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The quasiparticles energy spectrum in clean Josephson weak links is studied theoretically. The density of
states(DOY) is calculated for various situations:wave ord-wave symmetry of the order parameter in the
superconducting electrodes, the barrier consisting of a normal or a monodomain ferromagnetic metal. The
number of peaks in DOS, corresponding to the Andreev bound states, in the anisdivegie case can be
greater than in the isotropgwave case, provided that the barrier acceptance angle is not too small. Energy
levels of the bound states are explicitly obtained as a function of the barrier thickness and exchange field and
in the d-wave case of the orientation of the crystalline axes of the electrodes. The spectra are strongly
influenced by the macroscopic phase difference at the [B&163-182609)12621-3

. INTRODUCTION magnetic metal by Kuplevakhskii and Fal’kb.Magnetic
scattering effects is-wave andd-wave S/N junctions with a
Quasiparticle states in nonuniform superconductors haviKondo-like magnetic barrier or containing a ferromagnetic
been studied since the early days of superconductivity. Iscattering layer have been calculated by Zhu and Wéng.
conventional superconductor—normal-meg®&IN) junctions, In the present paper we calculate the quasiparticle density
in which the order parameter amplitude abruptly changes, thef states in Josephson weak links with a metallic barrier,
bound states discovered first by de Gennes and Saint Jameshich may consist of a normal metéM) or of a ferromag-
and studied afterwards by Arndlénd many other authors netic metal(F) with constant exchange field. We consider
are a consequence of Andreev reflectiofhe quasiparticle poth s-wave symmetry andl,>_,>-wave symmetry of the
states insswave S/N/S junctions were studied more recentlysuperconducting order parameter. In the latter case, we as-
by Furusaki and Tsukadawho found that the energy spec- sume that the crystals in twédentica) superconducting

trum depends strongly on the pair potential phase differencg|ectrodes are misoriented, theimxes making an angle.
between two superconductors, and that the Josephson currenty,r main purpose is to investigate the influence of the

flows via the bound states. In high; superconductors,
where a growing amount of evidence points to the_,»
symmetry of the order parameter, the pair potential encou
ters a phase change between theand b-axis directions.
One particular feature related to tdevave symmetry is the
existence of the zero-energy statgg9 at the surface of a
d-wave superconductdr’ closely related to the experimen- . : X o .
tally observed zero-bias conductance pe@®&CP) in tun- tions for ZES in various situations menponed above.

neling spectroscopy measuremehihe origin of ZBCP in The paper is orglanlzed as follows. |n'Sec. 'II we present
theab-plane tunneling conductancedavave superconduct- the general f_ormghsm, based on quasiclassical theory of
ors is the same as that of thephase shift in the Josephson supe_rconduchwtﬁ, and cal_culate the q_ugsmlassmal Green’s
interference experimenfsHowever, 7 shift may arise in a functions for S/F/S weak link, generalizing the approach of
junction with magnetic impurities in the barrig},or in Buzdin et al.zo to the case ofl-wave jUnCtionS with ferro-
superconductor-ferromagnés/P multilayers!''2When the =~ magnetic barrief! From the obtained expressions easily fol-
magnetic scattering is involved, one has a special case d®w simpler cases of-wave junctions, with an isotropic or-
Andreev reflection, since the magnetic exchange field is opder parameter, and of a normal metal barrier, with0. In
posite for two spin orientations of the carriers forming aSec. lll we calculate the resulting densities of states. We
Cooper pair. In the past tunneling through S/Fi/S junctionsshow how the local densities of states can be expressed in
where Fi is a magnetic insulator, has been studiederms of energies of bound states and give the equations for
experimentally® and theoreticall}*'®> More recently, An- the bound states, from which the condition for the formation
dreev reflection has been studied in S/F junctions by de Jongf ZES follows. Section IV contains a discussion of the ob-
and Beenakkel® and in S/F/S junctions where F is a ferro- tained results.

phase difference at the junction on the quasiparticles energy
spectrum. This phase difference, due to the flow of the su-
n[5ercurrent, or to the misorientation of the electrodes for
d-wave pairing, in presence of the exchange enérgy in

F acquires an additional “magnetic” contribution. We study
the change in the spectra inducedhyyas well as the condi-
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the pair potential and the shape of quasiparticle spectra de-
pend on the misorientation. Fdgz_,2 symmetry?® the pair-
ing interaction and the pair potential 8 are, respectively,
V(vg,Vg) o €0S 2pcos 2p" andA (vg) «« cos2¢, wheregp is the
angle the quasiparticle momentum makes with ghaxis.
Similarly, in Sg, A(vg)o cos 2¢p—6).

Assuming a thin and short barrier of thicknesd and

FIG. 1. Schematic illustration of the weak link. Fdrwave  With constanth, we find an analytical solution of Eq&2.1)—-
pairing in S electrodes the fourfold symmetry of the pair potential is(2.3) taking a step-function variation of the pair potential
indicated. along thex axis perpendicular to the barriét,

Il. QUASICLASSICAL GREEN’'S FUNCTIONS AX)=AY¢)O(—d—x)+AR($)O(x—d). (2.5

An efficient method for calculating local spectral proper-In the barrier, wheré =0, f #0 due to the proximity effect.
ties of superconductors is the quasiclassical theory ofn the left- and right-hand superconductors, the pair potential
superconductivity® In the clean limit, and assuming that the can be taken in the forfh
magnetic influence on superconductivity is limited to that of

the exchange field, one can use the Eilenberger quasiclassical ASR(p)=ALRe=142 (2.6
hm%t—nzé equations in the presence of the exchange ener%heraﬁ is an intrinsic phase difference at the contact related
The corresponding set of scalar equations for the quasf-0 the supercurrent flow,
classical Green’s functiong (r,vy,p), fﬂ(r,vo,wn), and L
f 1(r,vo,wy) is given by A"=Aq(T)cos 2, 2.7
and
2(wpt+ih)f  +voVE =29 A, (2.
AR=Ay(T)cos A p—0) (2.9
H + + *
2w tih)fy, = VoV =29 A%, @2 tor dwave pairing. Fois-wave pairingA-=AR=Ay(T). In

. . the following we denoté\3(0)=A, since we calculate den-
VoVg =A% —f A (23 ity of states aT =0 only?*

We note that in principle the pair potential should be de-
termined self-consistently. However, the self-consistent ap-
proach would greatly complicate the calculations without
shedding much light on the exchange-interaction-induced
states in the S/F/S cad®!’ which is the main subject of this
paper. In the S/IN/S case, the validity of our model requires a
weak proximity effect in S, as it may be the caselTatO.

(2.9 Far from the barrier the Green's functiorig; and g,
approach their respective bulk values

Here w,=#T(2n+1) are the Matsubara frequencies
(kp=%=1), vq is the Fermi velocity, anad is given by the
self-consistency equation

dQ,

0 ’ ’
A(r,Vo,wn): WNon ?V(Vo,vo)fm(r,vo,wn),

where V(vq,Vg) is the pairing interaction. For the opposite

spin direction, the set of corresponding equations is obtained

by changingh— —h.% g(L),R:%, 2.9
We solve the above equations fordavave S/F/S junc- Qy

tion, where S is an anisotropic superconductor vagh_,>

symmetry anch=0, and F is a monodomain ferromagnetic LR( )

metal with constant exchange enefigand withA=0. We foR=(fg"R)* =—x

assume both S and F metals clean, with same dispersion Qy

relations and with same Fermi velocity (electron scatter- \yhere

ing on impurities in S can be neglected ¥ &,, wherel is

the electron mean free path agg superconducting coher- LR_ [[ALR2, 2

ence length, and ii>vg/1 in F).2° Iy AR5 o (213
The barrier is assumed perpendicular to éhaxis in the  Looking for solutions of the forng,=go+91(x), f;;="fo

ab plane of the left-hand monocryst&l , which may be +f;(x) in S, and using the continuity conditions at the bar-

misoriented with respect to the right-hand ofie, theira  rier interfaces to relate them to the solution in F, one finds a

axes making an angle (see Fig. 1 For anisotropic pairing, position-independent normal Green’s function in¥<d,

: (2.10

A (wy— QR+ AR(w,+ Q5 expli ¢+ 4d(w,+ih)/vg cose)
A (0,— Q) — AR(wa+ QL) expli ¢+ 4d(wy+ih) /v, cose)

9)(@,0n)=— (2.12
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FIG. 2. DOS in the barrier of the reduced thickness1 for SIN/S[(a),(b)] and S/F/$1=0.5[(c),(d)] junction with sswave pairing in
S and cylindrical Fermi surface. The ground state 0 [(a),(c)], and nonequilibrium state with ZE%= 7 (b) and¢$=7—1 (d). PDOS for
¢=0 (dotted curvepis shown for S/N/S junctiof(a),(b)]. Spin splitting,c=1 (solid curve3 ando= | (dashed curvesis evident for S/F/S

junction.

andg;(¢,w) is obtained from the above expression putting
21

h— —h.
For |x|=d we find

aL’R " Wn aL,R "
95 (%, @, 0n) =0y, 0p)em (0 + o (1—en (@59),

" 2.13

wherea;R=205R/y, cosp ando=1, .

From Egs.(2.12 and(2.13 it is easy to obtain the corre-
sponding results for @-wave junction with normal metal
barrier, puttingh— 0, and fors-wave junction, taking isotro-
pic pair potentialAb=AR=A,, with ferromagnetic i+ 0)

Ill. DENSITY OF STATES

The quasiparticle spectrum follows from the retarded
Green'’s functions, obtained by the analytical continuation of
g,(h) and g;(—h)=g;(h). In our notatior’" the partial
density of statesPDO9, which is the angle-resolved DOS,
is given by

Ny (X, ¢,E)=lim Reg (X, ¢,iw,—E+i§),
5—0

(3.9

where ¢ is the angle between the direction gf and thex
axis, andE is the quasiparticle energy measured from the
Fermi level.

DOS is obtained by averaging PDOS over the angle
assuming spherical Fermi surface for the three-dimensional

or normal metal l=0) barrier. Note that here there is no (3D) case (conventional superconductdrsand cylindrical
backscattering allowed, i.e., the transmission coefficienfor the two-dimensional casgigh-T. superconductojs In

through the interface is taken equal to unity.

the 2D case
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FIG. 3. DOS in the normal metal barrier of the reduced thickresd for S/N/S junction withd-wave pairing n S . The acceptance
angle isp.=70°. PDOSp=0 (dotted curvesand DOS for cylindrical Fermi surfadeolid curveg, for the misorientation angléd=0 [(a),
(b)], 8= 718 [(c),(d)] and 6= =/4 [(e),(f)]. The ground statep=0 [(a),(c)], and = 7/2 (e), and the nonequilibrium states= 7 [(b),(d)]
and ¢=0;7 (f). For 6= /2 (a) corresponds t@= 7, and(b) to ¢=0.

/2

/2
N(r(va)/NO:f /deDD(QD)N(r(X!(P!E)r (32) N(r(er)/NO: fo d(PSin(PD((P)N(r(Xr(P!E)r (33)

whereNy=mk:/272. We model the barrier with a uniform
whereNy=m/27, and in the 3D case probability distributiof! D(¢) = 1/f‘f°¢ d¢ for the 2D case,
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FIG. 4. DOS, for cylindrical Fermi surface, in the ferromagnetic barrier, with the reduced exchange kreddy, and the reduced

thicknessd=1, for S/F/S junction withd-wave pairing h S . The misorientation angle #=0, and the acceptance angdg=70°. Spin
splitting: o=1 [(a),(b)] ando=| [(c),(d)]. The ground statep=0 [(a),(c)], and the nonequilibrium state with ZE$=7—1 [(b),(d)].

and D(¢)=1/f*sinede for the 3D within an acceptance Since PDOS in the electrodes and in the barrier are related
by Eq.(3.4), we consider in the following onl{the position-
independentPDOS and DOS in the barrigx|<d. The con-
gitions for the appearance of the Andreev bound states in the
guasiparticle spectra are obtained analytically, including ZES
and the spin splitting. However, for the explicit evaluation of
the densities of states we performed numerical calculations
directly from Eqs.(2.12 and(3.1).
LR _ LRegx To find the density of states for @&wave junction, we
NG (x 0,B) =e™ 9N, (0, B), B4 take anisotropic pair potentialsR depending onp and 6,
whereat R=20R/y, cose, OLR= JATRZ—EZ Eqs.(2.7) and(2.8}. For both spln_dlrecnons we find tha_t in
The influence of the barrier is see|n only in the vicinity of the region|E|>min{|A"|,|A%} at given ¢ and ¢, PDOS is

the interface, due to the exponential factor. Deep in S w&ontinuous without discrete levels. FEE| < min{|At] AR}
obtain, as expected, a spin-orientation independent bulk rd2POS in the barrier is

sult N, (¢,E)=[2E(X2Q + QR)
|E] —2Xsin2y(QLQR+E?)18(V).  (3.6)

E|—|AYR]). 3.
R (EI= a5 @y

cone of angle 2. about the interface normal, and zero out-
side the cone. The angle. depends on the dimensions of
the barrier, which we assume thin and short. We note firs
that for |[E|<min(|A_|,|AR|) at givene and 6, Egs.(2.13
and (3.1 give a relation between PDOS B g and in the
barrier

NER(g,B)=
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FIG. 5. Same as in Fig. 4, fd#= /8.

V=(XQ-—QR)2—E2(1+X)?+4X cogy(Q QR+ E?),

X=AR/AL=cos A ¢— 6)/cos 2p,

v=¢/2—d(E—h)/cose,

3.7

Wherea= 2dA0/U0:(2/7T)d/§0, §0=00/77A0, and NT(h)

=N,(—h).
Using the formula

V()=

oo~ ¢i)

V' (@)

where V' =dV/de and ¢; are solutions of the equation

V(¢; ,E)=0, Eq.(3.6) for PDOS becomes

N, (¢,E)=[2E(X?Q"+ QR) — —2X sin 2y(Q-QR+E?)]

o(e—@i)
TV (en|

(3.9

Therefore, bound states appear at enerdiesuch that
V'(¢;,E)=0 andV(¢;,E)=0 and after averaging over the
angle e, may give rise to peaks and/or divergences in DOS.
In the swave case, where the pair potentaial is isotropic, the
averaging over quasiparticles propagation anglesults in
an average over one-channel junctions of different lengths
and PDOS fore=0 is qualitatevely same as DOS. This is
not the case for anisotropd-wave pairing, where in DOS
peaks corresponding to other angles can be seen as well.
This is easy to see whef=0. In this case Eq(3.6)
becomes

8(¢— ¢;)COS @; COS 2p;
N(p,E)=03 (e ‘PD)|Sin;P_| % 39
where
D=|4E coS¢;+ Qd(E—h)cos 2| (3.10

and ¢; satisfies
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FIG. 6. DOS, for cylindrical Fermi surface, in the ferromagnetic barrier, with the reduced exchange kretdy, and the reduced
thicknessd=1, for S/F/S junction withd-wave pairingn S . The misorientation angle #=0, and the acceptance ange=70°. Spin
splitting: o=1 [(a),(b)] ando = [(c),(d)]. The ground statep= 7 [(a),(c)], and the nonequilibrium state with ZE&= =—3 [(b),(d)].

¢ dE-h|_ E a1
€372 cosg; | ~cosp;’ (3.19
In the swave case this reduces to
N(¢ E):E w (3.12
T |d(E-h)sing)| '
and
¢ —(E—-h)
cos(E—d coSe; )—tE. (3.13

In the latter case, PDON(¢;=0,E) diverges atE=E; ob-
tained from Eq.3.13 with ¢;=0, but DOSN(E;) is finite
in 3D, due to an extra factor, simnin Eq. (3.3, whereas in

2D it diverges, see Ed3.2).

By comparing Eqs(3.12 and (3.9), we see that in the
d-wave case one may have divergences not onlyfe0, as
in the swave case, but also &=E;, corresponding tap

=¢;, which are solutions of Eq3.11) with the condition
D=0. In the general case of arbitra¥y the formation of
bound states at the Fermi lev@8=0, is of particular inter-
est. These zero-energy statealled also midgap statesave
been predicted by Hu to exist at surfaces and interfaces of
dy2_y2 superconductor§As pointed out in the Introduction,
an important consequence of these states is that they can give
rise to a ZBCP in quasipatrticle tunneling.

From V(¢;,E=0)=0 it follows that the conditions for
ZES are co3(¢;,E=0)=0 for X>0 and co$y=1 for X
< 0. Under above conditiony/’(¢; ,E=0)=0 as well. Af-
ter the integration over the propagation angle, these reso-
nances may lead to divergences or finite peaks in DOS at
E=0, since the nominator in Eq3.8) vanishes for coy
=0 or siny=0. Explicitly, the conditions for ZES are

¢ dh  (2k+1)w
+ _

2 "cosp = 2 (314

for X>0 and
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b dh ground state, as shown in Figd3 for ¢= 7 (for 6= 7/8 the
2" cose Kk (3.15  equilibrium phase differenégis ¢,=0) and in Fig. &) for
¢=0,7 (for 6=m/4, peq=m/2). However, ZES may appear
for X<<0, wherek is an integer. in the ground state as well, correspondingpt# 0, Fig. Jc).

For h=0, normal metal barrier, the physical meaning of The combined effect of-wave symmetry and of the fer-
these conditions is evident, if we invoke the fundamentaromagnetic order in the barrier in S/F/S junctions is shown in
concept that an Andreev reflection can sense the phase or thiys. 4, 5, and 6. There is again the spin splitting of bound
sign of a superconducting order parameter. When the paiitates, and ZES appears depending on the spin orientation.
potentials  (¢) =A e™'#? andAg(¢) =Age'*?are of dif-  This is shown in Figs. @) and 5d) for ¢=m—1 (¢eq=0
ferent signs for the same directign a ZES is formed when  for h=0.5 in both case$=0 andé= =/8). The dependence
the transmission coefficient through the interface is ufity  op, the misorienation is very strong, as in the S/N/S case. For
back scattering This is exactly what follows from the above example, foré= /2, Figs. 4a) and 4c) would correspond
conditions forh=0: in both cas?qs;b=0 and X'<0, or ¢ t0 ¢p= heq= 1, instead top=0 for §=0. For larger values
:aqr: E‘Q?é;ga?ﬁ%ﬁlﬁ;\ffé;ﬁ%;&%ﬂFt’r?;;'cmar’s"zn'?s of h, e.g.,h=1.5, there is ar shift of the equilibrium phase

=T - R 21
: ) ’ ’ = for 6= =0 for 6= /2. Oth-
larly as in S/N superlatticésin the d-wave case, foh= ¢ difference’” doq=m for 6=0 and¢eq=0 for §=m/2. Ot
=0 and6+0, the condition for ZES is satisfied for evegy . .
such thatX<0. in ¢, compare Figs. 6 and 5.

For a transmission coefficient smaller than 1, the Andreev For egperimental \{erification of our resuits the stanQard
bound states for somg may no longer have zero energy, but method is the tunneling spectroscdiy. For nonmagnetic

there would be still a finite area density of ZES, albeit |Owerbarriers, we found, as expected, thfa,t s'_mave junctions
than for full transparency. The difference would be only intheré would be no ZBCP in the equilibrium, whereas they
the heights of the observed ZBGFEor h#0, we have a should appear im-wave junctions for6+#0, in accordance

special case of Andreev reflection, and ZES can appear foVith many experiments. In particular, this is clearly seen in
$+0,7 due to the “magnetic” phase shift, proportional to experiments with bicrystal grain-boundary junctions, fabri-
+dh. for two spin orientations cated with high¥; superconductors and tunneling in thb

plane. A pronounced ZBCP was observedderave super-
conductors  YBgCwO;_ 5, Bi,Sr,CaCyOg, s and
IV. RESULTS AND DISCUSSION La; gsStp 1<CUQ,, Whereas in swave superconductor

In superconducting weak linkssgvave ord-wave pair- NOLesC& 15CUO,—y it was absent. L
ing, normal or ferromagnet metal barfighe quasiparticle For ferromagnetic-metal barriers there is still no measure-

spectrum in the barrier is gapless, and strongly phase depefi€nts of DOS by tunneling spectroscopy. The fabrication of
dent. Results are illustrated in Figs. 2—6 for layered Super§uch S/F/S junctions with conventional superconductors was
conductors and a cylindrical Fermi surface. performed in search of the shift. Several systems, such as

6 7 o
For thes-wave case, the phase dependence is seen in Fig¥/Fe» Nb/Gd, Nb/Fé? and V/Co, Nb/CJ,” multilayers and

2(a) and 2b) for a normal metal barrier, and in Figsc2and trilayers have been prepared. For experimental checking of
2(d) for a ferromagnetic barrier. In the latter case the bound?Ur results, we note that both S and F metals should be clean.
states for two spin orientations are no more degenerate, rd-N€ fabrication of S/F/S junctions with oxide high-super-
sulting in larger number of peaks in DOS. The peaks in Do§OndUC'{0rS is much mOI‘e.dIffICU|t. However, ramp-type junc-
are at the same energies as those in PDOSfe. Thisis  tONS with superconducting electrodes coupled in &ie
shown explicitely forh=0, but holds forh#0 as well. For plane recently were produced by heteroepithaxial growth of
swave pairing, ZES appear only outside the ground state. IfUPrates and 28manganates, such as YE®gO; and

this case, the condition for ZES, E(B.14), becomesp=m  L&CU—xMnO;. ™ _ _
—2dh for ¢=0. Since eq=0 for 0<2dh<1, and deq If a spectrum with several peaks is observed experimen-

— 21 tally in a relatively thin contactl~ 1, this can be due to the

7 for 1<2dh<3.66, 7 deq alwgys. Large values of d-wave symmetry in S electrodes, of an S/N/S contact with
2dh>1 correspond to the decoupling of S electrofes.  , not too small, or to the presence of the ferromagnetic

In the anisotropiod-wave case, where the pair potential orqer in the barrier in a S/F/S contact, withvave pairing in
depends on the injection angle, the number of peaks in DO§ g|ectrodes. A similar conclusion that the conductance of an
can be greater than in trewave case, see Figs. 3—-6. It is g\ave junction with ferromagnetic barrier may ressemble
important to note that the shape of spectra strongly dependfat of ad-wave junction with a nonmagnetic barrier, was
on the acceptance angile; . For example, forp.<64° the  reached for S/N junction To resolve between these possi-
interior peaks in Fig. @), corresponding to largep, would pjlities, one should be able to prepare junctions which differ
be absent. For giverp, and reduced thicknesd, DOS in the misorientation anglé only. Changing? would induce
strongly depends on the exchange fibldén the barrier, on achange in DO%and in the conductangenly in the case of
the misorientation anglé, and on the phase differenge d-wave symmetry. In contrast to the conclusion of Ref. 18,

For S/N/S junctions and=0, where¢.,=0, ZES ap- that the conductance ofcdawave N/F/S junction with ferro-
pears outside the ground state, #b= 7 [Fig. 3b)]. For #  magnetic barrier may ressemble to that ofsamave junction
=7/2, there is am shift of the equilibrium phas#, $eq  With a nonmagnetic barrier, we find that thwave S/F/S
=4 and Fig. 3a) would correspond teb= = and Fig. 3b)  junctions the spectra are much more complicated than in the
to ¢=0. For 0<6<w/2, ZES can be formed outside the swave S/N/S case, since the number of bound states is in-

erwise, the results are similar, with the corresponding change
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creased due to both order parameter anisotropy and spstattering in the barrier, and on the phase difference at the

splitting. junction. For both ferromagnetic and normal metal barriers
In conclusion, the shape of DOS strongly depends on theve have found conditions for the formation of Andreev

order parameter symmetry, on the presence of the magnetimund states and of peaks at Fermi energy in DOS.
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