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Zeros of the order parameter of dx2Ày2 superconducting film in the presence of uniform current

V. V. Kabanov
Josef Stefan Institute 1001, Ljubljana, Slovenia

~Received 18 November 2003; published 18 February 2004!

I show that additionalp-wave component is generated in the pured-wave 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 thep-wave component of the order parameter is linear in vector potential.
I show that the spin-orbit coupling is responsible for the additional component of the order parameter.

DOI: 10.1103/PhysRevB.69.052503 PACS number~s!: 74.20.2z, 71.18.1y, 73.20.At, 76.60.Cq
de
pe
ta
to

.
s

pe
a

pa
d
rm
r-
a

e

y

is
ne
e-
w

th
ot

is

s
of
g
n

f t
n
n

t.

din

p in
r of
is

the

e
s

t

at

in

ce.

rm-

p

Recently it was proposed that classification of the or
parameter in the ferromagnetic superconductor may be
formed in accordance with corepresentations of nonuni
magnetic group.1–3 Similar approach was used in Ref. 4
consider the effect of broken time-reversal symmetry atT*
on the superconducting state in high-Tc superconductors
Here I would like to extend this type of analysis for the ca
of a d-wave superconductor with uniform current.

There is a common belief that the high-temperature su
conductors have nontrivial order parameter transforming
B1g(x22y2) representation ofD4h point group. When exter-
nal magnetic field is applied the symmetry of the order
rameter is reduced.5,6 As a result, for magnetic field directe
along the c axis the new order parameter has the fo
dx22y21 idxy . Furthermore, additional component of the o
der parameter may be induced by the surface. Since
surface breaks inversion symmetry, additionalp-wave com-
ponent is generated near the surface due to the surfac
duced spin-orbit coupling.7 In the following I show that a
constant superconducting current reduces the symmetr
the order parameter todx22y21 ipx when the current is di-
rected along thex axis. Such form of the order parameter
consistent with the group-theory analysis and may be ge
ated by the spin-orbit coupling. I will construct the corr
sponding invariant terms in the free energy and show hop
wave is generated from the microscopic BCS theory.

Since a constant superfluid current is a real vector
changes sign under time-reversal transformation, the t
D4h group will be reduced to nonunitary~magnetic! group
D2h(C2v). I consider for simplicity that superfluid current
directed along thex axis. Unitary subgroupC2v has four
elements E, C2x , sh , sy and four representation
A1 , A2 , B1 , B2. In accordance with the general theory
corepresentations8 all four irreducible representations belon
to the class ‘‘a. ’’ This means that each irreducible represe
tation generates one nonequivalent corepresentation o
nonunitary group. All corepresentations are one dimensio
and are listed in the Table I together with the basis functio
Herea andb are real numbers ande5exp(2if) wheref is
real. Following Ref. 2 I introduced factor 2 in the exponen
To clarify the derivation of basis functions in Table I I con-
struct the basis function for theA1 corepresentation. It is
easy to see that exp(2if)(kx

22ky
2) transforms as theA1 rep-

resentation of the unitary subgroup as well as correspon
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corepresentation of the nonunitary group. Since the grou
the presence of uniform current does not have the cente
inversion, a mixture of singlet and triplet order parameter
possible. The general expression for the triplet part of
order parameter has the following form:

C5 x̂ f x~kx ,ky!1 ŷ f y~kx ,ky!1 ẑf z~kx ,ky!, ~1!

where x̂, ŷ, ẑ are unit axial vectors in thea, b, c axis
directions, respectively. The functionsf x,y,z(kx ,ky) are odd
with respect to thek→2k transformation. Applying thesh
operation to f x,y(kx ,ky) I obtain that f x,y(kx ,ky)
52 f x,y(kx ,ky) for A1 and B1 representations. Therefor
f x,y(kx ,ky)50 for A1 andB1 cases. Applying all operation
from Table I to the remaining functionf z(kx ,ky) I obtain the
following set of equations:

f z~kx ,2ky!52 f z~kx ,ky!,

f z~2kx ,2ky!* 5e f z~kx ,ky!,

f z~2kx ,ky!* 52e f z~kx ,ky!. ~2!

It is easy to see that the function

C~kx ,ky!5exp~2 if!~dx22y2% ih ẑky!, ~3!

whereh is a real constant, transforms asA1 corepresentation
the nonunitary groupD2h(C2v) in Table I. This means tha
the uniform current in thex direction generates thepx wave
contribution to the gap function. The gap function in th
case is defined asD̂(kx ,ky)5 i (dx22y21 ihs3ky)s2. Since
D̂D̂†}ŝ0 the corresponding phase is unitary and the gap
the excitation spectrum is determined byudx22y2u21h2ky

2 .9

As a result, the gap is fully developed over all Fermi surfa
Let us show that the term in the free energy,

ih8~vxpx2vypy!cd* 1c.c., ~4!

is an invariant of the groupD4h . Hereh8 is a real constant,
(vx ,vy) are components of the superfluid velocity, andcd ,
px , andpy are components of the order parameter transfo
ing asdx22y2, ẑky , and ẑkx , respectively. Indeed, (vx ,vy)
and (px ,py) transform as theEu representations of the grou
D4h . Since the direct productEu3Eu5A1g1A2g1B1g
1B2g containsB1g(dx22y2) representation, Eq.~4! repre-
©2004 The American Physical Society03-1
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TABLE I. Corepresentations of the nonunitary group, when current flows in thex direction.

E C2x sh sy RI Rsx RC2z RC2y Basis functions

A1 1 1 1 1 e e e e kx
22ky

21 ias3ky

A2 1 1 21 21 e e 2e 2e kykz1 ias1kx1 ibs2ky

B1 1 21 1 21 e 2e e 2e kxky1 ias3kx

B2 1 21 21 1 e 2e 2e e kxkz1 ias1ky1 ibs2kx
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sents the true scalar. The presence ofi in Eq. ~4! is important
since the superfluid current is antisymmetric with respec
the time-reversal symmetry.

The existence of thep component of the order paramet
in the presence of the supercurrent becomes apparent
write relevant Lifshitz invariant in the free energy:10

F5Fd1 ih9@cd* ~Dxpx2Dypy!2cd~Dx* px* 2Dy* py* !#

1ap~ upxu21upyu2!, ~5!

whereDl52 i“ l22eAl ( l 5x,y,z), h9 is a real constant,A
is a vector potential, andFd is the free energy for thed-wave
superconductor without current. In Eq.~5! the additional
quadratic inpx , py term is written to securepx5py50 so-
lution if h950. Assuming thatcd5cd0exp(imvx) and
(px ,py)5(px,0)exp(imvx) I obtain a contribution to the free
energy, which is similar to Eq.~4!. By minimizing Eq. ~5!
with respect topx I obtain the amplitude of thep component
of the order parameter:px5 ih9mvcd /ap .

When the current is flowing in the nodal directio
B1g(x22y2) representation of theD4h group is no longerA1
corepresentation of the reduced nonunitary group. Gro
theoretical analysis for this case is presented in Table I
should be pointed out that this case is similar to the cas
considered in Ref. 4. Similarly to the case when the curr
flows in thex direction, the corresponding phase is unita
D̂D̂†}ŝ0, and the gap function has the formudx22y2u2

1b2(kx1ky)
2. Contrary to the previous case, however, g

opens only in the direction parallel to the current, and
spectrum remains gapless in the direction perpendicula
the current.11

Let us now discuss the correction to the current when
additional component of the order parameter is generate
is easy to see from Eq.~5! that the additional contribution to
the current is given by

j x5 j dx12ieh9~cd* px2cdpx* !. ~6!
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Substitutingpx5 ih9mvcd /ap to the last equation and tak
ing into account that in the quasiclassical limitmv
522eA, correction to the supercurrent has the form

j5 jd18e2h92
Aucdu2/ap . ~7!

At this point I should point out that usually the nonline
London equation is discussed in the case of thed-wave su-
perconductors with the nodes in the spectrum.11 Nonlinear
corrections to the London equation appear due to the D
pler shift of the spectrum in the presence of the superflow.
a result, in some regions of the Fermi surface the excita
energy becomes negative leading to the finite quasipar
current. However, as I have shown here, the generation o
p-wave component of the order parameter in the presenc
the superflow leads to the correction to the supercurr
which is linear in the vector potential. Opening of th
p-wave component of the order parameter leads to the
rection to the penetration depth and could be detected exp
mentally.

At the end I suggest one possible microscopic mec
nism, which causes the appearance of thep component of the
order parameter in the presence of uniform current. I assu
that current flows along thex axis. Spin-orbit coupling in that
case could be written as

Hso5 ig(
k

ck
†@v3]k#zs3ck ,

where v is the superfluid velocity andg is the spin-orbit
coupling constant. Following Balatsky5 I can calculate the
correction to the anomalous Green functionF̂(k,v)
5D̂0(k)/D(k,v), where D(k,v)5v21j(k)21uD0(k)u2,
using perturbation theory due to the interactionHso . The
first correction toF̂0(k,v) is
TABLE II. Corepresentations of the nonunitrary group, when current flows in the nodal direction.

E Uxy sh s x̄y RI Rsxy RC2z RUx̄y Basis functions

A1 1 1 1 1 e e e e kx
21ky

21akxky1 ibs3(kx2ky)
A2 1 1 21 21 e e 2e 2e (kx2ky)kz1 ia(s1ky1s2kx)
1 ib(s1kx1s2ky)
B1 1 21 1 21 e 2e e 2e kx

22ky
21 ias3(kx1ky)

B2 1 21 21 1 e 2e 2e e (kx1ky)kz1 ia(s1kx2s1ky)
3 ib(s1ky2s2kx)
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dF̂~k,v!5 igvG0̂~k,v!]ky
s3F̂0~k,v!

5 igv
@ iv2j~k!#s3D0

D~k,v!2
sin~ky!is2

52 igv
@2 iv1j~k!#s1D0

D~k,v!2
sin~ky!. ~8!

Here I take into account that D̂0(k)5D0„cos(kx)

2cos(ky)…is2, and G0̂(k,v)5@ iv2j(k)#s0 /D(k,v). To
estimate thep-wave correction to the order parameter I a
sume a repulsive separable interaction in the following fo
Vy(k,k8)5Vysin(ky)sin(ky8). As a result, the correction to
D0(k) is given by

D1~k!5T(
v,k

Vysin~ky!sin~ky8!dF̂~k8,v!

52 iCgv
D0

EF
N0Vysin~ky!s1 . ~9!

HereC is a real constant of the order of 1, andN0 is the
density of states at the Fermi surface. To estimate the e
in absolute units I assume that spin-orbit coupling cons
gv f'0.05–0.1 eV. This estimate is supported by the rec
measurement of the band splitting on the surface12 and is of
the order of the spin-orbit coupling in Ni. Direct estimate
ne
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Eq. ~9! shows thatD1 /D0;gv fD0 /Ef
2 . Here I assume tha

superfluid velocity isv;D0 /kf . Using typical for cuprates
values for the Fermi energyEf;0.1–0.2 eV and D0

;0.05 eV I obtain thatD1 /D0;0.05–0.25. These estimate
show that predicted correction to the order parameter is r
tively large and could be observed experimentally. As it w
suggested above the effect could be detected by measu
penetration depth in the presence of supercurrent. Accord
to Eq. ~7! penetration depth should be reduced in the pr
ence of current. As a result penetration depth measured a
constant magnetic field should be different from penetrat
depth measured at the constant current. Moreover, temp
ture dependence of the penetration depth at low tempera
should satisfy Nernst principle13 leading to]l/]T→0 asT
→0. Another possibility to see the effect was proposed
Ref. 7. Generation ofp-wave component leads to anisotrop
of the Knight shift at low temperatures.

In conclusion, I have shown, that additionalp-wave com-
ponent appears in the case ofd-wave superconductor in th
presence of uniform supercurrent. This effect leads to
additional contribution to the current linear in the vector p
tential. It is shown that spin-orbit coupling is responsible f
this effect.

I am grateful to A.S. Alexandrov, A. Balatsky, D.F. Agte
berg, O.V. Dolgov, D. Mihailovic, T. Mertelj, and J. Demsa
for useful discussions.
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