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In this paper we study the order parameter and density of states near a grain boundary betwer.two
superconductors. We examine broken time-reversal symmetry near the interface. In particular we show that,
under suitable circumstances, time-reversal symmetry must be broken even when the order parameter is purely
dy2.,2 everywhere in spac¢S0163-182608)53022-4

Thed,2.,2 order parameter, appropriate to the hole-doped As is well known, Josephson effects occur in the presence
oxide superconductors, preserves time-reversal symmetigf an interface with finite transmission. At a general phase
(TRY) in the bulk. At surfaces and interfaces it is now known difference between the two superconductors, a dissipation-
that time-reversal symmetry may be broken. NIS tunnelindess current,],, can flow through the interface. If the order
experiments by Covingtoret al® indicate a time-reversal parameter itself does not break TRS, then the current across
symmetry breakingTRSB) state locally at surfacésFrac-  the interface is always zero fdvy being an integral multiple
tional fluxes at corners of interfaces in inclusion experiment®f 7. However, under appropriate conditions there can be
by Kirtley et al® strongly indicate that TRS may also be additional values ofAx where the net current across the in-
broken at grain boundariés’ In this paper we discuss the terface vanishes. Previously one of usas explained how
origin of the TRSB state and contrast TRSB at low and highthis can occur for a pinhole junction by considering the sum
transmission interfaces. of contributions to the current from different parts of the

At a surface or interface with low transmission, TRSB canFermi surface. These new states with zero net current occur
occur in the presence of subdominant pairing interaction iras a combined result of nonsinusoidal current-phase relation-
channels other than the dominai._,2. In this case order ships and sign changes of the order parameter. Jike0
parameters corresponding to those channels can appear nstates correspond to states where the junction energy is at a
the interfacé® For example, if a subdominant pairing inter- relative extrema as a function of the phase differeigein
action is present in the-wave channel, then, under suitable particular, it can be shown that the néy=0 states, if they
conditions, the order parameter near the interface can haveexist, correspond to energy minima.
d=+is symmetry. The order parameter thus breaks TRS lo- In this paper we study a planar interface with uniform
cally. A prerequisite for the TRSB state is substantial pairtransmission. In general a current flows through the inter-
breaking at the interface, i.e., the misorientation of the surface. The corresponding states possess finite flow energy
face normal to crystah axis should be close ta/4(mod«/  densities even far away from the interface. Here we focus on
2). the set of states witld,=0 for which this contribution is

The above is in contrast to the case where there is a reabsent. In these states the gradient of the phase of-teve
sonably high transmission probability of electrons across therder parameter vanishes &s->=*=«~. We shall show that
interface. In this case the subdominant pairing interaction ignany of the statements concerning the new energy minimum
not necessary for TRSB at the interfacd®:*' TRSB occurs  states mentioned above for the pinRodee still correct for
even when the order parameter is purdly.,. everywhere the planar interface, provided appropriate minor modifica-
near the interface. The origin of this TRSB state is a prox{ions are made. If the order parameter is pumly.,2, it is
imity effect and it arises because the minimum energy stateasy to verify that states which correspondJie=0 with
for the interface corresponds to a state with a finite phasd =0 or 7 with y piecewise constant are always possible.
difference,A x= xgr— xL,» across the junction. Herg_ and At not too small transmission across the interface, there may
Xxr are the phases of the order parameter on either side fdae other states with differefy which also correspond to
away from the interface\y is other than an integral multiple J,=0 and under appropriate conditions states w0 or
of = for the TRSB state. In this case states with minimuma will correspond to the minimum energy. We shall compare
total interface free energy occur in pairs related by time rethe free energies, order parameters, and densities of states
versal: if Ay corresponds to a state with minimum energy, (DOYS) of thesel,=0 states. Apart from its intrinsic interest,
there is also a nonequivalent but degenerate state Avith we shall see that the DOS provides an alternative view of the
=—Ay. An interface at its minimum energy configuration mechanisms for TRSB. A signature of a TRSB state is that
will have TRS spontaneously broken. In contrast to the onghe zero energy bound stateseat O are shifted away from
discussed in the preceding paragraph, this is the more likelthe midgap and that spontaneous currents along the interface
route to TRSB when the transmission probability across there nucleate?®
interface is moderate to high and when the misorientation The occurrence of zero energy bound stai&sBS) for
between the two superconductors is close tonontransmitting surfaces has already been extensively inves-
al4(mod 7r/2) 1112 tigated (Ref. 2 and references thergirFor order param-
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eters real up to a gauge transformation, ZEBS are present fol ;5
the quasiparticle paths along which a sign change of the or-
der parameter occurs. ZEBS are also common for interfaces ,,
with finite transmission if TRS is preservédy=0 or ).
One can show rigorousty that ZEBS are present irrespec-
tive of the value of the transmission coefficient whenever
there are quasiparticle paths such that a quasiparticle experi
ences a sign change of the order parameter if it is either
transmitted or reflected. For interfaces between supercon- . l l .
ductors with large misorientation and in states which pre- 200 S0 00 /g S0 o
serve TRS, ZEBS occur over a large part of the Fermi sur- @ %o
face. The existence of these low energy bound states ;,
corresponds to severe pair breaking near the interface. Thes: 4 ¢
ZEBS can be pushed to finite energies by allowing a finite 30} — xﬁxi%
phase difference between the two superconductors. Corre- 20 W=
spondingly we shall show that the magnitude of the order /9
parameter for the TRSB statdenoted simply byAy#0 be- 0
low) is larger than the corresponding states wAth=0 or r. jz
The formation of ZEBS and the suppression of the order
parameter near the interface suggest that Ae=0 or = 00 s
states are energetically unfavorable compared with the TRSB —00  -025 000 0.2
state** This is verified by a calculation of the free energy.  © erznt,

For definiteness, we model the interface as an ideal,
smooth barrier with & function potential. In this case, the rametery, for a, =0 andag= /4 atT=0.2T, for the states cor-

interface can be parametrized By, the coefficient of trans- responding toAy=0 and to the energy minimum with TRSB
mission for normal incidence. The transmission coefficientAX#O. The states with\x#0 have a transverse current densjjy

D(¢) for momentap; at an angles with respect to the in-  along the boundary. In the lower panét and (d) are the corre-

a
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FIG. 1. The magnitudény| and the phasegy of the order pa-

terface normal is given by sponding DOS on the two sides of the interfaPg.is 1.0 in(a) and
(c) and 0.3 in(b) and (d). The units arekgT. for |54 and
- Dycod . 2ev;N;| ()| for current densities in all graphge=fv; /27 T,.
(#)= 1—Dgsirf e’ @)

We find that TRSB is most significant at low temperatures
- and when the misorientatio=ag—a, Iis close to
The order parameteXk(x) is calculated self-consistently us- /4(mod =/2).

ing boundary conditions at the interface parametrized by As a representative example we considgr=0 and ag
D(¢) (see Refs. 11 and 12 for detailsVe start with an = /4 at a relatively low temperatur&=0.2T,. The order
initial ansatz of the order paramet&(x), which in general parameters are as shown in Fig. 1 for both the states with
possesses a phase difference far away from the interface. Aty=0 and the ones corresponding to energy minima with
each iteration step the current across the interface is als@y+#0. As can be seen from an examination of Fig. 1 the
calculated. Then a gauge transformation depending on thghase difference\y of the minimum energy state is/2.
calculated current is performed on the order parameter t@his state is degenerate with its time-reversed partnef2.
relax A towards the state witd,=0. Note that once self- The states withAxy=0 are also degenerate with the corre-
consistency is achieved, particle conservation will be responding ones witl y= with the same DOS. As claimed
spectedsee, e.g., Ref. 15J, is thenx independent and thus the order parameter of thiey+0 state has a larger amplitude
J,=0 at all x. After obtaining the self-consistent order pa- than the one with zero phase difference for a given transpar-
rameter we evaluate the free enéftgnd the DOS. Al DOS  ency. This difference decreases & decreases. AD,

below are obtained at energies-iy, with y=0.05T, simu-  =0.3 the difference in magnitudes is almost undetectable.
lating a broadening of energy levels that would occur natu-The corresponding DOS are shown in Fig. 1 for the two
rally in nonideal systems. different set of states. The states witly=0 have large DOS

We first confine ourselves to pudgz.,2 order parameter. neare=0. For the state witldx#0 these ZEBS are pushed
We write to finite energies, away fromm=0. These shiftgsplits) are

largest forDy=1 and decrease for smdl,. As Dy—0 the
- DOS becomes independent &fy. We also calculated the
A(pr,X)=nq(X)vV2 cog 2(¢—a)], (2 junction energies for the different states. These are listed in
Table I, which shows explicitly that th&éy=7/2 states have
which defines the complex order parameigj(x) with @  |ower energies. That the TRS state cannot be the minimum
=a Or ar for the left and rlght sides of the interface, re- energy state and that the energy minimum state mxa:tﬂ-/
spectively. Herea) and ar denote the orientations of the 2(mod ) may actually be expected from an argument based
crystals on the two sides of the interface. They specify th&n symmetry and continuity* It is notable that in the smalll
angle between tha axis and hence the positive lobe of the transmission limit,Dy=0.3, Ay=0 and Ay==/2 have al-
order parameter with respect to the normal to the interfacanost the same free energy. As seen in Fig. 1, the DOS for the
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TABLE I. Free energy per unit surface area calculated\as T
= Fjunc— Fouic for the junctions shown. The unit oAF is
N:(fhv¢)(27T.). N; is the normal state DOS.
3n/4
AF AF AF A
(g, aR) State  Dy=10 Dy=07 Dy=0.3 X
- Ax=0 0.127 0.125 0.116 /2 oo
0’_
o]
Ax#0 0.109 0.119 0.115 /A
i — Ax=0 0.133 0.132 0.130
&
Ax=m 0.120 0.119 0.123
Ax#0 0.108 0.117 0.123 —m/4 /8 O o ™ /4

FIG. 3. The phase differenc&y that minimizes the interface
e energy as a function af, . The misorientation anglé is kept
fixed atw/4. The temperature is OI2.

two states are also similar except for some small differenceﬁ‘e
neare=0. At this smallD, the phase differencAx+0 is
inefficient in pushing the states that were originallysatO
to finite energies.

The DOS recovers to its bulk value as one moves awa
from the interface as shown in Fig. 2. At=10¢, the bulk

ifferent transparencies. For dll, the phase difference be-
ween thed-wave order parameters on the two sides of the

d-wave DOS is well recovered showing only exponentialimerface ism/2 as in the case without treewave component
tails of the structure at the interface. of the order parameter. In our gauge wheredhgave order

The value ofAy where the interface energy is a minimum Parameter is real fox— —o, the s-wave components is
depends on the orientations of the crystals, the transmissidigal, for all x, being positive forx>0 and negative fox
coefficient, and temperature. An example is as shown in Fig=0-~ The order parameter for>0 is in the TRSB combi-

3 (cf. Refs. 11,12 The comparison between the free ener-nations+id. For the large transmissidl,=1 both the or-
gies for the orientationd, ,ag) =(—/12,7/6) is also shown der parameter and the DOS are qualitatively equal to the
in Table 1. pured,2.,2 state shown in Figs.(& and Xc). It is clear that

Recent experimenttsndicate that the oxide superconduct- the s-wave channel does not play an important role. It is
ors probably also have an attractisavave channel with a rather the tails of the off-diagonal parts of the Green’s func-
strength such that the bafeg for thes wave is about 10% of tion of either side of the interface that are leaking into the
that of the dominantl wave? While in the bulk the order

parameter is purelg wave, near the interface both and 15
s-wave components can coexist. In this case the order pa-
rameter is ‘
05
APy X)=79(X)V2 co§2(p— )]+ 75(x). (3 00 — — /—
— Inx)
. -05 N . B
In Fig. 4 we have plotted the order parameteys 7 of I
2 nyx)
the minimum energy states forx(,ag)=(0,7/4) and for 0 a —o ylom b
1 1 [V(X) |
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FIG. 2. The spatial dependence of the DOS for an interface with FIG. 4. The order parametergy and ns and the transverse
Dy=0.7. The orientation i, =0, ag= w/4). The lower(uppe) currentj, for ay =0 andag=m/4. T=0.2T and the subdominant
set of DOS are for the lefttright-) hand side of the interface. The T.,=0.1T.. The transparency),, of the boundary is 1.0 and 0.3
DOS are sampled at a spacing dfy1 The thick lines indicate the in panels(a) and(b). The corresponding DOS at the interfaces are
DOS at the interface location. in the lower panelgc) and (d).
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opposite side that give the dominant TRSB. Hence, for largérom the density of states and the free energy of the interface.
transmission the main mechanism for TRSB is the proximityHowever, whether the TRSB is driven by the proximity ef-
effect even with a subdominant channel of moderate strengtfect or by a subdominant pairing channel will depend on the
present. AsD, is reduced the side witkk=7/4 shows in-  transmission properties of the interface. Direct observation of
creasing pair breaking due to reflection of quasiparticles byhe DOS and conductance peak splitting via tunneling into
the interface and the TRSB gets more localized to this rightihe grain boundary by scanning tunneling microscopy or NIS
hand side. This is also seen in the transverse current densirélxperimemS analogous to Ref. 1 should be possible. TRSB
Jy(x), which is much larger on this side. In the smaly i3 the proximity effect is important if the relative misorien-
limit the proximity effect is gradually shut off and the pres- iation of the two crystals is close tor/4 and the transmis-
ence of the subdominant channel is largely responsible fogjon of the interface is moderate to high. In this case the
the TRSB state. entry into a TRSB state will not depend strongly on spatial

The DOS shown in Figs. 1 and 4 display considerable,ariations of the interface orientation such as meandering as
structure. These results are very different from those whergemonstrated in Fig. 3.

the suppression of the order parameter near the interface is

ignored (not shown. In particular, additional bound states ~ We thank Juhani Kurkijavi and Jim Sauls for discussions
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