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Mechanisms of spontaneous current generation in an inhomogeneodswave superconductor
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A boundary between twal-wave superconductors or @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 dawave superconductors can produce localized current-carrying states by
supporting theZ-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 couplingecreaseshe amplitude of the spontaneous current due to the proximity effect. Super-
screening of spontaneous currents is demonstrated to be present in ang-itéalit nots-d) junction and
surface withd+id’ 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 symmetryZ) breaking on surfaces and bution is absent. Our results indicate that in an ideal
interfaces of superconductors withwave orbital pairing has junction (i.e., a junction with perfect transparency and no
been intensively investigated in the last years both in theoryoughnesk all of the spontaneous current can be attributed
and experiment:® Several mechanisms @f breaking have to this “molecular current” mechanism. We also show that
been proposed, which fall in two categories: appearance dhis effect leads to a “superscreening” of spontaneous cur-

the subdominant order parameter and proximity efféct. rents _in d-d junctions(i.e., to the existence of countercur-
In the first case the surface or interface suppresses tH€nts independent of the Meissner efject _ _
dominant order parametgd,2_,2 in Y-Ba-Cu-O(Ref. 4]. If We use the standard approach based on quasiclassical

the pairing interaction in other channels is nonzero, the sub=l€nberger equations for Green’s functions integrated over
dominant order parameter will be formed below the corre-energy.

sponding, smaller critical temperatuFe,.° The combination A -

o?the thO order parameters V\E)ith comgpz)lex coefficients breaks Ve: VB, Hlo1s+4,6,]=0, @

the 7 symmetry and leads to spontaneous surface current¥herew is the Matsubara frequency and

and magnetic fluxes. Usuallgy2_,2*+is or d,2_,2*id,, 9 f 0o A

combinations are predicted. Recent observations of zero-bias & _ (v, ,r):< jr" ¢ ) A(ve ,r)=< ) )

peak splitting in surface tunneling experimeramd sponta- fo —Ou AT 0

neous fractional flux(0.1-0.2)b,] near the “green phase” HereG,, is the matrix Green’s function antl is the super-

inclusions in Y-Ba-Cu-O fllm%aglree with this picture. conducting order parameter. They both are functions of
The other possibility arises in a junction between WO g yelocityve and positiorr. We also need to satisfy the

d-wave superconductors with different orientations of the O ormalization conditiong,, = /—rl_fwfw_ In general,A de-

der parametet.In thIS. case the two order parameters neces-pends on the direction of the vectar and is determined by
sary to form aZ-breaking stated, ,, are supplied by the bulk 4 - self-consistency equation

superconductors. The equilibrium phase difference across the
boundary,¢y, is generally neither O noir, and therefore the B ,
states withd, +e*'?0d, orderings are degenerate and may A(ve ,r)—ZWN(O)T“)ZO <VVF Ve fu(VED)o, (2)

support spontaneous currents. The same mechanism applieﬁ is the i . ial lculati
in case of a boundary between an and a d-wave W ereV, is the interaction potential. In our calculations

superconductof. we will consider two dimension&D); N(0)=m/27 is 2D

In order to investigate the interplay of both mechanismsdensity of states ang - -)ng(z)“d 0/27- - - is the averaging
in this paper we considai-d ands-d interfaces as well as over directions of the 2D vectowg= (v COSO,vE Sinb).
(110 surfaces of al-wave superconductor. We will see that Generally, it is possible to obtain a mixture of different sym-
generally the spontaneous currents due to the proximity efmetries of the order parameteX(6) =A,2_y2(60)+ A, (6)
fect are suppressed by the existence of the subdominant o#-Ag, whereA,2_2(6)=A, cos ¥, A,,(6)=A, sin 26, and
der parameter. There is also an important distinction between are thed,2_2, dy,, ands-wave components of the order
thed-d ands-d cases: In the former case the superconductoparameter, respectively. The corresponding interaction po-
may have local orbital and magnetic moments, contributingential V 5o, = V41 €0S 2 cos 2’ +V,, sin 26 sin 26’ +Vg must
to the nondissipative current. In the latter case such a contrbe substituted in the self-consistency equati@n for the
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order parameter in each channel. The current dep@ilyis )]
found from the solution of the matrix equati¢h) as 0.04 0.1 ' Vi
— — Subdominant s //
. _ Subdominant d,, /
(N=—4meNO)TY (Vedu(Ve.)s. B g /
>0 jy 0.05 - /A
. . /
Here we consider three casds: the boundary between S/
two semi-infinite d-wave superconductors with crystallo- 0 _’,,/
graphic orientations with respect to the boundary given by , ‘ , 0F== ) ]
anglesy, and “d-d interface”), (ii) boundary between -0 -5 0 5 10 -0 -5 0

ans-wave and al-wave superconductor with 45° orientation

(*45° s-d interface”), and (iii) (110 .sulrface of ad-wave FIG. 1. (a) Spontaneous current for ideddd ands-d junctions.
superconductor. In all three cases it is possible to have g, boundary is located at=0. Calculations are done at
time-reversal symmetry-breaking ground state. The direCtion=_-|-/-|-C=0.05 with T_,=0.05T, for the d-d case andT,.=0.1T,
and magnitude of the spontaneous current depend on thegyT_,=0.05r, for the s-d junction. (b) Spontaneous current at

relative phases of the order parameters. . the (110 surface of ad-wave superconductor &t=0.05 with T,
Assuming constant order parameters on both sides of aaT =0.1T, for boths or d,, subdominant order parameters.

ideal interface, one can obtain an analytiqaon-self-

consistent expression for the current density: is at maximum in a layer of width of about coherence length,

Lo . &o=ve/mA, along the boundary; there also exists a counter-
j(x)=4meN0)Tsiné flow, spread over about g on either side of the boundary.
The total current in thg direction is zero within the numeri-
X E < cal accuracy, on the right and left sides of the junctionr,
©=0 P dependently This effect can be called “superscreening,”
4) since the resulting magnetic field of the spontaneous current

is canceled on the scale 6f10£,<\| ,\;, the London and
wherel (r) labels left(right) side of the interface, anfl; Josephson magnetic penetration depths. Note that this has
= Jw?+|A;[%. This expression is valid for arbitrary symme- nothing to do with the Meissner screening; it appears without
try of the order parameters, , . For ad-d interface we have

taking into account the vector potential of the magnetic field
Ay=Ay(T)cos 20— x) and A,=Aq(T)cos2@—y;), where of the currenf{and makes it unnecessafy On the contrary,

Ay(T) depends on the superconducting coupling and temin the s-d junction the counterflows are abseiinless the
perature. Meissner effect is taken into accofint

We perform our numerical calculations using the The same situation takes place near the surfédcéhe
Schopohl-Maki parametrization of the Green’s functibhs, subdominant pairing is present. Figurélshows the cur-
rent distribution at th€110 surface of ad-wave supercon-
ductor. If d,, is the leading subdominant order parameter,
the form of the current distribution is similar to the one in the
d-d boundary. The superscreening is absent if the subdomi-
nant order parameter swave.

The superscreening effect can be obtained analytically

VEA A, sign(cos6)
0,0, +w?+AA, cosp

e—2|x|Qr /|v,:cos€>

_ 2a
1+aa’’

1—-aa' ; 2a'

1+aa’’

9= 1+aa'’

which transforms Eq(l) into

Ve-Va=2wa—A*a%+A, (5  from the non-self-consistent expressié#) in case of a
0°—-45° junction. The nullification of the total current results
—Vg-Va'=2wa'—Aa"2+ A%, (6)  from integrating the spontaneous current,

For positivev,, Eq. (5) [Eq. (6)] is stable if the boundary

condition atx— —oo [+] is chosen. The opposite is true [«

for negativev,. We use the solutions in a homogeneous J dXiy(X)“<

system,a=A/(w+Q) and a’=A*/(w+Q), as boundary 0

conditions at+ . The values of1 (a") at all other points on

the trajectory are then easily found. The self-consistency isvhich is zero after angle averaging. Our numerical calcula-

introduced through iterations, assuming a constant order pdions, however, show that in ideal boundary junctions the

rameter in either half of the junction for the first iteration. total current is zerqwithin the numerical accuragyeven
Figure 1a) shows the spatial distribution of the spontane-after self-consistent calculations and at all other misorienta-

ous current in ideatl-d and s-d junctions. The left super- tion angleqsee Fig. 2a)].

conductor is ad-wave superconductor with 45° crystal ori-  To understand the situation, let us recall that in a system

entation with respect to the boundary. The right side is eithewith local magnetic moment densitn(r) the “molecular

an swave or ad-wave superconductor aligned with the currents” flow with densityj(r)=cVxm(r). In a supercon-

boundary. The current distribution is qualitatively different ductor with order parameted,2_,2+ €' ¢0 d,, the local or-

in s-d andd-d junctions. In thed-d case, the current density bital and magnetic moment density

AjA, sin@signcosd) vg|cosd|\ s
ing,
Q0 +w?+A A cosg [
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FIG. 2. () Spontaneous currents for ideal (08 junctions
with different misorientation angle§y. (b) Spontaneous current at FIG. 3. The effect of subdominant interaction on the spontane-

imperfect (0°-45°) junctions. Solid line: junction with transpar- ous currentjs [=j,(x=0)] at the surface of @-wave supercon-
ency Dy=0.3. Dashed line: junction with roughneps=0.3. All ductor. A second-order phase transition happensTgi=T

calculations are done &t 0.1. =0.1T,.

_(2nde . suppressed on very short distances. This can be practically
m(r)oczf —[A(x)cos 20+ A,(x)e '%osin 26] important for attempting to build a “quiet” qubit based on
o 2m such junctions/
1 9 . Figure 3 presents the spontaneous current as a function of
X — —[Aq(x)cos 20+ A,(x)e %o sin 26] the subdominant critical temperaturg, at the(110) surface
I 99 of ad-wave suprconductor. One notices that the spontaneous
_ . current vanishes when,,<T. In fact, at temperatures below
=24:()A2(x)zsindo. T=T., the subdominant order parameter starts to appear at
The contribution to the spontaneous current is thudhe surface through a §econd-order ph_ase transition. Sponta-
j(r)=<Vxm(r)[y. Notice that the same expression is ob- neous symmetry breaking and generation of the spontaneous
tained from the Ginzburg-Landau equatibhs current are the consequences of the emergence of_ this
. ~ . . . second-order parameter. The symmetry of the subdominant
(< Vx[zImd,(r)dy(r)*]). The total current in thg direc-  rqer parameter is dictated by whichever chansedr(d,,)
tion due to this mechanism ik [0 dS- VXM=4,qdl  pag 5 stronger interaction potential.
-m=0, where() is a cross section perpendicular to the junc- |, the d-d ands-d interfaces, on the other hand, the sub-
tion from x=—c to « and d{) is its boundary. The latter gominant order parameter is induced by the proximity to a
integral is obviously zero becaus#-m=0 (m[|z) every- different superconductor. One important difference is that
where except where the contour closes=(+ ), but there unlike the surface case, at ted or s-d interfaces the pres-
m=0. This is certainly not the case #d junctions(cf. Fig.  ence of the subdominant order parameter is not necessary for
1). (Of course, since the Meissner currents must be taken intgeneration of spontaneous current. From Egsand(1) we
account in this case, the results presented in Fig. 1 are valigee that it is the Green’s functidthe pairingamplitudg, not
only for distances much less than the London penetratiotthe order parametépairing potentia), which determines the
depth) current. In fact, the presence of a subdominant order param-
We also calculate the spontaneous current for an impereter does not always increase the spontaneous current. At
fect boundary, i.e., a boundary with arbitrary transparencyow temperatures, it actualldecreasesthe spontaneous
0<D,<1 and also with finite roughnegs We use Zaitsev's current!® This counterintuitive effect is displayed in Fig. 4 in

boundary conditioH***to incorporate the finite-transparency

effect. For surface roughness we assume a thin layer witf (a) d—d Junction (b) s—d Junction
scattering centers at the junctihWe take the mean free 0B/ =T T —n

path | and the layer thicknesd to zero while keepingp 5,8 e

=d/l finite. The details of the calculations will be given in a —- =03

separate publication. Here we only present the results of ou; 0015 | ~ oo || 008 o
calculation for asymmetric (0°—45°-d junction in Fig.  *° 40| " TR
2(b). As is clearly seen, the spontaneous current now does ~ [~7TTTTTTTTTTm oo oA
not necessarily have a counterfloiat smallp or Dy~1 00051 002 T

there will be some counterflgwand exact superscreening no 0F i ; ‘ ;
longer takes place. They are now carried merely by Andreev 0 09 08 04 oo g 08 04
bound states at the interface, the same asdror SND (Ref. e e

8) junctions. FIG. 4. Suppression of spontaneous current by subdominant or-

Although near realistic surfaces and interfaces wdtd der parameter(a) A d-d grain boundary(b) An s-d interface. In
ordering the superscreening is not complete, the magnetite s-d case, we have taken the samgfor both sides and also

fields created by the spontaneous currents are neverthelebg=T,,.
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which the spontaneous current is plotted as a function,.ef A) B)
The temperature used in the calculationd4s0.1 and we § ‘

take the samd . for both d- and sswave superconductors. i ‘
IncreasingT,, increases the interaction in the subdominant >< >< ‘ >< ><
channel and therefore the magnitude of the subdominant or- ‘

der parameter. The spontaneous current on the other hand -

decreases with increasifg.,. The situation is the same for T
both d-d ands-d interfaces. '><! X ‘ :x: ><
The decrease of the spontaneous currents when there is & 4 |
KX

interaction in the subdominant channel may seem paradoxi- , X;\/ D
cal. Nevertheless, it is easy to understand in the DND model AR g2 N
FIG. 5. The DND and SND model of Zbreaking junction(a)

of Z-breaking junctior®'® (Fig. 5). First consider the case
without subdominant order parameters. The spontaneous cur- ' "=~ . . .
rents in this model flow exclusively within the normal layer DND junction. The normél.reglon.cqntams current-carrying An-

. " ; e dreev bound state@rrows; in equilibrium the net current across
a”‘?' are carried by “zero” and #” Andreev bound state_s, the boundary is zero, while the spontaneous currents flow along the
which connect the lobes of tritwave order parameter With a1 Jayer (above. If the subdominant order parameter is

the same and opposite signs, respectively: in equilibriunyresent, the additional set of Andreev levels in equilibrium carries
there is no net current across the boundary. Now let us aspontaneous current in the opposite directibalow). The model
sume that the subdominant order parameters are present. Dgiges the same predictions for the SND céise

to continuity, they must have the same phase as the dominant

order parameter on the other sidgg. 5. Therefore now we

_ X subdominant order parameter generation, and found that at
will have two extra sets of current-carrying Andreev states;pio faces the latter generally decreases the magnitude of the
the ones linking thesubdominanbrder parameters, and itiS gftect nd-d junctions, we separated the contribution from
obvious that the spontaneous currents they carry will alwayg,e |ocal orbital and magnetic moment of the condensate:
flow opposite to the currents carried by the “dominant-this contribution dominates spontaneous currents in idel

dominant” states. . _ junctions, which explains the superscreening of the sponta-
In conclusion, we have investigated the spontaneous Cukeous currents in such systems.

rents near the surface aded ands-d boundaries ird-wave
superconductors. We obtained the contributions to the spon- We would like to thank S. Rashkeev, G. Rose, A.
taneous currents due to the proximity effect and due to th&mirnov, and I. Herbut for helpful discussions.
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