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Mechanisms of spontaneous current generation in an inhomogeneousd-wave superconductor
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A boundary between twod-wave superconductors or ans-wave and ad-wave superconductor generally
breaks time-reversal symmetry and can generate spontaneous currents due to proximity effect. On the other
hand, surfaces and interfaces ind-wave superconductors can produce localized current-carrying states by
supporting theT-breaking combination of dominant and subdominant order parameters. We investigate spon-
taneous currents in the presence of both mechanisms and show that at low temperatures, counterintuitively, the
subdominant couplingdecreasesthe amplitude of the spontaneous current due to the proximity effect. Super-
screening of spontaneous currents is demonstrated to be present in any ideald-d ~but nots-d) junction and
surface withd1 id8 order parameter symmetry. We show that this superscreening is the result of contributions
from the local magnetic moment of the condensate to the spontaneous current.
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The time-reversal symmetry (T) breaking on surfaces an
interfaces of superconductors withd-wave orbital pairing has
been intensively investigated in the last years both in the
and experiment.1–8 Several mechanisms ofT breaking have
been proposed, which fall in two categories: appearanc
the subdominant order parameter and proximity effect.2,3

In the first case the surface or interface suppresses
dominant order parameter@dx22y2 in Y-Ba-Cu-O~Ref. 4!#. If
the pairing interaction in other channels is nonzero, the s
dominant order parameter will be formed below the cor
sponding, smaller critical temperatureTc2.9 The combination
of the two order parameters with complex coefficients bre
the T symmetry1 and leads to spontaneous surface curre
and magnetic fluxes. Usuallydx22y26 is or dx22y26 idxy
combinations are predicted. Recent observations of zero-
peak splitting in surface tunneling experiments5 and sponta-
neous fractional flux@(0.1–0.2)F0# near the ‘‘green phase’
inclusions in Y-Ba-Cu-O films6 agree with this picture.

The other possibility arises in a junction between tw
d-wave superconductors with different orientations of the
der parameter.7 In this case the two order parameters nec
sary to form aT-breaking state,d1,2, are supplied by the bulk
superconductors. The equilibrium phase difference across
boundary,f0, is generally neither 0 norp, and therefore the
states withd11e6 if0 d2 orderings are degenerate and m
support spontaneous currents. The same mechanism ap
in case of a boundary between ans- and a d-wave
superconductor.8

In order to investigate the interplay of both mechanism
in this paper we considerd-d and s-d interfaces as well as
~110! surfaces of ad-wave superconductor. We will see th
generally the spontaneous currents due to the proximity
fect are suppressed by the existence of the subdominan
der parameter. There is also an important distinction betw
thed-d ands-d cases: In the former case the superconduc
may have local orbital and magnetic moments, contribut
to the nondissipative current. In the latter case such a co
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bution is absent. Our results indicate that in an ideald-d
junction ~i.e., a junction with perfect transparency and
roughness!, all of the spontaneous current can be attribu
to this ‘‘molecular current’’ mechanism. We also show th
this effect leads to a ‘‘superscreening’’ of spontaneous c
rents ind-d junctions ~i.e., to the existence of countercu
rents independent of the Meissner effect!.

We use the standard approach based on quasiclas
Eilenberger equations for Green’s functions integrated o
energy,10

vF•¹Ĝv1@vt̂31D̂,Ĝv#50, ~1!

wherev is the Matsubara frequency and

Ĝv~vF ,r !5S gv f v

f v
† 2gv

D , D̂~vF ,r !5S 0 D

D† 0 D .

Here Ĝv is the matrix Green’s function andD is the super-
conducting order parameter. They both are functions
Fermi velocityvF and positionr . We also need to satisfy th
normalization conditiongv5A12 f v f v

† . In general,D de-
pends on the direction of the vectorvF and is determined by
the self-consistency equation

D~vF ,r !52pN~0!T (
v.0

^VvF v
F8

f v~vF8 ,r !&u , ~2!

whereVvFv
F8

is the interaction potential. In our calculation

we will consider two dimensions~2D!; N(0)5m/2p is 2D
density of states and̂•••&u5*0

2pdu/2p••• is the averaging
over directions of the 2D vectorvF5(vF cosu,vF sinu).
Generally, it is possible to obtain a mixture of different sym
metries of the order parameter,D(u)5Dx22y2(u)1Dxy(u)
1Ds , whereDx22y2(u)5D1 cos 2u, Dxy(u)5D2 sin 2u, and
Ds are thedx22y2, dxy , ands-wave components of the orde
parameter, respectively. The corresponding interaction
tential Vuu85Vd1 cos 2u cos 2u81Vd2 sin 2u sin 2u81Vs must
be substituted in the self-consistency equation~2! for the
©2001 The American Physical Society02-1
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order parameter in each channel. The current densityj „r … is
found from the solution of the matrix equation~1! as

j ~r !524p ieN~0!T (
v.0

^vFgv~vF ,r !&u . ~3!

Here we consider three cases:~i! the boundary between
two semi-infinite d-wave superconductors with crystallo
graphic orientations with respect to the boundary given
anglesx l and x r ~‘‘ d-d interface’’!, ~ii ! boundary between
ans-wave and ad-wave superconductor with 45° orientatio
~‘‘45° s-d interface’’!, and ~iii ! ~110! surface of ad-wave
superconductor. In all three cases it is possible to hav
time-reversal symmetry-breaking ground state. The direc
and magnitude of the spontaneous current depend on
relative phases of the order parameters.

Assuming constant order parameters on both sides o
ideal interface, one can obtain an analytical~non-self-
consistent! expression for the current density:

j ~x!54peN~0!T sinf

3 (
v.0

K vFD lD r sign~cosu!

V lV r1v21D lD r cosf
e22uxuVr /uvFcosuu L

u

,

~4!

where l ~r! labels left ~right! side of the interface, andV i

5Av21uD i u2. This expression is valid for arbitrary symme
try of the order parametersD l ,r . For ad-d interface we have
D l5D0(T)cos 2(u2xl) and D r5D0(T)cos 2(u2xr), where
D0(T) depends on the superconducting coupling and te
perature.

We perform our numerical calculations using t
Schopohl-Maki parametrization of the Green’s functions,11

g5
12aa†

11aa†
, f 5

2a

11aa†
, f †5

2a†

11aa†
,

which transforms Eq.~1! into

vF•¹a52va2D* a21D, ~5!

2vF•¹a†52va†2Da†21D* . ~6!

For positivevx , Eq. ~5! @Eq. ~6!# is stable if the boundary
condition atx→2` @1`# is chosen. The opposite is tru
for negativevx . We use the solutions in a homogeneo
system,a5D/(v1V) and a†5D* /(v1V), as boundary
conditions at6`. The values ofa (a†) at all other points on
the trajectory are then easily found. The self-consistenc
introduced through iterations, assuming a constant order
rameter in either half of the junction for the first iteration.

Figure 1~a! shows the spatial distribution of the spontan
ous current in ideald-d and s-d junctions. The left super-
conductor is ad-wave superconductor with 45° crystal or
entation with respect to the boundary. The right side is eit
an s-wave or a d-wave superconductor aligned with th
boundary. The current distribution is qualitatively differe
in s-d andd-d junctions. In thed-d case, the current densit
21250
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is at maximum in a layer of width of about coherence leng
j05vF /pD, along the boundary; there also exists a count
flow, spread over about 10j0 on either side of the boundary
The total current in they direction is zero within the numeri
cal accuracy, on the right and left sides of the junction,in-
dependently. This effect can be called ‘‘superscreening
since the resulting magnetic field of the spontaneous cur
is canceled on the scale of;10j0!lL ,lJ , the London and
Josephson magnetic penetration depths. Note that this
nothing to do with the Meissner screening; it appears with
taking into account the vector potential of the magnetic fi
of the current~and makes it unnecessary!.12 On the contrary,
in the s-d junction the counterflows are absent~unless the
Meissner effect is taken into account8!.

The same situation takes place near the surface,if the
subdominant pairing is present. Figure 1~b! shows the cur-
rent distribution at the~110! surface of ad-wave supercon-
ductor. If dxy is the leading subdominant order paramet
the form of the current distribution is similar to the one in t
d-d boundary. The superscreening is absent if the subdo
nant order parameter iss wave.

The superscreening effect can be obtained analytic
from the non-self-consistent expression~4! in case of a
0° –45° junction. The nullification of the total current resu
from integrating the spontaneous current,

E
0

`

dx jy~x!}K D lD r sinu sign~cosu!

V lV r1v21D lD r cosf

vFucosuu
V r

L
u

sinf,

which is zero after angle averaging. Our numerical calcu
tions, however, show that in ideal boundary junctions
total current is zero~within the numerical accuracy! even
after self-consistent calculations and at all other misorien
tion angles@see Fig. 2~a!#.

To understand the situation, let us recall that in a syst
with local magnetic moment densitym„r … the ‘‘molecular
currents’’ flow with densityj „r …5c¹3m„r …. In a supercon-
ductor with order parameterdx22y21eif0 dxy the local or-
bital and magnetic moment density

FIG. 1. ~a! Spontaneous current for ideald-d ands-d junctions.
The boundary is located atx50. Calculations are done att
[T/Tc50.05, with Tc250.05Tc for the d-d case andTcs50.1Tc

and Tc250.05Tc for the s-d junction. ~b! Spontaneous current a
the ~110! surface of ad-wave superconductor att50.05 with Tc2

5Tcs50.1Tc for both s or dxy subdominant order parameters.
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m„r …} ẑE
0

2p du

2p
@D1~x!cos 2u1D2~x!e2 if0 sin 2u#

3
1

i

]

]u
@D1~x!cos 2u1D2~x!eif0 sin 2u#

52D1~x!D2~x!ẑsinf0 .

The contribution to the spontaneous current is th
j „r …}¹3m„r …i ŷ. Notice that the same expression is o
tained from the Ginzburg-Landau equations13

„j}¹3@ ẑ Im d1(r )d2(r )* #…. The total current in they direc-
tion due to this mechanism isI total}*V dS•¹3m5r]V dl
•m50, whereV is a cross section perpendicular to the jun
tion from x52` to ` and ]V is its boundary. The latte
integral is obviously zero becausedl•m50 (mi ẑ) every-
where except where the contour closes (x56`), but there
m50. This is certainly not the case ins-d junctions~cf. Fig.
1!. ~Of course, since the Meissner currents must be taken
account in this case, the results presented in Fig. 1 are v
only for distances much less than the London penetra
depth.!

We also calculate the spontaneous current for an im
fect boundary, i.e., a boundary with arbitrary transpare
0,D0,1 and also with finite roughnessr. We use Zaitsev’s
boundary condition14,15 to incorporate the finite-transparenc
effect. For surface roughness we assume a thin layer
scattering centers at the junction.16 We take the mean free
path l and the layer thicknessd to zero while keepingr
[d/ l finite. The details of the calculations will be given in
separate publication. Here we only present the results of
calculation for asymmetric (0° –45°)d-d junction in Fig.
2~b!. As is clearly seen, the spontaneous current now d
not necessarily have a counterflow~at small r or D0'1
there will be some counterflow!, and exact superscreening n
longer takes place. They are now carried merely by Andr
bound states at the interface, the same as ins-d or SND~Ref.
8! junctions.

Although near realistic surfaces and interfaces withd-d
ordering the superscreening is not complete, the magn
fields created by the spontaneous currents are neverth

FIG. 2. ~a! Spontaneous currents for ideal (0° –dx) junctions
with different misorientation anglesdx. ~b! Spontaneous current a
imperfect (0° –45°) junctions. Solid line: junction with transpa
ency D050.3. Dashed line: junction with roughnessr50.3. All
calculations are done att50.1.
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suppressed on very short distances. This can be practic
important for attempting to build a ‘‘quiet’’ qubit based o
such junctions.17

Figure 3 presents the spontaneous current as a functio
the subdominant critical temperatureTc2 at the~110! surface
of a d-wave suprconductor. One notices that the spontane
current vanishes whenTc2,T. In fact, at temperatures below
T5Tc2 the subdominant order parameter starts to appea
the surface through a second-order phase transition. Spo
neous symmetry breaking and generation of the spontan
current are the consequences of the emergence of
second-order parameter. The symmetry of the subdomin
order parameter is dictated by whichever channel (s or dxy)
has a stronger interaction potential.

In the d-d ands-d interfaces, on the other hand, the su
dominant order parameter is induced by the proximity to
different superconductor. One important difference is t
unlike the surface case, at thed-d or s-d interfaces the pres
ence of the subdominant order parameter is not necessar
generation of spontaneous current. From Eqs.~3! and~1! we
see that it is the Green’s function~the pairingamplitude!, not
the order parameter~pairingpotential!, which determines the
current. In fact, the presence of a subdominant order par
eter does not always increase the spontaneous curren
low temperatures, it actuallydecreasesthe spontaneous
current.18 This counterintuitive effect is displayed in Fig. 4 i

FIG. 3. The effect of subdominant interaction on the sponta
ous currentj S @[ j y(x50)# at the surface of ad-wave supercon-
ductor. A second-order phase transition happens atTc25T
50.1Tc .

FIG. 4. Suppression of spontaneous current by subdominan
der parameter.~a! A d-d grain boundary.~b! An s-d interface. In
the s-d case, we have taken the sameTc for both sides and also
Tcs5Tc2.
2-3
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which the spontaneous current is plotted as a function ofTc2.
The temperature used in the calculations ist50.1 and we
take the sameTc for both d- and s-wave superconductors
IncreasingTc2 increases the interaction in the subdomina
channel and therefore the magnitude of the subdominan
der parameter. The spontaneous current on the other
decreases with increasingTc2. The situation is the same fo
both d-d ands-d interfaces.

The decrease of the spontaneous currents when the
interaction in the subdominant channel may seem parad
cal. Nevertheless, it is easy to understand in the DND mo
of T-breaking junctions8,19 ~Fig. 5!. First consider the cas
without subdominant order parameters. The spontaneous
rents in this model flow exclusively within the normal lay
and are carried by ‘‘zero’’ and ‘‘p ’’ Andreev bound states
which connect the lobes of thed-wave order parameter with
the same and opposite signs, respectively: in equilibri
there is no net current across the boundary. Now let us
sume that the subdominant order parameters are present
to continuity, they must have the same phase as the domi
order parameter on the other side~Fig. 5!. Therefore now we
will have two extra sets of current-carrying Andreev stat
the ones linking thesubdominantorder parameters, and it i
obvious that the spontaneous currents they carry will alw
flow opposite to the currents carried by the ‘‘dominan
dominant’’ states.

In conclusion, we have investigated the spontaneous
rents near the surface andd-d ands-d boundaries ind-wave
superconductors. We obtained the contributions to the sp
taneous currents due to the proximity effect and due to
.
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subdominant order parameter generation, and found tha
interfaces the latter generally decreases the magnitude o
effect. In d-d junctions, we separated the contribution fro
the local orbital and magnetic moment of the condens
this contribution dominates spontaneous currents in ideald-d
junctions, which explains the superscreening of the spo
neous currents in such systems.

We would like to thank S. Rashkeev, G. Rose,
Smirnov, and I. Herbut for helpful discussions.

FIG. 5. The DND and SND model of aT-breaking junction.~a!
DND junction. The normal region contains current-carrying A
dreev bound states~arrows!; in equilibrium the net current acros
the boundary is zero, while the spontaneous currents flow along
normal layer ~above!. If the subdominant order parameter
present, the additional set of Andreev levels in equilibrium carr
spontaneous current in the opposite direction~below!. The model
gives the same predictions for the SND case~b!.
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3T. Löfwander, V.S. Shumeiko, and G. Wendin, Phys. Rev. B67,

R14 653~2000!.
4I. Iguchi et al., Phys. Rev. B62, R6131~2000!.
5M. Covington et al., Phys. Rev. Lett.79, 277 ~1997!; L.H.

Greeneet al., Physica B280, 159 ~2000!.
6F. Tafuri and J.R. Kirtley, Phys. Rev. B62, 13 934~2000!.
7S. Yip, J. Low Temp. Phys.91, 203 ~1993!; T.P. Devereaux and

P. Fulde, Phys. Rev. B47, 14 638~1993!; Y. Tanaka, Phys. Rev
Lett. 72, 3871~1994!.

8A. Huck, A. van Otterlo, and M. Sigrist, Phys. Rev. B56, 14 163
~1997!.

9E.M. Lifshits and L.P. Pitaevskii,Statistical Physics~Pergamon,
Oxford, 1980!, Sec. 54, p. 2.

10G. Eilenberger, Z. Phys.214, 195 ~1968!.
11N. Schopohl and K. Maki, Phys. Rev. B52, 490 ~1995!; N.

Schopohl, cond-mat/9804064~unpublished!.
12A similar distribution of spontaneous current density on~110!
surfaces and interfaces ofd superconductors was obtained
Ref. 2 @Fig. 4~a!#.

13D.B. Bailey, M. Sigrist, and R.B. Laughlin, Phys. Rev. B55, 15
239 ~1997!.

14A.V. Zaitsev, Zh. Eksp. Teor. Fiz.@Sov. Phys. JETP59, 1015
~1984!#.

15S.-K. Yip, J. Low Temp. Phys.109, 547 ~1997!.
16A.N. Omelyanchouk, R. deBruyn Ouboter, and C.J. Muller, Lo

Temp. Phys.20, 398 ~1994!; A.A. Golubov and M.Yu. Kupriy-
anov, Pis’ma Zh. Eksp. Teor. Fiz.69, 247 ~1999! @JETP Lett.
69, 268 ~1999!#.

17L.B. Ioffe et al., Nature~London! 398, 679 ~1999!.
18Subdominant pairing potential also suppresses the Josephson

rent. See Y. Tanaka and S. Kashiwaya, Phys. Rev. B58, 2948
~1998!.

19A.M. Zagoskin, J. Phys.: Condens. Matter9, L419 ~1997!.
2-4


