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Zeros of the order parameter ofd,2_2 superconducting film in the presence of uniform current
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| show that additionap-wave component is generated in the pdh@ave superconductor in the presence of
the uniform current. When the current flows in the antinodal direction the spectrum has a gap over all Fermi
surface. If the current flows in the nodal direction, the gap opens only in the direction parallel to the current.
The correction to the current due to tpevave component of the order parameter is linear in vector potential.
| show that the spin-orbit coupling is responsible for the additional component of the order parameter.
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Recently it was proposed that classification of the ordeicorepresentation of the nonunitary group. Since the group in
parameter in the ferromagnetic superconductor may be pethe presence of uniform current does not have the center of
formed in accordance with corepresentations of nonunitarynversion, a mixture of singlet and triplet order parameter is
magnetic group~3 Similar approach was used in Ref. 4 to possible. The general expression for the triplet part of the
consider the effect of broken time-reversal symmetr§iat ~ order parameter has the following form:
on the superconducting state in high-superconductors. - - -

Here | would like to extend this type of analysis for the case W=xty(ky, ky) YTy (ke ky) +2F5(ky ky ), @
of a d-wave superconductor with uniform current. whereX, y, z are unit axial vectors in th@, b, c axis

There is a common belief that the high-temperature supelyjrections, respectively. The functiorfig,, ,(ky,ky) are odd
conduzctorzs have nontrlylal order pgrameter transforming ag;;ip respect to thé&— — k transformation. Applying ther,
Big(x“—y )_ represgntatlon db 4, point group. When exter- operation to f,,(kc,k,) | obtain that fy,(ky,k)
nal magnetic field Is applied the symmetry of the order pa-— —f,y(ky,k,) for A; and B; representations. Therefore
rameter is reducet® As a result, for magnetic field directed fxvy(kxv,ky)zo for A, andB; cases. Applying all operations

along thec axis the new order parameter has the formfrom Table | to the remaining functiofy(ky ,k,) | obtain the
dy2_y2+id,,. Furthermore, additional component of the or- following set of equations:

der parameter may be induced by the surface. Since any

surface breaks inversion symmetry, additiopakave com- fa(ky s —Ky) = = Fa(ky Ky),

ponent is generated near the surface due to the surface in-

duced spin-orbit coupling.In the following | show that a f(— ke, —ky)* = €f (ke ky),

constant superconducting current reduces the symmetry of .

the order parameter td,>_,2+ip, when the current is di- fo( =k, ky)™ =~ ef (ke ky). @)

rected along the axis. Such form of the order parameter is ; jg easy to see that the function
consistent with the group-theory analysis and may be gener-

ated by the sp_ln—orblt co_upllng. | will construct the corre- W (Ky k) =exp( —i ) (dyo_ 201 niky), @)
sponding invariant terms in the free energy and show pow
wave is generated from the microscopic BCS theory. wheren is a real constant, transforms Ag corepresentation

Since a constant superfluid current is a real vector thathe nonunitary grou,,(C,,) in Table I. This means that
changes sign under time-reversal transformation, the totdahe uniform current in the direction generates thg, wave
D4, group will be reduced to nonunitarynagneti¢ group  contribution to the gap function. The gap function in that
D_Zh(CZU)- | consider fo_r simp_licity that superfluid current is case is defined ag(kx,ky):i(dxz_y2+i nosky)a,. Since
directed along thex axis. Unitary subgroupC,, has fqur AATOC(}O the corresponding phase is unitary and the gap in
elements E, Cyy, oy, oy and four representations yne excitation spectrum is determined a2 2|2+ 5%k .°

A1, Az, By, By In accordance with the general theory of ag g result, the gap is fully developed over all Fermi surface.
corepresentatiofigll four irreducible representations belong Let us show that the term in the free energy.

to the class &.” This means that each irreducible represen-

tation generates one nonequivalent corepresentation of the i7" (vyPx—vyPy) ¥y +C.C., (4)
nonunitary group. All corepresentations are one dimensional

and are listed in the Table | together with the basis functionsis an invariant of the group,,. Here ' is a real constant,
Herea andb are real numbers ane=exp(d¢) whereg is  (vx,vy) are components of the superfluid velocity, apg,

real. Following Ref2 | introduced factor 2 in the exponent. Px, andp, are components of the order parameter transform-
To clarify the derivation of basis functions in Tabl | con-  ing asd,2_ 2, Eky, and Ekx, respectively. Indeedv(,vy)
struct the basis function for th&, corepresentation. It is and (py,p,) transform as th&, representations of the group
easy to see that exp{¢)(K;—K’) transforms as thé; rep-  Dyy. Since the direct producE,X E,=A;q+Ay,+Byg
resentation of the unitary subgroup as well as corresponding B,, containsB,4(dy2_,2) representation, Eqi4) repre-
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TABLE |. Corepresentations of the nonunitary group, when current flows i tfieection.

E Coy RI Roy RC,, RCyy Basis functions
A 1 1 € € € € k)2<— k§+ iaogk,
A, 1 1 -1 € € —€ —€ kyk,+iaok,tibook,
B, 1 -1 € —€ € —€ KikyF+iaosky
B, 1 -1 -1 1 € —€ kik +iao Kk, +ibooky

sents the true scalar. The presenceiofEq. (4) is important  Substitutingp,=1i7%"muv 4/ ap, to the last equation and tak-
since the superfluid current is antisymmetric with respect tang into account that in the quasiclassical limity

the time-reversal symmetry.

The existence of the component of the order parameter
in the presence of the supercurrent becomes apparent if |
write relevant Lifshitz invariant in the free enerdy:

F=Fgti n,,[¢§(Dxpx_ Dypy) - wd(D: p: - D; p; )]
+a’p(|px|2+|py|2)r 5)

= —2eA, correction to the supercurrent has the form

i=jq+862n Ay Y ay. )

At this point | should point out that usually the nonlinear
London equation is discussed in the case ofdhgave su-

whereD,=—iV,—2eA (I=x,y,z), " is a real constany
is a vector potential, anély is the free energy for thé-wave
superconductor without current. In E¢5) the additional
quadratic inpy, p, term is written to secur@,=p,=0 so-
lution if #%"=0. Assuming thatyy= geexpimvx) and
(Px,Py) = (Px,.0)exp{mvx) | obtain a contribution to the free
energy, which is similar to Eq4). By minimizing Eq.(5)
with respect tq, | obtain the amplitude of thp component

of the order parametep,=i»"muv 4/ ay, .

When the current is flowing in the nodal direction,
B14(x?—y?) representation of thB 4, group is no longeA;
corepresentation of the reduced nonunitary group. Group-
theoretical analysis for this case is presented in Table II.
should be pointed out that this case is similar to the case |
considered in Ref. 4. Similarly to the case when the curren

perconductors with the nodes in the spectfdrilonlinear
corrections to the London equation appear due to the Dop-
pler shift of the spectrum in the presence of the superflow. As
a result, in some regions of the Fermi surface the excitation
energy becomes negative leading to the finite quasiparticle
current. However, as | have shown here, the generation of the
p-wave component of the order parameter in the presence of
the superflow leads to the correction to the supercurrent
which is linear in the vector potential. Opening of the
p-wave component of the order parameter leads to the cor-
rection to the penetration depth and could be detected experi-
mentally.

At the end | suggest one possible microscopic mecha-

I{1ism, which causes the appearance oftltemponent of the

tl)rder parameter in the presence of uniform current. | assume
rthat current flows along theaxis. Spin-orbit coupling in that
case could be written as

flows in thex direction, the corresponding phase is unitary,

AA'ecgy, and the gap function has the forfa,z_2|?
+b?(ky+ky)2. Contrary to the previous case, however, gap
opens only in the direction parallel to the current, and the
spectrum remains gapless in the direction perpendicular to
the current?!

Hso=1 '}’Ek wl[VX ] o3,

Let us now discuss the correction to the current when th&/herév is the superfluid velocity Z‘Ed’ is the spin-orbit
additional component of the order parameter is generated. fOUPIiNg constant. Following Balatsky can calculate the
is easy to see from E@5) that the additional contribution to correction to the anomalous Green functidh(k,w)

the current is given by

—Ao(K)/D(k,w), where D(k,w)= w2+ &(K)2+|Aqy(K)|2,

using perturbation theory due to the interactidg,. The

Jx=laxt2ien" (45 px— ¥aPx)- (6) first correction toF°(k, ) is

TABLE Il. Corepresentations of the nonunitrary group, when current flows in the nodal direction.

Basis functions

E Uyy oh Ty RI Royy
A 1 1 1 1 € €
A, 1 1 -1 -1 € €
+
B, 1 -1 1 -1 € —€
B, 1 -1 -1 1 € —€

K2+ K+ akyk, +iboa(ke—ky)
(ke—ky)k +ia(oky+ oky)

ib(a1k,+ oKy)
Ki—KZ+iaoa(ketky)

(kytky)k,Tia(oks—oqk,)

X ib( ok, — oky)
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Eq. (9) shows thatA; /Ay~ yvaolEfz. Here | assume that
superfluid velocity isv ~Aq/k;s. Using typical for cuprates
values for the Fermi energye;~0.1-0.2 eV andA,

SF(k,w)=i yv@(k,w)akya3ﬁ°(k,w)

[iw—£&(k)]o3A
v

= 5 ——sin(ky)io, ~0.05 eV | obtain that\;/A,~0.05-0.25. These estimates
D(k,w) show that predicted correction to the order parameter is rela-
[—iw+&(K) oA, tively large and could be observed experimentally. As it was
=—iyv sin(ky). (8)  suggested above the effect could be detected by measuring

D(k,w)? penetration depth in the presence of supercurrent. According

. N to Eq. (7) penetration depth should be reduced in the pres-
Here | take '”L" account - thatAo(k) =Ao(cosky) enceqof cu?rent. As a reSLE)It penetration depth measuredpat the
—cosk,))io,, and GOk,w)=[iw—&(k)]op/D(k,w). To  constant magnetic field should be different from penetration
estimate thep-wave correction to the order parameter | as-depth measured at the constant current. Moreover, tempera-
sume a repulsive separable interaction in the following formture dependence of the penetration depth at low temperature
Vy(k,k")=V,sink)sin()). As a result, the correction to should satisfy Nernst principté leading tod\/dT—0 asT
Ao(K) is given by —0. Another possibility to see the effect was proposed in
Ref. 7. Generation gf-wave component leads to anisotropy
of the Knight shift at low temperatures.

In conclusion, | have shown, that additionmlvave com-
ponent appears in the casedfvave superconductor in the
presence of uniform supercurrent. This effect leads to the
additional contribution to the current linear in the vector po-
tential. It is shown that spin-orbit coupling is responsible for

HereC is a real constant of the order of 1, aNg is the  this effect.
density of states at the Fermi surface. To estimate the effect
in absolute units | assume that spin-orbit coupling constant
yv~0.05-0.1 eV. This estimate is supported by the recent |am grateful to A.S. Alexandrov, A. Balatsky, D.F. Agter-
measurement of the band splitting on the surfaead is of  berg, O.V. Dolgov, D. Mihailovic, T. Mertelj, and J. Demsar
the order of the spin-orbit coupling in Ni. Direct estimate of for useful discussions.

Al(k)=T2k Vysin(ky)sin(k)) oF (k' w)

. Ao .
=—iCyv E—FNOVysm( Ky)oy. 9
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