function formafim

n n

wherek, , k, anda,;, a,, are obtained fronk™, k= and
a,, a, by the analytic continuatiok—iw,, the Matsubara
frequencies arev,= wkgT(2n+1) with n=0,=1,+2,...,
andQ,= \/w2n+A2. Performing integration ovek) and us-
ing Egs.(13) and(19), for the Josephson current in a planar
SIFIS junction we get

q,9Sin
désinfcosd D, u

wp,o Gn

| 4kgTA? w2
- eR 0

(24)

Here,G, is G given by Eq.(17), with E and () replaced by
iw, andiQ,. Note thatR=27%/Se&k)?, whereSis the
area of the junction, is the normal resistance only Zor
=0, k=1, andh=0, when the normal reflection amplitude
by is equal to zero. The resistanBg of the corresponding
NIFIN junction can be obtained from

R 2
—=J d6singcoss Y, (1—|by|?).
RN 0 o

(25)

The spectrum of bound states in the interlayer is included
in the common denominator of the retarded Green’s function.
For transparent nonmagnetic junctions without FWVM,
when Ry /R=1, the conditionG(E)=0 gives well-known
phase-dependent and spin-degenerate Andreev bound states
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0.65 dk; =10.40
—
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< =2
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= 0
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Y
S o
055 ‘ 8.60
' 19 15 -0.007 ‘ ‘ ‘
dk, 0 0.25 0.5 0.75 ]
o/n

FIG. 1. Maximum currentl, as a function ofd for T/T,
=0.1,k=1,Z=1, and forh/E{"=0.01 (solid curve, and forh
=0 (dotted curve In all illustrations the superconductors are char-
acterized byA/E®Y =103,

FIG. 3. Current-phase relation(¢), for T/T,=0.1,h/E{"
=0.9,Z=1, k=0.7, and for five values aik{" in the vicinity of
the crossover between 0 andstates (jck(FF)=8.72); see the solid
curve in Fig. Zb).

with subgap energi€¥. For resistive ferromagnetic junc- o
tions, wherRy /R>1, the spectrum of Andreev bound statesd, can both be replaced y= Vk{P2—k?, so thatq, g,

is modified by the coherent contribution of geometrical reso-_, 5= q/k. Also, ¢ can be approximated as, =2d(E

o

nances in the ferromagnédescribed by the rapidly oscillat- +p,h)/fiv and ¢ =2qd, wherev =#%g/m is the z compo-

ing terms and by the Zeeman(Fs)pIitting. nent of the Fermi velocity in the absence of FWVM. In this
For a weak ferromagnett/E <1, wave vectors, and limit, the general formula, Eq24), reduces to
0.1 wkgTA2 [m2 1 o sing
= desmacosﬁgn > ; o (26)
with

S .

= 2(w,—ip,h)d

g o

& 00s = Azcos¢+(K29ﬁ+wﬁ)cosr{nT

%

.| 2(wy—ipsh)d
+2Kannsmr{"T
—(K2=1-27Z%)0%cog2qd)
0
(@) +2Z4(K2—1-2Z2)Y202sin(2qd), (27)
where
0.03 |
1. 1+2Z5

= K= > g+ —|. (28

\g 0.02 q

— We emphasize that the obtained expressions are consistent

% with previous formulas for the Josephson current. Ror

=0, Egs. (26)—(28) are generalization of the Furusaki-
Tsukada formul® to double-barrier SINIS junctions with
#0. For equal Fermi energies of the two metals and for
transparent interfaceg=1 andZ= 0, the rapidly oscillating
®) dkl(% terms are _absent, anq E(_?.G) reduces _to_the well known

F quasiclassical expression in the clean lithit}In Eq. (27), a
weak exchange potential is taken into account only by its
=0.9: (8 Z=0, k=1, T/T,=0.1 (solid curvé and T/T,=0.7  contribution to the phase of the superconducting pair poten-
(dashed curve (b) T/T,=0.1, andZ=1, x=0.7 (solid curve, Z tial, —ip,hd/fv in sinh and cosh terms, that implies oscil-
=1, k=1 (dotted curvé Dips inl(d) separate alternating 0 and lations of I(¢) and changes the sign of the current at the
m states, starting with O state from the left. crossovers between 0 andstates. FokgT <h/ Ef;':)<0.l,

0.01

FIG. 2. Maximum currentl; as a function ofd for h/E{"
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e ‘ 0.5

04 |

o
W

1(D)/1,(0)
eRI/TA(0)

01

0 0.5 1
T/T,
0.2
FIG. 4. Temperature variation of(T), normalized byl ;(0), \
for h/E{=0.92,2=1.2, k=1, and for three values afk{") =17 !
(dotted curve 17.23(solid curveand 17.4(dashed curve

(b)

the current-phase relation is almost a universal function of
the paramete® = (k{"d) (h/E{), which measures the total
influence of the ferromagnet. For a stronger ferromagnet this
is not the case, and the general E2f) has to be applied. In

all illustrations (Figs. 1-6 we have used Eq24), charac-
terizing superconductors with/E =103,

Characteristic feature of the ballistic SIFIS junctions is an
oscillatory dependence ¢f{¢) andl. on h andd, which is
related to the crossovers between 0 andtates. However,
even in SINIS junctiondwhere 0 state is the equilibrium
one geometrical oscillations of the supercurrent occur due to kG, 6. Maximum currenti, as a function ofd for h/E{
the coherent contribution of the quasiparticle transmission-0.01: (a)z=0, k=1, T/T.=0.1 (solid curveé and T/T,=0.7
resonance$* To stress this effect, in Fig. 1 we show an (dashed curve (b) T/T,=0.1, andZ=1, x=0.7 (solid curve, Z
example of a thin and weak ferromagnietE(")=0.01, and =1, k=1 (dashed curje Z=0, k=0.7 (dotted curvg Dips in
compare it to a nonmagnetic-metal interlayles; 0, for the  1.(d) separate alternating 0 antl states, starting with the 0 state
same interfacial transparencZ=1, at low temperature from the left.

T/T.=0.1. In this case, geometrical oscillations are domi- . . ") o

nant, the SIFIS junction being also in the O stéfee first thin ferromagnetic layers with/Ex’=0.9. Oscillations of

crossover from O tar state occurs fodk{) =125). l(d) due to the exchange potential are shown in Fig) 2
The interplay between geometrical oscillations and thosdOr & junction with transparent interfacés=0, equal Fermi

induced by a strong exchange potential is shown in Fig. 2 fofnergiesx=1, and for two temperatures. For finite interfa-
cial transparencyZ =1, these oscillations are superimposed

1 /T =009 on the geometrical onefFig. 2(b)]. In the same figure, the
influence of different band-widths in S and F metals is also

shown fork=0.7. Here, we use the normalizatidgR, in-
stead ofl (Ry used in Fig. 1, to clearly show the influence of
the junction parametersh( d, Z, and «) on the maximum
supercurrent. Mean values of the normal resistance corre-
sponding, for example, to solid curves in Figéa)2and Zb)
areRy/R=2.34 and 4.55, respectively.

The characteristic variation of nonsinusoidé) in the
vicinity of the crossover between 0 amdstates is illustrated
in Fig. 3 for a highly resistive junction with the same param-
‘ eters used in Fig. (), solid curve. The lower transparency
0 0.25 0.5 0.75 1 and FWVM, Z=1 and x=0.7, shift the crossover point at
T/T,=0.1 fromd.=9.45k{") in a transparent junctiofsec-

FIG. 5. Temperature variation o ¢, T), normalized byl ,(0), ~ ©nd dip of solid curve in Fig. @] to dc:_8-72k(FF) [second
for /E)=0.92,2=1.2, k=1, dkF)=17.23, and for five values dip of solid curve in Fig. &)]. The region of coexisting 0
of T/T, in the vicinity of the transition from O ter state; see the and states, 8.68 dk¥)<8.82, is two times narrower than
solid curve in Fig. 4. that in the transparent junction, $2ik{”)<9.6. With in-

eRI/TA(0)

0 L L L
50 150 250 ® 350 450
dk,

o
n

1(¢,TH1.(0)
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crease of temperature or decrease of transparency the contoiecurs atdk{™) = 120 (first dip in solid curve, Fig. 6)), and
bution from the higher-order scattering processes becomehe coexisting region, 1¥0dk{”) <125, is five times nar-
negligible, transition regions become narrower at¢l) ap- rower. Because of weak ferromagnetic influence the
proaches the ordinary sinusoidal dependencd, sing, temperature-induced transition is not found for the param-
where= correspond to 0 ana junction, respectively. Note €ters displayed in Fig. 6.

that similar highly nonsinusoidal variation of¢) also oc-
curs in SFcFS Josephson junctions with geometrical
constrictions:” However, such a behavior is not stable
against a disorder. In diffusive double-barrier SIFIS junctions
I(q1$; does not cross thé axis in the interval between 0 and
a

IV. CONCLUDING REMARKS

We have derived an expression for the Josephson current
in planar ballistic SIFIS junctions, generalizing the Furusaki

: . . . -Tsukada formul¥ so that it includes interfacial non-
The temperature variation df is usually & monotonic  yansparency and ferromagnetism in the normal-metal inter-

decay with increasing temperature. However, depending Ofyyer, We used a non-self-consistent step function for the pair
parameters of the junction, the transition between 0 and potential, but in the case of low interfacial transparency,

states can be induced by changing the temperature. In thgia\/M, and/or thin interlayers, our results will not be al-
case|. manifests nonmonotonic dependence on temperaturgred significantly. In that case, the depletion of the pair po-
with a well-pronounced dip at the transition. This is illus- tential in the superconductors is negligible. Characteristic
trated in Fig. 4 for the SIFIS junctions witth/EX)  proximity effects at transparent FS interfaces have to be
=0.92,Z=1.2, andk=1, and three values o close to studied by a self-consistent numerical treatniém. order to
dc:17-27k|(:F) at zero temperaturedg=17.14k(FF) at T obtain simpler expression_s for the sca}ttering amplitudes, we
=0.9T,). Three characteristit,(T) curves are shown for have neglected, except in exponentials, the small energy
dkP)=17 (0 state, 17.4 (= stats, and 17.23(the tempera- L€/MS in the wave vectors, since their contribution is typi-
ture increase induces a transition from Orcstate afT/T, ~ Cally 1ess than 0.1%. These terms are not neglected, how-

=0.22). A considerably large transition region of coexistinge.ver.’ _in the expongntials, 50 that we take into account the
0 and states, 0.£T/T,<0.3, is shown in Fig. 5. Similar significant contribution from both resonant and bound states,

0— 7 transitions occur at different temperatures in a veryrep_lfﬁsem??i b%’ rag'td% adn(f:i flg]wx:oslf'”?}mg dti”?;' | ref]
narrow region 17.2 dk{"<17.3 about the crossover, at € solutions obtained tar the eev and horma’ retiec-

zero temperature. We emphasize that the temperaturtl-on amplitudes provide a fully microscopic study of the co-

: " : S erent superconducting properties in ballistic double-barrier
induced transition takes place in the vicinity of any crossover . . . .

. ) . T . .. _junctions with ferromagnetic or nonmagnetic normal-metal
point of the junctions with finite transparency, with or with-

out FWVM, and with strong ferromagnetic influence. For interlayer. The resulting wave functions and the quasiparticle

example, the temperature-induced transitions occur in the vEXCItatlon energies can be used to compute all physically

Ginity of the crossover points in Fig.(, represented by relevant quantities, e.g., the local DOS and the superconduct-

o : . =Y ing pair amplitude’® These applications of our results are left
dips in both solid and dotted.(d) curves. However, this is for future work.

not t_he case fqr transparent ‘”te”‘?“?e?’ for example in the Qualitatively, our results confirm previously obtained
V|c||n|ty of _dlps in sohdlc(ql)hm;]rve n F'gl' Za).d'!'hese fre- h main features of the metallic SFS systems, and uncover co-
sults are in agreement with the general conditions for t eF1erency effects in nanostructured ballistic junctions. The pro-
occurrence of the temperature induced-# transition, nounced geometrical oscillations of the supercurrent occur in
given in REf' 9. F) double-barrier SINIS junctions with thin interlayers of a

F_or ,th'Ck layers of a weak ferromagneh/EF =001, tiean normal metal, due to the coherent contribution of the
oscillations off (d) due to the exchange potential are showngasinarticle transmission resonances to the Andreev bound
in Fig. 6@ for a junction with transparent interface,  giated® The amplitudes of the supercurrent oscillations are
=0, equal Fermi energies,=1, and for two temperatures. gjgniicantly larger than those of the normal current in the
The influence of interfacial resistance and of FWVM at low oo rresponding NININ ballistic junction. For thin layer of a
temperature is illustrated in Fig (). One can see that the gy ong ferromagnet, we found that geometrical oscillations
contribution of geometrical resonances is negligible in thaty o superimposed on the oscillations induced by crossovers
case. Oscillations of(d) in the resistive junctionsRy/R petween 0 andr states. For high interfacial transparency
=5, 2.5, and 2.2 for solid, dotted, and dashed curves in Figanq/or thick interlayers, coherency effects are less pro-
6(b), respectively are similar to those in the non-resistive o nced, in agreement with previous theoretical regdilts.
one, Fig. €a), with shifted d. and significant lowering of | oy interfacial transparency and the FWVM affect the posi-
amplitudes. However, regions of coexisting 0 amdstates  tjon of crossover points, and narrower the transition regions
are considerably narrower in the resistive junctions. For exyy coexisting 0 andr states.

ample, at low temperaturél/Tc=0.1, in a junction with We have shown that the temperature induced transition
transparent interfaces and without FWVM, the crossovegceyrs in ballistic SIFIS junctions with finite interfacial

from 0 to 7 state occurs atlck{” =111 (first dip in solid  transparency and strong ferromagnetic influence, if the pa-
curve, Fig. 6a)) with coexisting 0 andr states in the region rameters of the junction are sufficiently close to the cross-
60<dk{" <130, while in a junction with finite transparency over at zero temperature. The characteristic nonmonotonic
and FWVM (Z=1, k=0.7), the corresponding crossover variation of the maximum Josephson current with tempera-
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ture agrees with previous experimental and theoretical

results>®~1>However, in the ballistic junctions the transition
region of coexisting 0 andr states is considerably large.
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