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Theory of the Josephson effect ird-wave superconductors
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A general formula for the Josephson current id-&ave/insulatod-wave-superconductor junction is pre-
sented by taking account of the zero-energy states formed around the interfaces. For a fixed phase difference
between the two superconductors, the current component becomes either positive or negative depending on the
injection angle of the quasiparticle. Anomalous temperature dependences are predicted in the maximum Jo-
sephson current and in the free-energy minima.

The Josephson effect fakwave superconductors has re-  For the calculation, we assume a two-dimensiahidld
cently emerged as one of the important issues in Aigh- Josephson junction in the clean limit. The material param-
superconductor physics. Sigrist and Rice predicted that theters of the two superconductors are chosen to be equal. The
macroscopic phase differentg) between the two supercon- flat interfaces are perpendicular to thexis, and are located
ductors which gives the free-energy minimum is located eiatXx=0 andx=d;, respectively. The insulator is assumed to
ther at ¢=0 or at =7 (7 junction9 when a Josephson have a square barrier potential with a heightand a thick-
junction involvesd-wave superconductofsTheir phenom- nessd;. We introduce two parameteky= y2mU,/A* and
enological theory explained the anomalous magnetization = k¢ /\o, Whereke is the Fermi wave number in the super-
experiment in terms of the spontaneous current in the supegonductor. The wave function of the quasiparticles in inho-
conducting loog. Stimulated by the theoretical work, several Mogeneous anisotropic singlet superconductors is given by
experiments were performed in an attempt to observenthe the solution of the Bogoliubov equation. This equation in-
junction and half flux quanta in high; superconductors. cludes a nonlocal pair potenual with two position coordl—_
The results strongly suggedtwave symmetry in the pair natgs for the'Cooper pairs. Under the 'sem|cIaSS|ca.I approxi-
potential in this material-> On the other hand, it has been matlon and in the weak-couplmg_ limit, the_ .effectlve_ paur
clarified that zero-energy bound states are formed around t otenpal Feduces m_(y,r), wherer IS the_ POS'EO” andy is

. e direction of motion of the quasiparticl#s?® The quan-
surface of thed-wave superconductor because the quasipar:

. . : : : . . tity y satisfies expf)=k, /ke+ik,/kr wherek is the wave
ticle experiences different signs of pair potential dependlng/eyctgr of the qupa(ys)ipa;ticllcza|l(|=ykpg. Although the pair

. . . . _9
on the direction of its motiofi. The zero-energy states breaking effect is expected at the interfaté® we assume,

(ZES’9 are detectable in conductance spectra of a normalfOr simplicity, that the effective pair potentiai(yr) is given

metal/insuIatord—_vvave—sqperconoductor junction, and are ac—by A(T)cog2(y—a)lexple) for x<0 and A(T)cog2y
tually observed in experiments? Recently, several theories

for Josephson junctions comprisidgwave superconductors

were presentetf """ However, all these theories do not con- d,2 >-wave superconductor
sider the effect of ZES'’s formed at the interfaces, seriously.
It is necessary to include this effect, since the Josephson
current is carried by the bound states as shown in the study o
of the swavelinsulatog-wave-superconductor sfl/s)

d,2_y2-wave superconductor

a-axis
a-axis

Insulator

junctions®-20

In this paper, based on a Green’s function metfod,
the Josephson current in al-wave/insulatod-wave-
superconductord/I/d) junction is calculated by taking into
account the anisotropy of the pair potentials explicitly. This
formula naturally includes the effect of ZES's and is consis-
tent with existing theories of Josephson junctions. For some
range of orientational angles with a fixegthe current com-
ponent becomes either positive or negative depending on the
injection angle of the quasiparticle. Each component has a
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different temperature dependence. This results in an anoma- FIG. 1. Schematic illustration of reflection and transmission of
lous temperature dependence of the maximum Josephsejasiparticles at the interface. ELQ and HLQ stand for electronlike
current and free-energy minima especially at low temperaguasiparticle and holelike quasiparticle, respectively. The ELQ’s
tures. are injected from the left hand side.
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—a)]expler), for x>d;, wherea(p) is the angle between €ffective pair potentials participate in this elementary process
the normal to the interface and theaxis of the left(righty ~ (Fig. 1). This idea is the most essential part of our calcula-
superconductor. The macroscopic phase (¢g) of the left  tion. The four potentials aré\ (6.)=A(T)cod2(6.—a)]
(right) superconductor is measured from the normal to theyng A_R( 0.)=A(T)cog2(6~-—pB)] with 6,=6 and
interface of the left superconductor. The temperature depeny_— 7 — g, where the momentum component parallel to the
dence of the magnitude of the pair potenti4[T) is assumed  interfaces is conserved. By extending the previous tH&ory

to obey the BCS relation. to include the anisotropy of the pair potentials, the Josephson
When a quasiparticle is injected from the left SUPErcon—, irent| (o) is given by

ductor at an angl® to the interface normal, four different

WﬁNkBT /2

al( B,iwn !‘P)
e

O

— (8w, @) —
Rul (¢)= - B0l - 2 E R 0

b

whereQ, | .= \/Af(01)+wﬁ and o= ¢, — ¢r. The quantityRy denotes the normal resistance a?,q is expressed as

cosd da] , (D)

Ry? FIZ s do 42,
N NS OO INT 72 26intR (N ;) + 4Z5c0sR(Nd )
K COYY
A= (1—Kk2c020) 2Ny, Zp= @)
0 0 J1-«2cod6

Here,oy denotes the tunneling conductance for the injected quasiparticle when the junction is in the normal state. The quantity
w,=27kgT(n+1/2) denotes the Matsubara frequency, where analytic continuation is employed for the quasiparticle energy,
E, measured relative to the Fermi energy. The Andreev reflection coeffj€fti w,,¢) is obtained by solving the Bogo-

liubov equation, and;(8,iw,,¢) is obtained by substituting.— 6,— ¢, , and — ¢ for 8, ¢, andeg into a,(6,iw,,e),
respectively. Straightforward calculation gives

’7TR—NkBT

/2
RNI(¢)=T[Z __F(8iwy,g)singaycosy &y, 3)

4,1 mr+ [(1= o) T1(8,i0)To(Biwn) + on|Ts(8iiwn, @)|°]

F(o,i )= - - - - , 4
(O on €)= [ T30 T B ) T oI o B, @ a1 @) @
. . AL r(0-)
Fi(0iwg) =1+ ,m -, Ty(0iw)=1+ 77R,+77R,7J]L(R),tsz(R),i—|A A
L,R(O«
F3(0liwn1¢):1+nL,*nR,*eXmi(P)! F4(01iwn1(p):1+77L,+77R,+exq_i(p)l (5)

with £ gy + =|AL(r)(0:)|/(0n+ Qp (r),+) - If we consider  will refer to asF4(6,iwn, @), implies the formation of bound
the depairing effect of the pair potential at the interface,states at the interface. If we replaice, with E, the condi-
{L(r)+ IS given by the wave functions at the interfaces. How-tion F4(6,E,¢)=0 can be regarded as the linear combina-
ever, other parts of Eq4) are not changed. EquatidB) is  tion of two types of bound-state conditions. For a high con-
consistent with the previous formulae for the Josephson curductance junction €y—1), the condition F4(6,E,¢)

rent as limiting cases. By substitutingsavave symmetry, it ~T'5(6,E,¢)T4(6,E,0)=0 gives the energy levels of
reduces to the formula for the/l/s junction® which in-  pound states formed between the diagonal pair potentials due
cludes arbitrary barrier heigft*° If we take only the6=0 5 the Andreev-reflection processee Fig. 1 For a low
component, the magnitude of the Josephson current is pregnductance junction ¢y—0), the conditionF4(8,E, ¢)
portional to cofa)cog2B), and the phenomenological ~T'4(0,E)T5(6,E)=0 gives the energy level of bound

theory by Sigrist and Riceis reproduced. Whemry is set  giat05 formed around the surfaces of isolated semi-infinite
ﬁq:Jal to unity, Eq@ reproduces _recer}t results fﬁr th?] pin- superconductors. The latter bound states become ZES's when
ole geometry by Yif [see Eq(7) in Ref. 1. On the other AL(0.)A(0.)<0 [An(6.)An(0.)<0] is satisfied®

hand, whenoy—0 is satisfied, replacing; _ and 7g _ . , .
with 7, . and 7g , or only taking the6~0 component in When ZES'’s exist, the Josephson current rapidly

Eq. (3), other previous results are reproducéd? increases with decreasing temperature due to the vanishing

Here, we will simply survey the properties of ©f Fa(fiiwn,¢). On the other hand, the sign of
F(8,iw,,¢). The denominator of (8,iw,,), which we F(8.iwn,¢) is determined by the numerator, i.e., the sign of
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I, respectively, for variousa(=—p8). When a=0,

FIG. 2. Josephson currehfe) plotted as a function of for AL(0)AR(OL), AL(0.)AL(6-), and AR(0,)AR(6_) are
Aodi=1 and«=0.5 with (&) @=p=0, (b) a=—p=0.05m, and(c)  positive. In this case)(¢) becomes maximum at about
a=—B=0.10m. A: T/T4=0.025, B:T/T4=0.15, C:T/T4=0.3,  o=7/2 for any temperature, ankt is a monotonically in-
and D:T/T4=0.6. creasing function with decreasing temperature as shown by
. . Fig. 2(@) and in curveA of Fig. 3. Figure 2b) and curveB in
AL (6.)AR(6.), independent of temperature. The change ofFig. 3[Fig. 2c) and curveC in Fig. 3] show the results when
sign of F(6,iw,,¢) yields a negative currerit-sing) com-  @=0.05m (a«=0.1m). As a and B deviate from zero,
ponent. This effect results in the shift of the free-energyA (6:)Ar(64), AL(0:)AL(6-), and Ag(6.)AR(6-) be-
minimum from ¢=0 which includes the case of thejunc- come negative depending on the value &fCorrespond-
tion. The total property is determined by the integration of allingly, | (¢) deviates from a sinusoidal function, and therefore
components weighted byycosd. I has a nonmontonous temperature dependence.

In the following calculation, the critical temperatures of To clarify matters, let us decompod®yl(¢) into its
the two superconductors are tentatively chosen to beegative componenG,(¢) and the positive component
T4=90 K~(7.8 meVkg). This particular choice foify is  Gy(¢). In the above case, since=— g is satisfied, the quan-
not essential. We will denot&(0) by Ay. It is sufficient to  tity F(6,iw,,¢) becomes negative fot 7/4—|a|< <= /4
calculatel (¢) for 0<e<m, sincel(@)=—1(—¢) is satis- +|a|. These conditions happen to coincide with those for the
fied. Figures 2 and 3 show the temperature dependences fafrmation of ZES’s at the interfaces. The quantiy(¢) is
the current-phase relation and a maximum Josephson curregiven by

— w4+ w4+ a

F(ﬂ,iwn,gD)UNCOSﬁdG-I—f F(8,iw,,0)oncos0dE; sing, (6)

74— a

EN’]TkBT

Gn(‘P):T

P

—mld—a

and G(¢) =Ryl (¢) —Gn(¢). We denote the phase differ- A (g,)Ax(0.)>0 is satisfied for any, ¢, equals zero for
encee by ¢y, wherel(e) gives the maximum Josephson all temperatures(curve A in Fig. 5. Conversely, when
current. Foron—0, Gp(¢) andGy(¢) can be regarded as 'y "y yx_(g.)<0 is satisfied for any, ¢, equalsx for all

the Josephson current in the 0 junction amdunction. In i ¢ hi 4s to the iunct t sh
Fig. 4, |Gn(@w)| and G,(ey) are plotted using the same emperaturesthis corresponds to the junction, not shown

parameters used for cun@in Fig. 3. In the inset of Fig. 4, N the figurg. When the sign oA, (6)Ag(6.) depends on

the temperature dependencesgf is also plotted. It is clear 0: o is not constant and can vary between 0 andEven in

that |G,(¢y)| and Gp(em) have different temperature de- the absence of ZES’'sp, can be neither 0 nofr when

pendences. The magnitude [B,(¢y)| is drastically en- on~1 is satisfied as discussed by YifgcurveB in Fig. 5).

hanced at low temperatures reflecting the divergence of thelowever, the existence of ZES’s exaggerates the anomalous

denominator due to the formation of ZES's. This effect re-temperature dependence @f (curveC in Fig. 5).

sults in the jump ofgy, and the current inversion at,(T, In this paper, a generalized formula for the Josephson

~0.2Ty), where|Gn(<pM)|=Gp(<pM) is satisfied. current ind/l/d junctions has been presented fully taking
Let us consider the free-energy minima,j, where account of the anisotropy of the pair potentials. In the tun-

I(¢)=0 and the first derivative of(¢) is positive. When neling limit, the Josephson junction can be expressed by the
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Throughout this paper, depairing effects in the pair potential
around the interface is neglected in the actual numerical cal-
culation. Even if we were to adopt self-consistently obtained
pair potentials, the quantitative results would change some-
what, the essence of the present results would not change,
since the formation of ZES’s would still be expectéd.

FIG. 4. Positive and negative components Rl . obtained
from curveC of Fig. 3 as a function of temperature. &;(¢y), B:
|Gh(em)], and C:Ryl¢. In the insetpy, is plotted as a function of
temperature.

combination of the O junction and junction. The different

temperature dependence of the Josephson current in eachWe would like to express our sincere gratitude to K. Ka-
junction induces nonmontonous temperature dependence pinura and M. Koyanagi for their fruitful discussions and
the Josephson current. The calculated features are completadgitical reading of our paper. One of the authd¥sT.) is
different from those expected for conventiorsdl/s junc-  supported by a Grant-in-Aid for Scientific Research in Prior-
tions. Similar properties can also be expected for Josephsdty Areas, “Quantum Coherent Electronics, Physics and
junctions of other symmetries where the pair potential hadechnology,” and “Anomalous metallic state near the Mott
the opposite sign for some regions of the Fermi surfacetransition.”
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