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We study the physical properties of arwave—normal-metald-wave junction in terms of the Andreev
bound-state solutions to the Bogoliubov—de Gennes equation in the normal-metal layer. The phase dependence
of bound states with different orientations leads to superconducting states with broken time-reversal symmetry
for generic orientations of th&-wave superconductor crystal. The occurrence of such a state and the associated
spontaneous supercurrent along the junction and magnetic field is analyzed also in the framework of Ginzburg-
Landau theory[S0163-182607)00246-4

I. INTRODUCTION — /2 across the interface, which corresponds to two degen-
erate state¥*31t can be seen from the GL formulation that
During the last few years the order-parameter symmetrynder this condition a spontaneous current flows parallel to
has been one of the intensively debated issues in the field dfie interface which produces a local field distributfon.
high-temperature superconductivity. A growing number of In this paper we consider a 45° interface with a normal
experiments leaves little doubt that the basic symmetry of théhetal between thd-wave and thes-wave superconductor, a
Cooper pairs had,2_2-wave character in many of the high- device which we call the SND junctiort.Also for this con-
temperature superconductdrsThe unconventional symme- figuration aZ-violating state appears and generates a super-

try of the order parameter has important implications for thecUrrént mainly in the region of the normal metal. It is our
rgoal to demonstrate that this current has a simple and intui-

g&e interpretation in terms of subgap Andreev bound states

by the internal phase structure of the Cooper pair wave func't—?atsr:::a %aen;\?g::?ﬁs gﬁﬂgt?(l)-r?q:rﬁil\/\l/iyﬁ]r.FLigt lis \f,:/rr?;felil?f the

tion. The phase properties of the Josephson effect have been L .
) o .~ ~and thec axis is parallel to the interface. In terms of the
discussed within the framework of the generalized h diff - he J h ied
Ginzburg-Landati(GL) as well as the tunneling Hamiltonian E aseb ! edrencea—q?dh— ¢s: t e.f. osephson curreng came
. a bound state with a specific orientatighcan be ex-
approacH. It was found that the current-phase relation de- y P i

pends on the mutual orientation of the two coupled super- +1TT

conductors and their interface. This property is the basis of (Pd - (pd

all the phase-sensitive experiments probing the order-

parameter symmetry. In particular, it is possible to create +

multiply connectedd-wave superconductors which generate a« b D

half-integer flux quanta as observed in experiménts. RN 0
Various interesting phenomena occur in 45° interfaces of A / '

dy2_,2-wave superconductors, where one of the nodes of the

pair wave function lies parallel to the interface normal vector :

(Fig. 1). For an interface to a normal metal or an insulator a T

bound state appears at zero energy giving rise to a zero-bias

anomaly in thd -V characteristics of quasiparticle tunnefing T

and a nontrivial temperature dependence of the critical

current’® It was also shown that in such an interface to an (PS X’

s-wave superconductor the energy minimum corresponds to

: 9
a Josephson phase different from 0 at” Based on FIG. 1. Schematic view of the SND junction. The anglele-

Ginzburg-Landau theories it was suggested that this is COfyotes the orientation of thé-wave superconductdcrystal axisa
nected with a local breakdown of time reversal symmetryand b) and 8 the momentum direction of the bound state. The

T19-12The s-wave andd-wave order parameter can form a currents generated by the bound states tend to cancel in the direc-
complex combination, a so-called<id) state, close to this tion perpendicular to the interface, whereas they add parallel to the
45° junction. This leads to a phase difference+ofr/2 or interface and generate a spontaneous current.
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panded in harmonics of the phase differenge as

I g(¢)=11(B)sin()+1x(B)sin(2p)+---. In the geometry ]

considered, each bound state with orientation < w/4 2

that sees the +” lobe with phase¢y, has a mirror bound g

state with orientation— 3 that sees the “-" lobe of the &

dy2_y2-pair wave function with phasey+ 7. As a result, in o

the total current perpendicular to the interface, all odd har- 8

monics cancel, and the Josephson coupling is reduced. The c 00 no=n.=0 1 |
leading term id | ~sin(2p),*>~*" and the stable ground state oo L9, -
with |, =0 is at o=+ 7/2 and, thus, breaks time-reversal 8 4 0 -4 -8
symmetry. The Josephson current parallel to the interface, X

however, has contributions from the odd harmonics and to
leading orderl |~sin(¢). Remarkably, this parallel contribu-
tion is nonzeroin the ground state and constitutes a sponta
neous curren— a direct manifestation of the broken time-
reversal symmetry.

In the following two sections, we discuss these phenom-gsz £4=1 (unit of length, y,=4/5, y,=2/5 andé=1. This
ena within the Ginzburg-Landau framework and in terms ofjo54g tof o= H§/877, whereH_ is the thermodynamic critical

the Andreev bound states in the normal-metal layer, reSPeGiaid at T=0. We fix ® 12/2mH .£2= 4 which corresponds
— Y- 0] cSs

tively. to the London penetration depth at T=0 in units of &.
The result is shown in Fig. 2 for the order parameters and in
Fig. 3 for the magnetic field and the supercurrent along the

Let us first consider the properties of the SND junction oY direction.
a phenomenological level by means of GL theory. We de- Both order-parameter components penetrate the normal-
scribe the superconducting state by two order paramejers, Metal layer(proximity effech and coexist there in a combi-
(s wave and 74 (d wave, which correspond to the local nation, which for the case= n/4 is entirely determined by

pairing amplitudes. The corresponding GL free enefgyas ~ the mixing term 6’2/2)(ﬂ§2ﬁ§+ n%74%). Within the weak-
the general form coupling approach which we assume to apply, at least, within

the normal-metal layery, is positive!® This term yields the

FIG. 2. Spatial dependence of the order parameter in the SND
junction (= w/4) based on the GL theory. The parameters of GL
Tree energy are given in the text. The temperatufB=sT ;¢ 4/2 and

the widthL of the normal-metal layer is 2 in units @& .

Il. GINZBURG-LANDAU ANALYSIS

F T basic cos(@) dependence of the SND-junction free energy.
— 3 2 4 2 2
%‘f d°r M:zsd ((f‘1> |77+ Bul 7|+ £, [T | ] It fixes the phase difference betweens and 74 to
' # o= @q— ¢s= * /2 in accordance with the argument given
Vo (VXA)? above. The mixed state has th®iolating s+ id character in
+yal el ol >+ 7( 7I§Z7I§+ nﬁnfj %)+ Tfo the normal metal.

The supercurrent density follows fromF as
J=—2cdFldA. We find that the current componeht =J,
o @ vanishes in the junction state with lowest energy and that a
spontaneous supercurrent flows parallel to yhedirection
wheref, is a free-energy densityf,.s and T 4 are the tran-  and generates a magnetic-field distributinin and close to
sition temperatures ofys and 7y, respectively, and3sq,  the metal layerFig. 3. Within the GL formulation the su-
Y12, €sd» and Z are real coefficients§ 4 corresponds to percurrent],,=J; is a result of the spatial variation of the
the zero-temperature coherence lengffhese coefficients two order-parameter components,
and the transition temperatures are in general different in the
three regions of the SND junction. We have introduced the

+ &Y (M me)* (T mg) — (I o) * (T1, 7g) +C.C]

z2

— * *

notation II=V — (27i/®,)A, with vector potentialA and Jyr= . Im{ 7sdx 7§ + 1405 15} 2
flux quantum®,=hc/2e. To study the properties of the
SND junction we minimize this free energy with respect to 0.010 T
7sq and A. Assuming homogeneity along the interface the - B,/H,
problem reduces to one spatial dimension which corresponds 0.005 | ! !
to the[1,1,0 direction in the coordinates used jA (x=a L/
andy=Db). We call this directionx’ and the perpendicular 0.000 peszzzczczae™-q Pt Sezmmzacee
onesy’ andz. /o

We solve the complete set of GL equations numerically, -0.005 Lo
for the case in which the coefficients if are identical for I !
both order parameters and throughout the system. The tran- -0.010 . L .
sition temperatures are only different from zero in the corre- -8 —4 )((), 4 8

sponding superconducting regions. We assume the interfaces
between the different layers to be completely transparent, FiG. 3. Spatial dependence of the spontaneous supercurrent and
i.e., the order parameters are continuous and have a continghe magnetic field in the SND junction based on the GL theory
ous derivative. For our calculation we chog8¢=B84=1/2,  under the same conditions as in Fig. 2.
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where we have omitted the diamagnetic part which contribimmediately leads to the phase dependence of the current
utes only to the Meissner screening effect. Note that this parnticipated in the Introduction. For currents perpendicular to
of J,» has essentially the sindependence anticipated above. the interface only contributions of evenin the sum survive,
Under symmetric conditions,, depends only weakly or’ while for the current component along the metal layer only
inside the normal-metal layer as shown in Fig. 3. The variathe oddn components occur.

tion of the order parameters just outside the normal-metal The simplest case is that of zero temperature in the ab-
layer, and the corresponding supercurrent, decay on theence of impurities, so th@;=I=« and allf,=1. In this
length scale¢. The induced magnetic field is screened per-limit the sums ovem give sawtooth functions of the phase
pendicular to the interface on the scale of the London pendlifference, sa\[vgo,;F]={([go,;F+ 7 lmod2x) — w}/ . We ob-

etration depth in the superconducting regions by smaller cUfzin the Josephson currents perpendicular and parallel to the

rents flowing in the opposite direction. juncton by angular integration in terms of
kys =Kgsin(@)sin(B) and k,=kgcos@). Summing over the
[ll. BOUND STATES IN THE NORMAL LAYER transverse moment:, k,) in this manner gives a slightly

. L ., . different result as compared to the isotropic orientational av-
Let us turn now to the microscopic view by considering erage used in Refs. 15 and 17. The physics, however, does

the bound-state solutions to the Bogoliubov—de Gennegq:"4epend on the exact choice of measure for the angular
equation in the normal-metal layérunder the symmetric integral. The result is

condition, i.e., thed-wave energy gap in D has the form

Aq=]|Alsgr(cog2(8—a)]), with the amplitudgA| equal to 1

that of the gap of thes-wave superconductor in S. We take 1L =A,Jo| 5[saw(¢+m)+saw(¢) ]
the Fermi momenta in S, N, and D to be equal and the

transparency of the interfaces again to be high. Furthermore, 1
we also neglect the suppression of the energy gap near the + —cos2a)[saw ¢+ ) —saw(¢)] |, 5
normal metal and assume the pairing interaction to be zero in
N.
1
We assume in the following that the width of the l|=Ado=siN2a)[saw ¢+ 7) —saw ¢) ]. (6)
a

normal-metal layer is much larger than both of the coherence

lengths, & and &q. Furthermore, the temperature shall be Here A, andA; denote the perpendicular and parallel cross
low enough to satisfykgT<|A[. Under these conditions section of the junction, and,=ekd/(6rmL). Note that the
mainly the bound states close to the Fermi energy are impoisyrent density,, is inversely proportional ta, as in the GL
tant for the Josephson current. Their energy is apPrOX'mate|¥alculation. The junction free enerdy() is found by inte-
Euke(@)=[um=el2Jhve/Li , where u is half-integer  graiing |, with respect to the phase. It has two degenerate
(£1/2,£3/2, ...) andLi_ denotes the effective direction- minima at phase differenceg,= [ 7/2—cos(2v)], which
dependent thickness of the normal-metal layercorrespond to a parallel current along the junction
Li =Lke/(k2—k2,—Kk2)Y2 The current carried by the !|==AjJosin(2)/m. The ground state has{ e'#od) char-

F y acter in the normal-metal layer as in the phenomenological

bound state with momentum direction parallekiois given treatment, again reflecting violation.

by J=2ekgdFi_/dpi. WhereF_is the free-energy contri-  For nonzero temperature and in the presence of impuri-
bution of these bound states. For the total current we obtaities, we evaluatd, , I, and the junction free energy
numerically. In Fig. 4 the equilibrium phase differeneg

dk, dk, 2ekg “ (=1t across the junction is plotted as a function of orientation

J—f 27 2m mal& foksinneg ], (3 angle « for different temperaturegr/L in the casel =c.
We find that time-reversal symmetry is brokenpg(

with  the Fermi momentum kg=(k,:,k,k;) and
ki,+k§,+kf~k§. The integral runs over all transverse mo-
mentak?, + k2<kZ and the sum over all possible numbers of

multiple Andreev reflectionsr. The phase difference be-

tween S and D is direction dependent, and in the above ex-
pression Pk = P~ @sT (7/2)[1—sgn(cog2(B—a)])]. The e
fa(:torsfm,QF take the suppression due to thermal decoherence 9?0'2 [ inf.

and impurity scattering (broadening of the Andreev levéls
into account,

0.5

&ML=

0.5
n LI2|: /§T (4) 0.0 . . . .
sinf{nLg_/&] ' 00 02 0.4140(/78.6 08 1.0

fn,,;erxp(—Zn LIQF/I)

where we have introduced the normal-metal coherence FIG. 4. The ground-state phase difference, as a function of

length é-=%ve/(27kgT) in the clean limit and the mean orientation anglex for temperatures corresponding §6T)/L =,
free pathl. For the orientationv= 7/4, the symmetry 0f0|2F 2,1, and 0.5.
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FIG. 6. The paralle(dashed lingand perpendiculasolid line)
Josephson current densities as a function of phase difference for
a=7/4 and temperatures corresponding{dL = 10,2,1(decreas-
ing amplitude.

FIG. 5. The junction free enerdy as a function of the phase for
a=ml4 andé&; /L= 10, 2, 1, and for@=0.45 7/4 (one minimum
and 0.757/4 (two shallow minima at ér/L=1.

#0,%= 7) only for low enough temperatures, or for the orien-

tation anglea exceeding a critical value. Fer= /4, how-  probe the magnetic field in the junction.

ever, o= * /2 for all T<T.,T.q as in the GL treatment Extension of the above discussion to a DND junction is
of Ref. 12. The resulting phase diagram is consistent with thetraightforward. The direction-dependent phase in the DND
one found by GL theorie¥: The time-reversal symmetry- case depends on the orientations of bdtvave supercon-
breaking state extends even further than anticipated in thguctors between which the normal metal is sandwiched. As-
GL treatment. The result for the junction free eneigyis suming 0<a;<a,<w/4 and|,&;—, we obtain for in-

plotted in Fig. 5, and fot, andl in Fig. 6. Both tempera-  gtance for the perpendicular current
ture and disorder smear the sharp sawtooth structures found

at T=0 in the clean limit in a similar fashion, however,
without removing the essential feature of the broken time- 1
reversal symmetry. J1=Jo| 5SaW@) ~ (az—ay)[saw ¢+ m) —saw( ) /7 |,

IV. DISCUSSION 0

The arbitrary equilibrium phase difference across the . .
junction, as discussed in the two previous sections, leads {fsom which we extract a ground-state phase difference across

experimentally observable effect&violating junctions can e junctionge=*2(a;— ) at zero temperature. The gen-
lead to phase windings which are noninteger multiples-pf eralization to other order-parameter symmetries is straight-
giving rise to non-half-integer flux quantization. Thus, it is forward as well.

possible to create devices includirffviolating junctions In summary, we have demonstrated that the Andreev
which generate a spontaneous arbitrary magneticlﬂva%(_ bound states in the normal-metal layer of an SND junction
The observation of such a deviation from standard flux quanare the microscopic realization of locZlviolation and pro-
tization is a clear sign of violation. Furthermore, the pres- vide a clear understanding of the spontaneous current found
ence of two degenerate equilibrium states allows for hysterin the phenomenological Ginzburg-Landau analysis. This ob-
esis effects, i.e., phase slips between the statesggitand  servation allows for a more quantitative consideration of this
—¢g. By applying a current through the junction one caneffect, which will be important for future experimental inves-
switch between the two states. This effect corresponds to #igations, in particular, also in the field of mesoscopic de-
phase slip with a fractional flux moving along the junctién. vices. Finally, we like to emphasize that this effect is only
This leads to dissipation and the enhancement of microwavgossible in connection with unconventional superconductiv-
absorption as soon as the junction enters Theiolating ity and cannot occur for standard SNS junctions. Therefore,
phase. high-temperature superconductivity opens a door to interest-

~ Direct observation of the spontaneous currdptsr the  jng phenomena in normal-metal—superconductor interfaces.
field might be difficult, since they average to zero over rather

small length scale$London penetration depthThe maxi-
mum magnetic field on both sides of the sandwich for the
geometry with a=w/4 can be estimated to be
+B,=2Jy/c=®,/(47\?), which is of order of the lower We thank G. Blatter, V. Geshkenbein, and T. M. Rice for
critical field H;; of the superconductors. This value is com- helpful discussions. This work was supported by the Swiss
paratively large and would be renormalized by screening efNationalfonds(M.S.) and the National Science Foundation
fects only if the widthL of the junction exceeds the London (DMR 95-28535, A.v.O. A.H. thanks R. Scalettar and G.
penetration depti. Thus, a very sensitive probe with high Zimanyi at the UC Davis Physics Department for their hos-
spatial resolution would, in principle, be able to directly pitality.
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