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Spontaneous currents in Josephson devices
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The unconventional Josephson coupling in a ferromagnetic weak link betiveawe superconductors is
studied theoretically. For strong ferromagnetic barrier influence, the unconventional coupling, with ground
state phase difference across the link @<, is obtained at small crystal misorientation of the supercon-
ducting electrodes, in contrast to the case of normal metal barrier, where it appears at large misorientations. In
both cases, with decreasing temperature there is an increasing range of misorientationssyyivarges
continuously between 0 and. When the weak link is a part of a superconducting ring, this is accompanied by
the flow of spontaneous supercurrent, of intensity which depéonds given misorientationon the reduced
inductancd =27LI,(T)/®q, and is nonzero only for greater than a critical value. Fb¥ 1, another conse-
guence of the unconventional coupling is the anomalous quantization of the magnetic flux.
[S0163-18299)09433-3

[. INTRODUCTION While the oscillatoryT . behavior was interpreted in terms of
7r coupling in Refs. 11 and 12, in Ref. 10 it was attributed to
Magnetic scattering effects armiwave pairing in super- the change from paramagnetic to ferromagnetic state with
conductors may have similar manifestations, such as, for exncreasingdr. Recently, double minimunT_ oscillations
ample,7-phase states and spontaneous currents in Josephsagre observed on Nb/Co and V/Co multilayers by Obi
devices: The phase of the superconducting order parametest al,'® and the second minimum was found to be consistent
as a function of the momentum-space direction is differentyith the appearance of the phase.
for d-wave ands-wave pairing states, since the latter has a In connection with the second mechanism, it was pre-
single phase, whereas thavave state exhibits jumps af at  dicted that the anomalous flux quantization may appear with
the (110 lines? The Josephson current through a junctions50% probability in rings made from either disordered super-
depends on the phase differengebetween the supercon- conductors, or granular superconductors doped with para-
ductors on the either sidé;-sin ¢, and the negative sign to magnetic impurities. The latter possibility was tested re-
the prefactor of can be regarded as an additional phase shiftently on uniform Mo rings doped with Fe, but the absence
of 7. Superconducting rings containing an odd number ofof the effect of paramagnetic impurities on flux quantization
such 7 shifts have the spontaneous magnetizatio® /2,  was found* This may be due to the fact that the phase shifts
and quantized flux of r(+1/2)®,, wheren is an integer, induced by the impurities do not survive averaging over dif-
providing that the product of the critical current and the self-ferent electron paths around the ring. It was suggested that a
inductance of the ring is,L>® /273 loop with nanometer size point contact, doped with magnetic
In addition tod-wave pairing, two alternative mechanisms impurities, might satisfy the requirement that electrons cir-
for r-phase shifts at a conventional junction have been proeling the loop are subject to the same exchange potential.
posed. One is the spin-flip scattering in the junction barrier The Josephson effect in weak links with ferromagnetic
containing paramagnetic impuritiésand the other is the in- metal barrier can be the direct probe of unconventional cou-
direct tunneling through a localized state, in which correla-pling. Tunneling properties of-wave junctions with ferro-
tion effects produce a negative Josephson coupling betweanagnetic insulator barrier have been studied theoretically by
two superconducting grains. Kuplevakhskii and Fal'kd® De Weert and Arnold® and
A problem related to the first mechanism is the possibilitymore recently, by Tanaka and Kashiwdyaln the latter
of mr-coupling in superconductor/ferromagnetic metalR) work the possibility of = shift was obtained. Tanaka and
weak links and multilayers, due to the presence of the exKashiwaya studied separately the Josephson effect in aniso-
change field in B=° The characteristic oscillations of the tropic superconductor junctions with any symmetries and
critical temperatureT, of multilayers as a function of the with a nonmagnetic insulating barrit This reference pro-
ferromagnetic layer thicknesk-, predicted theoretically by vides a general result from which several existing theories
Radovic et al.” were observed in Nb/Gd multilayers by can be derived, and contains an extensive list of relevant
Strunk et all® and by Jiangetall® and in Nb/CuMn references. Short weak links adevave junctions with nor-
(superconductor/spinglass multilayetsy Mercaldoet al’?>  mal metal barrier were studied by Barashal®?° These
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authors find an essentially nonharmonic current-phase rela-
tion 1(¢) at low temperature, and a flow of spontaneous 3
supercurrents in superconducting ring interruptedmjync- \—a
tions. Recently, Fogelstrorat al. have considered pinhole
junctions ind-wave superconductors and have shown that at
low temperature the ground state phase difference at the
junction may vary continuously between 0 and*

In the present work, we show how possibilities for uncon-
ventional coupling inS/F/S Josephson devices result from
the combined effects of exchange field ashdvave pairing.  the gap matrix is
We consider a Josephson weak link in the clean limit, with
thin and short ferromagneti@r norma) metal barrier. The A
interfaces between the barrier and the superconducting elec-
trodes are assumed fully transparent. Two-dimensi@ia) i o
superconductivity and,> > symmetry of the order param- and the self-consistency equation is
eter are considered.Assuming the barrier perpendicular to A(Vo.R)
the a-b planes of superconducting electrodes, the influence *°’

St

FIG. 1. Schematic illustration of the weak link. The fourfold
symmetry of the gap functions is indicated.

(2.9

0 ioyA(Vo,R)
i, A* (—Vg,R) o/

of their relative orientation is studied. For comparison some flT(V(,)vR;wn)—i_ fN(Vé,R;wn)
results for the 3Ds-wave case are included. In Sec. II, we :WNTE <V(v0,v(’,) > >
give a brief overview of the quasiclassical theory of super- “n

conductivity in presence of exchange field and for aniso- (2.5

tropic pairing interaction, which we apply in the following.
In Sec. lll, we calculate the quasiclassical Green’s function
for the weak link to obtain the supercurrent as a function o

SY\/hereV(VO,v(’)) is the pairing interaction. The supercurrent
idensity is given by

the phase difference at the contact. When the weak link is a 9:+9
part of a superconducting ring, the ground state phase differ- j(R)= —2ie7rNTE <v0 ! 5 l> , (2.6
ence is calculated and the conditions for the flow of sponta- @n

neous supercurrent and anomalous flux quantization are Obqhere(. . > denotes the angu|ar averaging over the Fermi
tained. Section IV contains a discussion of the results and gyrface N being the density of states at the Fermi surface.

brief conclusion. In the following, we use the notatiof,=f, f =f",
g, =g for the set of Green’s function for one spin direction
Il. QUASICLASSICAL EQUATIONS (down with respect to the exchange field orientakiorhey

A microscopic approach powerful enough to deal WithSatISfy the scalar equations

superconductivity in restricted geometries is the Eilenberger 2(w,+ih)f+vgVi=2gA, 2.7
quasiclassical theory of superconductivifyTo calculate the

critical current ofd-wave S/F/S contact, we generalize the 2(Wp+ih)fT—v Vit =2gA*, (2.9
method developed for the superconductor/normal metal/

superconductor FN/S) contact by Svidzinskii and VoVg=A*f—f*A. (2.9
Likharev?*2® applied to S/F/S contact fors-wave pairing _ - _

case by Buzdiret al® and by Demleret al? For the opposite spin direction, the corresponding set of

The basic equations of the Eilenberger quasiclassicdPreen’s functions is obtained by changing> —h.
theory of superconductivity, in the presence of exchange en-

ergy h’ are I1l. SOLUTIONS
[iw,73—A+ha,1,9]+ivy-Vg=0, (2.1 We solve the quasiclassical equations fa-wave S/F/S
junction, whereS is an anisotropic superconductor with
with normalization condition dy2_y2 symmetry andF is a monodomain ferromagnetic
R R metal with constant exchange enetdgyWe assume botl$
9°=—m?1, (2.2 andF metals clean, with same dispersion relations and with

) same Fermi velocity,. Electron scattering on impurities in
where w,=7T(2n+1) are the Matsubara frequencies (s can be neglected i &, and inF if h>v,/I, wherel is

=kg=1), Vo is the Fermi velocity, andj=g(vo,R;w,) is  the electron mean free path agiglithe BCS superconducting
the quasiclassical Gorkov’s Green’s function integrated ovetoherence length.

energy. Explicitly, The thin and short barrier, of thicknedsis assumed per-
pendicular to thea axis in thea-b plane of the left hand

—ig;0 0 fy) monocrystalS, , which may be misoriented with respect to
- 0 —ig; —f; 0 the right hand oné&g, theira axes making an angle (Fig.
g=m 0 f?’l ig, 0| (2.3 1). For anisotropic pairing, the pair potential and the shape of

. ) quasiparticle spectra depend on the misorientation. For
—fh 0 0 191 dy2_y2 symmetry?? the pairing interaction and the pair po-
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tential in S are V(vgVg)xcos 2pcos 2’ and A(vy) fr=(fr)+fre *®, gr=(gr)+0re *”*. (3.4
xcos2¢, respectively, where is the angle the quasiparticle .

momentum makes with the axis. Similarly, inSg, A(vy)  Similarly, on the left sidex<d/2,

«cos 2¢p— 6). Assuming the 2D nature of a high-temperature

superconductofHTS) with d-wave pairing, we take cylindri- fL=(fL>+f_Le“LX, gL=(gL>+ELe“LX. (3.5
cal Fermi surface for both metals, whereas for Swave .
case spherical Fermi surface is taken. From Eqgs.(2.7)—(2.9) we find

To solve Egs.(2.7—(2.9, we take in F, where h
=const,A=0, butf#0 due to proximity ofS In S where - = Ag = _= A
h=0, we take the order parameter on two sides of the barrier fr=0r wn— ARV/2’ fL=0. wnt a Vv, /2’ (3.6
in the formA | g=A, r(¢)e™'#2 whered is the phase dif-
ference at the contact,A (¢)=Aycos2p, Ag(¢) with
=Aqgcos2¢p—6) for d-wave [A(¢)=A, for swavel

pairing=> Assumingd/£,<1, we neglect the spatial varia 20nr  2onr

tion of A, which in principle could be obtained from the a g= = . 3.7
self-consistency equatiof®.5). Vx Vo COS¢
Far from the barrierf and g approach their respective .
bulk values For F, A=0, and the solutions are
(fLr)=(f{R)* =ALr/@n k. (3. o exp{—2<wn+ih>x]’
and Vy
=wplon g, 3.2 2(wy+ih)x

(9Lr)=wn/wnL R 3.2 P exp[ (wntih) , 3.9
where Vx

OnLr=Vol+]A]Z . (3.3  andg=const for|x|<d/2. Note thatf " =f(—vo,A*). As-

A suming a transparent boundary between two metals, we use
Choosing thex direction alonga, , we look for the solution the continuity conditions fog andf at the barrier interfaces,
on the right sidex=d/2, x= *d/2. We find the normal Green’s function in the barrier

o (ot op)[(0n— 0ar)AL(@) — (05— @) Ar()explix)]
g=—— , (3.9

DL on[(0n— 0nR)AL(@) — (wn+ @n ) Ar(@)expix)]

where A. Supercurrents

. In the S/IN/S case, ford-wave pairing the ground state
Z _ 2i wnd (3.10 phase difference on the contact is zero, as for slveave
COS¢p Vo COS@ ' pairing, if two Smonocrystals have the same orientation with
respect to the barrier. This may not be the caseSét/S
contacts, and we calculate the supercurrent as a function of
the barrier exchange field intensity, as well as the function of
7= @ (3.11) the orientation.

Vo Taking the current direction alorgy , from Eq.(2.6) we

is the parameter measuring the ferromagnetic barrier influget for 2Dd-wave case

ence. The temperature dependenceAgft=Ay(T) is quite
similar to the BCS one, and can be approximated by

X=¢+

and

g S mlm[gg(u)+gg(—u)]du’ (313

Ao(T)=Ag(0)tani( 1.74/T./T—1). (3.12 ! NENTEE

The only difference is that in the case dfwave pairing

Ao(0)/A§°%0)>1.2 From the above results it is easy to whereu=1/cosg ando=|,7. Green’s functiorg, is given
obtain the corresponding ones fdwave junction with nor- by Eq.(3.9), andg;(h)=g,(—h). Equation(3.13 gives the
mal metal barrier, puttindi—0, and forswave junction, supercurrent through the barrier of the ai®a =S as a
taking isotropic pair potentiaA-=AR=A,, with ferromag-  function of ¢, 8, temperaturdl viat=T/Ay(T), and of pa-
netic (h#0) or normal metal i=0) barrier. rameters measuring the influence of the barrier Z
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FIG. 3. Ground state phase difference across the dipkas a
function of the ferromagnetic barrier influenZe for =0 andd

=0.25. 2D d-wave pairing(solid lineg, and 3D s-wave pairing
(dashed lings These results are temperature independent.
B. Magnetic flux

For a superconducting ring containing one Josephson

FIG. 2. Reduced currerit|, as a function of phase difference junction, the ground state phase differerigg at the junction
&, for SIN/S, Z=0 andS/F/S, Z=3 weak links, at low tempera- can be obtained by minimizing the reduced enétgy

turet=0.05, and at high temperature 5. The reduced thickness is
d=0.25. 2Dd-wave pairing for three values of the misorientation

angle§ (solid curve$, and 3Ds-wave pairing(dashed curves

and d=d/£,(0), where &,(0)=vo/7Ay(0). Note thatZ

~dh/A(0). Thetemperature dependent normalizing current

is
~ 2A0(T)
O_ eR\‘ L
where the normal resistance is given RﬁlzeZVONS N
being the density of states at the Fermi surface.

(3.19

In the limit T—T_, numerical calculations show that Eq.

(3.13 gives, as expected, the Josephson relation

(3.19

where the sign and magnitude If depend onl, 6, andZ.
For the 3D case anstwave pairing Eq. (3.9) reduces to

=1, sin ¢,

w;, COS x/2+iw, sin x/2

== - . , (3.16
wy COS x/2+iw, sin x/2
where
wn=op+ A, (3.17)
and Eq.(2.6) gives
*Imlg,(u)+g,(—u
Izzlotz [9,(U) +g,( )]du, (3.18
4 wn,o J1 U3

where the same notation as in E§.13 is used.

~ 1 (¢ 1
W(¢):Ef0I(¢,)d¢,+§|_l(¢_¢e)21 (3.19

wherel(¢) is calculated from Eq(3.13, or Eq.(3.18, W
=W/(Dyl/27), Py is the flux quantum, and the reduced
inductance is

(3.20

with 1,=1,(T,6,Z). Forl =0, the ground state condition
reduces td (¢gd =0, I'(¢gd>0.

In the limit T—=T,, where the current-phase relation is
harmonic, Eq(3.15, from Eq.(3.19 it follows

Sin ¢yt | pgs— de) =0. (3.21)

The phasep.=27®./D, represents the reduced external
magnetic flux through the ring. In the ground state, the total
magnetic flux

Dy
b= Zd’gs (3.22

is related to the spontaneous supercurigat | (g9 by

P
o

D=be— 5 g,

(3.23

Note that¢ys now depends omp, and whenn<=®/dy<n
+1,n=123..., ¢gs—>¢gs+27rn.

IV. RESULTS AND CONCLUSION

In general, the supercurrents in the Josephson junctions
and weak links are carried by the Andreev bound states in To illustrate the consequences of unconventional coupling
the barrie'82’|n the present case, the spectrum of thesave present the results of numerical calculations for typical
states has been calculated from the analytical continuation afases, low temperatures=0.05 (T/T.~0.1) and high tem-

the above Green’s functiorg, .2

peraturet=5 (T/T;~0.9), for strong influence of the fer-
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FIG. 4. Ground state phase differen¢gs and reduced sponta-
neous current /1. as functions of misorientation angte for a
d-wave superconducting ring interrupted I8/N/S, Z=0 and
SIF/S, Z=3 weak links, withd=0.25 and for three values of the
reduced inverse inductanck,*=0 (open ring, 0.1 and 1. Low
temperature,t=0.05 (solid curve$ and high temperature,=5
(dashed curves

romagnetic barrier{=3) and for the normal metal barrier
(Z=0).

For d-wave pairing/J (¢) dependence is much more com-
plex than inswave pairing case, even in the absence o
exchange field. Besides deformations of sinusoidal curves

low T, the shape and sign ¢f¢) depend very much on the
misorientation angled, both for normal and ferromagnetic
metal barriers. The low deformations of (¢) are reminis-
cent of discontinuities al=0. At zero temperature, far
=0 the current turns out to be discontinuousdat = for
6=0, as in theswave pairing casé& For §= 7/2, the cur-
rent jump is at$p=0 (or 27), and for 6= 7/4 smaller jumps
appear both at)=0 and, similarly to the results of Ref.
19. With increasing temperaturé(¢) becomes less de-

formed tending to sinusoidal variations. Similar conclusions

hold for Z=3. The dependendd 6) persists in the presence
of exchange field, as a strong evidencedefvave pairing.
This is shown in Fig. 2 for the characteristic valuesZot,
and 6.

In the absence of external magnetic field, #+=0 the
ground state phase differengg at theS/F/S weak link is
always zero orr, both for 3D sswave and for 2Dd-wave
pairing. For weak influence of the ferromagnetic barriér,
=1, ¢4=0 and for stronger influence,1Z=<4, there is a
m-shift, ¢q=m (Fig. 3. Larger values of, for which ¢y
=0 again, would correspond to the decoupling Sf
electrodes? For 6= /2, ¢4=0— ¢g=m and vice versa.
These results are temperature independentst@ve tunnel
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FIG. 5. Highest spontaneous supercurriégd/I . as a function
of 171 in a superconducting ring interrupted by a weak link. Re-
duced barrier thicknesé=0.25. Low temperature;,=0.05 (solid
curves: (1) Z=0, 6==u/2 and(2) Z=3, 6=0 for 2D d-wave pair-
ing, and(3) Z=3 for 3D s-wave pairing. High temperaturé="5
(dashed curve universal behavior for all above cases.
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find that ¢4 varies between 0 ang, depending or andZ.

This variation is monotonous at low temperature, whereas at
high temperature we find step functionlike jumpsat /4.

In the vicinity of 6= w/4, depending orZ and 6 the transi-
tion from some intermediate valuesQp < 7, t0 ¢gs=0 or

to ¢ 4= may occur with the change of temperature, similar
to the O to transition found ford-wave tunnel junctio®

see Figs. ) and 4c). Ford-wave pinhole junctions a range
of crystal orientations, wheréys varies from 0O tom, is also
found at lowT.?!

For superconducting rings with sufficiently large reduced
gnductancel, interrupted by theS/F/S link, the unconven-
éitonal coupling is also found, with nonzewbys< 7, which
rapidly decreases with increasing®, Figs. 4a) and 4c).

Z=0

- d ' =0.01

S -

Pl 0.75

0.5
1 ®/%=025
1 0

O T T T T T T T T l(a)

0 0.25 o/n 0.50
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0.25 9/n 0.50

0

FIG. 6. Magnetic fluxd through ad-wave superconducting ring

junctions with ferromagnetic insulating barrier it is also as a function of the misorientation angldor t=0.05,d=0.25, for

found that¢y changes from O ter as the exchange interac-
tion is enhanced’ In weak links, for 2Dd-wave pairing we

two values of ! and four values of the external magnetic fiiry.
SIN/S, Z=0, andS/F/S, Z=3 weak links.
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In the presence of external magnetic fldx,# 0, the flow
of spontaneous current leads to the anomalous flux quantiza-

The appearance of spontaneous curiggt) in super- tion in the ring, both forS/N/S and S/F/S junctions. In the
conducting rings for external magnetic fldx,=0 is illus- ~ first caseZ=0, this occurs in the vicinity of)= /2 and in
trated in Figs. &) and 4d) for several values of the reduced the second cas&= 3, in the vicinity of §=0. The effect of
inductance. The flow of spontaneous supercurrent is the comalf magnetic flux quantizationp/®,=1/2,3/2..., pro-
sequence of the misorientation effect, or of the exchangeounced fod ~! small, becomes smeared out and eventually
field influence, whenevep,# 0. This is a generalization of |ost for largerl ~1 (Fig. 6).
the spin-flip induced effect predicted by Bulaevsddial. for Sincel ~1<1/1(T) rapidly increases with increasing tem-
conventional superconductor rings with junction barrierperature, the unconventional coupling effects, such as the
doped with paramagnetic impuritiésThe highest values of spontaneous supercurrent flow and the anomalous flux quan-
spontaneous currents, correspondingéte w/2 for Z=0, tization exist only below some temperature characteristic for
and to#=0 for Z=3, strongly depend on the reduced induc-the given device. In conclusion, the spontaneous supercur-
tance. Maximum values, equal to the critical currents, correrent flow in a HTS ring with ferromagnetic weak link pro-
spond td “1~1 atlowT, and tol ~*<1 at highT (Fig. 5). It vides possibilities for experimental observation of the uncon-
is important to point out that the spontaneous currents appegentional Josephson coupling, <Gpgs<. Due to the
only for sufficiently large reduced inductance, greater thampresence of the exchange field in the barrier, it may appear,
some critical valud, in contrast to the result of Barash manifested by the anomalous flux quantization, without the
et al.for S/N/Sjunctions aff=0.1° At high T, t>0.5, where  misorientation of the crystals in two superconducting elec-
the current-phase relation is harmonic, we obtain an univertrodes. However, the exchange field effect does not mask the
sal curve below; =1, as in the case of tunnel junctiohs. difference betwees andd-wave pairing, since the coupling
At low T, the spontaneous currents flow is obtained in adepends on the misorientation. We emphasize that the un-
wider range of 1, the shape of the curves ahddepending conventional coupling effects in the weak links are much
on the barrier influenc& and on the type of pairing symme- more diverse than in the tunnel junctions, which display in

We note that at high temperature> 0.5, ¢4=0 for -1

=1.

try.

the ground state only O ar phase difference.
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