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Vortex charging effect in a chiral pxÁ ipy-wave superconductor
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Quasiparticle states around a single vortex in apx6 ipy-wave superconductor are studied on the basis of the
Bogoliubov–de Gennes~BdG! theory, where both charge and current screenings are taken into account. Due to
the violation of time-reversal symmetry, there are two types of vortices which are distinguished by their
winding orientations relative to the angular momentum of the chiral Cooper pair. The BdG solution shows that
the charges of the two types of vortices are quite different, reflecting the rotating Cooper pair of thepx

6 ipy-wave paring state.
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I. INTRODUCTION

The discovery of many types of superconductors fr
heavy fermion compounds to high-Tc cuprates has driven u
to study a large variety of new physics beyond the stand
BCS theory for conventionals-wave superconductors. Th
study of the unconventional superconductivity was stim
lated by the discovery of superfluid3He in which a spin
triplet p-wave state is realized. Unlike the convention
s-wave state, thep-wave state has both spin and orbital d
grees of freedom. This is the most pronounced feature of
unconventional superconductors, observed in their ther
dynamics and impurity effects or detected by tunneling sp
troscopy, nuclear magnetic resonance~NMR!, muon spin re-
laxation ~mSR! measurements, and so on.

Sr2RuO4 is the first layered perovskite compound sho
ing superconductivity without CuO2 planes.1 Recent experi-
mental and theoretical studies indicated that the super
ducting pairing symmetry of Sr2RuO4 is not a simple
s-wave. The absence of a Hebel-Slichter peak in nuc
quadrupole resonance~NQR!,2 and the sensitivity ofTc on
nonmagnetic impurities,3 pointed toward an unconventiona
pairing. The indication of broken time reversal symmetr4

observed inmSR measurements, gives a strong argument
the unconventional paring state. A Knight shift experime
showed that spin susceptibility is not affected by the sup
conducting state,5 which is strong evidence of a spin-triple
pairing. Sigristet al. suggested that apx6 ipy-wave state,
which breaks the time-reversal symmetry in a tetrago
crystal field, is the most likely pairing state for Sr2RuO4.6

The line node behavior reported in the latest experiment7–9

is related to low-temperature thermodynamical measu
ments, such as specific heat and NMRT1

21. An orbital-
dependent superconductivity10 and gap anisotropy11,12 were
suggested to understand the line node behavior. Here w
cus on thepx6 ipy-wave pairing state, since this represen
tion is the simplest and essential form. We will see a r
physics of this chiral state.

The most intriguing character of thepx6 ipy-wave state is
that the Cooper pair has a61 angular momentum, i.e., th
pair electrons are rotating. This property is similar to that
theA phase of the superfluid3He. Due to the violation of the
0163-1829/2001/65~1!/014504~8!/$20.00 65 0145
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time-reversal symmetry, we have two types of vortices, o
of which is in the same direction to the angular moment
of the rotating Cooper pair, and the other is in the oppos
direction. The rotating pair shows up in quasiparticle sta
around a vortex core.

In this paper we present an interesting physics related
vortex. We focus on a vortex charging effect.13 It was
pointed out that for ans-wave superconductor the vorte
charge is proportional to the slope of the density of state
the Fermi level.14 Hayashi et al. proposed that the vortex
charge is determined by the quasiparticle structure in
vortex core15 rather than the slope of the density of state
Very recently, it was reported that Chern-Simons terms le
to a fractional vortex charge for thepx6 ipy-wave state.16

Thus the origin of the vortex charge is still controversial.
make this point clearer, we investigate the vortex charg
effect in a chiralpx6 ipy-wave state, concentrating our a
tention on the microscopic origin of the vortex charge. Th
is demonstrated by solving the Bogoliubov-de Gennes~BdG!
equation self-consistently, including both charge and curr
screenings. To our knowledge, this is the first fully se
consistent BdG study of a single vortex. We would like
show how the rotating Cooper pair shows up in the vor
charging effect.

This paper is organized as follows. In Sec. II, we pres
our formulation for calculating quasiparticle states near
vortex core based on the BdG equation. In Sec. III, we sh
numerical results. We give a summary and discussions
Sec. IV.

II. FORMULATION

Let us begin with the following BdG and gap equatio
for the px6 ipy-wave state:17–19

h0un2
i

kF
(
6

FD6h61
1

2
~h6D6!Gvn5Enun , ~1a!

2h0* vn2
i

kF
(
6

FD6h61
1

2
~h6D6!G* un5Envn ,

~1b!
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h05
1

2m S 2 i¹1
e

c
AD 2

2eA02m, ~1c!

D6~r!52 i
VpV

2kF
(

0<En<Ec

tanhS En

2TD @vn* ~r!h7un~r!

2un~r!h7vn* ~r!#. ~1d!

A detailed derivation is given in the Appendix. Througho
this paper, we use\51 andkB51 units.e.0 is the electron
charge.En is the energy eigenvalue for the superconduct
quasiparticle, andh65]x6 i ]y is used.A0 and A are the
scalar and vector potentials, respectively.Vp.0 andV are
the p-wave attractive interaction and the volume of the tw
dimensional system, respectively.Ec is a cutoff energy, and
m is a chemical potential.D6 is the order parameter for th
px6 ipy-wave. For simplicity, we assume that the superc
ductor is basically two dimensional, and has a cylindri
Fermi surface. We note that the BdG solution has the follo
ing time-reversal relation:

$u2En
,v2En

%5$vEn
* ,uEn

* %. ~2!

The solution of the BdG equation determines the tw
dimensional electron and current densities:

n~r!52(
En

uun~r!u2f ~En!, ~3a!

J~r!52
ie

m (
En

@un* ~r!¹un~r!2un~r!¹un* ~r!# f ~En!

2
e2

mc
n~r!A~r!. ~3b!

By using relation~2!, both densities have been expressed
terms of theun amplitude. f (En) is the Fermi distribution
function, and theEn summation in Eq.~3! runs both negative
and positive regions. The scalar and vector potentials o
the Maxwell equations

¹2A0~r!52
4pe

d
@n02n~r!#, ~4a!

¹2A~r!52
4p

cd
J~r!. ~4b!

We have introduced a layer spacingd to convert the area
densities into volume densities. To satisfy charge neutra
we introduce a uniformn0 as the density of positive back
ground charge. We have taken the origin of the coordinat
the vortex center.

In the bulk regionpx1 ipy and px2 ipy-wave states are
degenerate. In this paper we will choose one of the two
generate states, thepx1 ipy-wave state, as a dominant com
ponent. However, the other component (px2 ipy) is admixed
with the bulk state (px1 ipy) close to the vortex core.20

Therefore, our formulation includes bothpx6 ipy compo-
nents. Thepx1 ipy-wave state has a11 Cooper pair phase
winding, sinceh1 in Eq. ~1! is expressed as
01450
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h15eifS ] r1
i

r
]fD . ~5!

Here r and f are the two-dimensional polar coordinates.
single vortex produces an additional phase winding of61.
Therefore, there are two kind of vortices: the vortex windi
direction is parallel or antiparallel relative to the Cooper p
winding. As we will see later, the former vortex is charg
up, while the latter is not. We call the former and the latte
C ~charged! vortex and aU ~uncharged! vortex, respectively.
The C vortex has an effective twofold winding of12. On
the other hand, the phase winding is zero for theU vortex,
since the winding of the Cooper pair cancels the vortex p
Due to the rotational symmetry of the system, the angu
momentum is a good quantum number. The BdG soluti
are then classified by the angular momentum. To keep
rotational symmetry, there is only the following combinatio
of the order parameters for theC andU vortices:

D1~r ,f!5D1~r !eif, D2~r ,f!5D2~r !ei3f,

~C vortex!, ~6a!

D1~r ,f!5D1~r !e2 if, D2~r ,f!5D2~r !eif,

~U vortex!, ~6b!

whereD1 and D2 are the dominant and admixed comp
nents, respectively. Hence the wave functionun couples with
vn in the following angular momentum spaces:17

un
l ↔vn

l 22 ~C vortex!, ~7!

un
l ↔vn

l ~U vortex!, ~8!

where the superscripts represent the angular momenta oun
andvn . The Ginzburg-Landau~GL! calculation showed tha
the U vortex is energetically favored.21 However, in a real
sample we can expect two types (px6 ipy) of domains, so
that there are bothC and U vortices in the presence of a
external magnetic field. We solve the two-dimension
single-vortex problem on a disk of radiusR. Since we treat a
cylindrical system, it is convenient to expand wave functio
by the following base functions:

S un~r!

vn~r!D 5(
j
S uln je

il fw l j ~r !

v l 8n je
il 8fw l 8 j~r !D , ~9a!

w l j ~r !5
1

ApR2
Jl S Zl j r

R D . ~9b!

HereJl is the l th Bessel function,Zl j is the j th zero ofJl ,
and R is the radius of the system.l 8 in Eq. ~9a! takes l
22 (l ) for the C vortex (U vortex!.

In a practical numerical calculation, we use n
dimensional quantities. We express them with bars as
lows:
4-2
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¹5
1

j0
¹̄, T5D0T̄,

D65D0D̄6 , En5D0Ēn ,

m5D0m̄, Ec5D0Ēc ,

r5j0r̄, h65
1

j0
h̄6 ,

un5
1

j0
ūn , vn5

1

j0
v̄n ,

eA05D0ā0 ,
e

c
A5

1

j0
ā,

n5
1

j0
2
n̄, n05

1

j0
2
n̄0 ,

J5
e

mj0
3
J̄.

Here D0 ~unit of energy! is the magnitude of the order pa
rameter atT50. j05vF /D0 ~unit of length! is the supercon-
ducting coherence length. Using these nondimensional q
tities, we obtain the following set of equations:

h̄0ūn2
i

kFj0
(
6

F D̄6h̄61
1

2
~h̄6D̄6!G v̄n5Ēnūn ,

~10a!

2h̄0* v̄n2
i

kFj0
(
6

F D̄6h̄61
1

2
~h̄6D̄6!G* ūn5Ēnv̄n ,

~10b!

h̄05
1

2kFj0
~2 i ¹̄1ā!22ā02m̄, ~10c!

D̄6~ r̄!52 ig
1

2kFj0
(

0<Ēn<Ēc

tanhS Ēn

2T̄
D @ v̄n* ~ r̄!h̄7ūn~ r̄!

2ūn~ r̄!h̄7v̄n* ~ r̄!#, ~10d!

n̄~ r̄!52(
Ēn

uūn~ r̄!u2f ~Ēn!, ~10e!

J̄~ r̄!52 i(
Ēn

@ ūn* ~ r̄!¹̄ūn~ r̄!2ūn~ r̄!¹̄ūn* ~ r̄!# f ~Ēn!

2n̄~ r̄!Ā~ r̄!, ~10f!

¹̄2ā0~ r̄!52
p

kFj0
S j0

lTF
D 2

@ n̄02n̄~ r̄!#, ~10g!
01450
n-

¹̄2ā~ r̄!52S j0

lL
D 2 1

n̄0

J̄~ r̄!. ~10h!

HerelTF andlL are the Thomas-Fermi screening length a
London penetration depth, respectively. They are given b

lTF
2 5

1

4pe2N~0!
5

d

4e2m
, ~11a!

lL
25

c2

4p

md

e2n0

, ~11b!

whereN(0) is the density of states at Fermi energy. Fo
two-dimensional layer system, it is given byN(0)5m/pd. g
in Eq. ~10d! is a nondimensional coupling for thep-wave
defined asg5VpV/(D0j0

2). We have three no-dimensiona
parameters:kFj0 , lTF /j0, andlL /j0.

In our numerical calculation, we obtainD̄6( r̄), ā0( r̄), and
ā( r̄) by solving Eq.~10! iteratively within a Gygi-Schlu¨ter
method.22 In the self-consistent calculation we fix the tot
number of electrons to the normal state value by adjustingm̄.

III. NUMERICAL RESULTS

Let us discuss our BdG self-consistent solutions. First
show the order parameters in Fig. 1~a!. The admixed compo-
nent D2 is induced around the vortex core as expected
shows the asymptotic behaviorD2}r (D2}r 3) for the U
vortex (C vortex!, which is consistent with the GL result.21

uD2u for the U vortex is larger than for theC vortex. This
indicates that theU vortex gains much condensation energ
In Fig. 1~b! we show several energy eigenvalues of the B
equation. We note that both vortices have zero-energy bo
states.23 The appearance of the zero-energy states is a co
quence of the symmetric property of the BdG equation@Eq.
~2!#. As we discuss below, the bound state forl u50 is very
important to the vortex charging effect,15,24 where l u is the
angular momentum of the wave functionun . BC andBU in
Fig. 1~b! represent the bound state. Next we show the cha
density around the vortex core. As in Fig. 2~a!, a large charge
density appears in the vortex core.24 The induced electric
field is screened as we go far from the vortex center. Fig
2~b! is the spatial dependence of the electron density at v
ous temperatures. AtT50 the electron density is sudden
decreased in the core region, which results in a vor
charge. With an increase of temperature, the electron den
becomes uniform and the charge density is reduced acc
ingly. Contrary to theC vortex, the electron density is almos
uniform at all temperatures for theU vortex, so that the
vortex charge is very small in this case.

Let us explain the microscopic origin of the vortex char
ing effect. First we discuss theC vortex case. There are tw
contributions to the electron densityn. One is from bound
states, and the other is from extended states. We call
former nB , and the latternE (n5nB1nE). In general only
l u50 states contribute to the local electron density at
vortex center. In a microscopic study we find the importa
4-3



MASASHIGE MATSUMOTO AND ROLF HEEB PHYSICAL REVIEW B65 014504
FIG. 1. Self-consistent results atT50. ~a! Order parameters scaled byD0, which is the order parameter atT50 in the bulk region.
j05vF /D0 is the coherence length. The set of parameters is taken asR58j0 , kFj0516, lL5j0 , lTF51/kF , andEc5m. HerelL andlTF

are the London and Thomas-Fermi screening lengths, respectively.~b! Bound-state energy spectrum for theC vortex ~circle! and theU
vortex (X). l u is the angular momentum of the wave functionun . The bound states represented byBC andBU are important in the vortex
charging effect~see the text!. Extended states lie continuously in auEnu>D0 region.17
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role of the bound state with zero angular momentuml u
50).15,24 At zero temperature only theEn<0 states are ef-
fective in Eq.~3!. Therefore, the bound stateBC in Fig. 1~b!
cannot contribute to the electron density, since this stat
unoccupied@Fig. 3~a!#. nB is then suddenly decreased in th
core region as in Fig. 3~b!, and the total electron density i
decreased close to the vortex center, resulting in a finite
tex charge. At finite temperatures the contribution from
BC state comes out@Fig. 3~a!# due to the finite Fermi distri-
bution function in Eq.~3! for En.0. Correspondingly,nB
increases in the core region as shown in Fig. 3~b!. At T
50.3D0, which is larger than the energy ofBC , the electron
density is almost uniform due to the contribution from t
BC state. The vortex charge is then reduced strongly at h
temperatures, as shown in Fig. 2~b!.

Next we discuss theU vortex. Contrary to theC vortex,
theBU bound state in Fig. 1~b! can contribute to the electro
density at all temperatures, since this state is located at
energy. As a consequence, the electron density for thU
01450
is

r-
e

h

ro

vortex is almost uniform. In theU vortex case we find a very
small temperature dependence in the electron density, s
the BU state is located at zero energy and participates
energy excitations with the same rate at all temperatures.
note that the electron density for theU vortex is very similar
to that for theC vortex atT50.3D0, where theBC state is
occupied. We conclude that the appearance of the vo
charge depends on the position of thel u50 bound state rela-
tive to the temperature. In the conventionals-wave case, the
vortex charge always appears at sufficiently lo
temperatures,15 which is similar to theC vortex result.

Let us mention the effect of charge screening. We sh
the total electron densityn and the contribution from ex-
tended statesnE for two cases, where charge screening
taken into account or not~see Fig. 4!. In the no-charge-
screening case, the contribution from extended statesnE is
small at the vortex core. The total electron densityn is then
decreased, resulting in a larger vortex charge. Note that
scalar potential in Eq.~10g! is zero (ā050) for no charge
FIG. 2. ~a! Dimensionless scalar potentiala05eA0 /D0, electric fielder52j0] ra0, and charge densityr5j0(1/r 1] r)er for theC vortex
at T50. ~b! Spatial dependence of the electron densityn in 1/j0

2 units at various temperatures. The charge density is given byr(r )
5e@n(`)2n(r )#.
4-4
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FIG. 3. Local electron density for theC vortex in 1/j0
2 units.~a! Contribution from the bound stateBC @Fig. 1~b!#. It is zero atT50. ~b!

Bound-state contributionnB .
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screening (lTF→`). Therefore, the scalar potential does n
work to screen the vortex charge. On the other hand, w
the charge screening turns on, quasiparticles respond to
vortex charge via the scalar potentialā0 in the BdG equa-
tions ~10a!–~10c!. nE is then increased to cancel the vort
charge. In contrast to the extended state, the electron de
of the bound statesnB does not exhibit a difference betwee
the charge screening and no screening cases. Since the b
states are localized around the vortex core, their wave fu
tions hardly modulate, while the extended states do ea
Hence the extended states quickly respond to the ele
field, and they screen the vortex charge. However, there
remains a substantial vortex charge.

We discuss the effect of a magnetic field. The Che
Simons physics16 and the Bernoulli effect25 take place in the
presence of a magnetic field. To see this effect we comp
the two results, whereā is present or ignored~no magnetic
field!. The scalar potentialā0 is taken into account in both
cases. Our result shows that the effect of the magnetic fie
too small to be seen. Thus we find that the vortex charg

FIG. 4. Total electron densityn and contribution from the ex-
tended statesnE at T50. Solid lines represent the result with char
screening (lTF51/kF), while dashed lines are the result witho
charge screening (lTF→`).
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mainly determined by the microscopic quasiparticle str
ture, which reflects the phase winding of the chiral pairin
Figure 5 shows a schematic picture of the energy spectrum
vortex bound states for various winding pairings. T
lowest-lying state appears at symmetric positions ofl u andl v
due to relation~2!, wherel u and l v are the angular moment
of un andvn , respectively. For theC vortex the bound-state
energy is positive forl u50, while it is negative or zero for
theU vortex. Therefore, theC vortex is always charged up a
low temperatures, while theU vortex is not. Thus the vortex
charge can be discussed in terms of the vortex bo
states for all types of chiral pairings. Similarly, we can u
derstand that thes-wave ~zero winding! vortex is charged
up.15

Finally let us discuss nonchiral pairings, such aspx , py ,
and dx22y2-waves. These states are all gapless, and it

FIG. 5. Schematic picture of bound-state energy spectrum
various winding pairings. Numbers represent the angular mom
of un andvn ( l u and l v).
4-5
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reported that there is no bound states for thedx22y2-wave.26

Since the system is anisotropic in this case, the energy ei
states are not classified by the angular momentum. There
the above argument for the vortex charging is difficult
apply to this case. However, our result implies that the
tailed quasiparticle structure in the vortex core is import
for the vortex charging effect even in the gapless pair
cases.

IV. SUMMARY AND DISCUSSIONS

In conclusion, we have solved the problem of a sin
px6 ipy-wave vortex self-consistently within th
Bogoliubov–de Gennes theory. The full self-consistent c
culation, including both charge and current screenings,
performed to investigate vortex problems. Due to the tim
reversal symmetry breaking, there are two types of vortic
We found a substantial vortex charge in theC-vortex case,
while the vortex charge is suppressed forU-vortex case. We
conclude that the vortex charging effects are mainly de
mined by the local quasiparticle structure around the vor
core, reflecting the chiralpx6 ipy-wave pairing. Especially
the lowest vortex bound state is very important for the cha
ing effect at low temperatures.

In a real sample we can expect two types (px6 ipy) of
domains. Therefore, we expect bothC andU vortices in the
presence of an external magnetic field. In domains, where
C vortex is realized, an electronic field is induced due to
vortex charge. Therefore, the charge of theC vortex can be
detected. If we use a field-cooled sample, a single dom
forming aU vortex is realized all over the sample, since t
U vortex is energetically favorable.21 In this case it is diffi-
cult to find a signal from theU vortex, since the charge of th
U vortex is much smaller than that of theC vortex. Thus we
can distinguish betweenC andU vortices.

How can we detect the vortex charge? The vortex cha
can induce a lattice distortion, and it scatters neutrons. It
reported that a polarized neutron scattering can be use
detect the vortex charge.27 The NQR is also one of the pos
sible experiments which can detect the vortex charging
fect, since the NQR detects the local electric field induced
the vortex charge. Very recently, Kumagaiet al. reported that
a vortex charge is observed by the NQR in a high-Tc
material.28 Thus a detection of the vortex charge is
progress now. It is very exciting if the vortex charge of t
chiral superconductor is detected, since it can provide a v
strong evidence of arotating Cooper pair.
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APPENDIX A: DERIVATION OF BOGOLIUBOV –
DE GENNES EQUATION AND GAP EQUATION

In this appendix we derive the Bogoliubov–de Genn
equation and gap equation for thepx1 ipy-wave supercon-
ductor, which we use in the text. Let us start from the f
lowing Bogoliubov–de Gennes equations:

h0~r!un~r!1E dr8D~r,r8!vn~r8!5Enun~r!, ~A1a!

2h0* ~r!vn~r!2E dr8D* ~r,r8!un~r8!5Envn~r!.

~A1b!

Coordinatesr andr8 can be transformed into center-of-ma
and relative coordinates:

R5
r1r8

2
, X5r2r8. ~A2!

The px1 ipy-wave pairing is expressed as

D~R,k!5Dx~R!
kx

kF
1 iDy~R!

ky

kF
, ~A3a!

D~R,X!5
1

~2p!2E dkeik•XD~R,k!

5 i
1

~2p!2E dk
1

kF
@Dx~R!]x81 iDy~R!]y8#e

ik•(r2r8)

5
i

kF
@Dx~R!]x81 iDy~R!]y8#d~r2r8!. ~A3b!

HereDx andDy are thepx and py components of the orde
parameter. Substituting Eq.~A3b! into Eq. ~A1!, we obtain

h0~r!un~r!2
i

kF
H Dx~r!]x1 iDy~r!]y1

1

2
@]xDx~r!

1 i ]yDy~r!#J vn~r!5Enun~r!, ~A4a!

2h0* ~r!vn~r!2
i

kF
H Dx~r!]x2 iDy~r!]y1

1

2
@]xDx~r!

2 i ]yDy~r!#J un~r!5Envn~r!. ~A4b!

Next we derive the gap equation. The order paramete
defined by

D~r,r8!5V~r,r8! (
0<En<Ec

tanhS En

2TDun~r8!vn* ~r!

[V~r,r8!D~r,r8!, ~A5!

where Ec is a cutoff energy. For thep-wave pairing, we
assume the followingp-wave interaction:
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V~r,r8!52
VpV

~2p!2E dkeik•X
k2

kF
2

. ~A6!

HereVp.0 andV are thep-wave attractive interaction an
the two-dimensional volume of the system, respectively. T
order parameter is then expressed as

D~R,k!5E dXe2 ik•XD~r,r8!52VpVE dk8
k82

kF
2

1

~2p!2

3E dXe2 ik•XDS R1
X

2
,R2

X

2 Deik8•X. ~A7!

We expandD@R1(X/2),R2(X/2)# as

DS R1
X

2
,R2

X

2 D
.R~R,R!1F ]D~R,R8!

]R
2

]D~R,R8!

]R8
G

R8→R

•

X

2
,

~A8!

and obtain

D~R,k!.2VpV
k2

kF
2 (

0<En<Ec

tanhS En

2TDun~R!vn* ~R!

2 iVpV
k

kF
2
•S ]

]R
2

]

]R8
D (

0<En<Ec

tanhS En

2TD
3un~R!vn* ~R8!uR8→R . ~A9!

The first term in Eq.~A9! is zero due to thep-wave pairing.
SinceD(R,k) can be divided into two parts as in Eq.~A3a!,
the gap equation takes the following form:
G

Y.

.
tt.

,
.

.

.

i,
to,

01450
e

Dx~r!52VpV
i

kF
~]x2]x8! (

0<En<Ec

tanhS En

2TD
3un~r!vn* ~r8!ur8→r , ~A10a!

Dy~r!52VpV
1

kF
~]y2]y8! (

0<En<Ec

tanhS En

2TD
3un~r!vn* ~r8!ur8→r . ~A10b!

For a cylindrical system, it is convenient to introduce t
following form for order parameters:

D6~r!5 1
2 @Dx~r!6Dy~r!#. ~A11!

Here D6 is the order parameter for thepx6 ipy-wave pair-
ing. By using theD6 representation, the Bogoliubov–d
Gennes equation and the gap equations are expressed a

h0~r!un~r!2
i

kF
H D1~r!h11D2~r!h21

1

2
@h1D1~r!

1h2D2~r!#J vn~r!5Enun~r!, ~A12a!

2h0* ~r!vn~r!2
i

kF
H D1~r!h11D2~r!h21

1

2
@h1D1~r!

1h2D2~r!#J *
un~r!5Envn~r!, ~A12b!

D6~r!52VpV
i

2kF
~h72h78 ! (

0<En<Ec

tanhS En

2TD
3un~r!vn* ~r8!ur8→r , ~A12c!

h65]x6 i ]y . ~A12d!
.

.

1Y. Maeno, H. Hashimoto, K. Yoshida, S. Nishizaki, T. Fujita, J.
Bednorz, and F. Lichtenberg, Nature~London! 372, 532 ~1994!.

2K. Ishida, Y. Kitaoka, K. Asayama, S. Ikeda, S. Nishizaki,
Maeno, K. Yoshida, and T. Fujita, Phys. Rev. B56, R505
~1997!.

3A. P. Mackenzie, R. K. W. Haselwimmer, A. W. Tyler, G. G
Lonzarich, Y. Mori, S. Nishizaki, and Y. Maeno, Phys. Rev. Le
80, 161 ~1998!.

4G. M. Luke, Y. Fudamoto, K. M. Kojima, M. I. Larkin, J. Merrin
B. Nachumi, Y. J. Uemura, Y. Maeno, Z. Q. Mao, Y. Mori, H
Nakamura, and M. Sigrist, Nature~London! 394, 558 ~1998!.

5K. Ishida, H. Mukuda, Y. Kitaoka, K. Asayama, Z. Q. Mao, Y
Mori, and Y. Maeno, Nature~London! 396, 658 ~1998!.

6M. Sigrist, D. F. Agterberg, A. Furusaki, C. Honerkamp, K. K
Bg, T. M. Rice, and M. E. Zhitomirsky, Physica~Amsterdam!
317C-318C, 134 ~1999!.

7Y. Yoshida, A. Mukai, R. Settai, K. Miyake, Y. Inada, Y. Onuk
K. Betsuyaku, H. Harima, T. D. Matsuda, Y. Aoki, and H. Sa
J. Phys. Soc. Jpn.68, 3041~1999!.
. 8S. NishiZaki, Y. Maeno, and Z. Q. Mao, J. Phys. Soc. Jpn.69, 572
~2000!.

9K. Ishida, H. Mukuda, Y. Kitaoka, Z. Q. Mao, Y. Mori, and Y
Maeno, Phys. Rev. Lett.84, 5387~2000!.

10D. F. Agterberg, T. M. Rice, and M. Sigrist, Phys. Rev. Lett.78,
3374 ~1997!.

11K. Miyake and O. Narikiyo, Phys. Rev. Lett.83, 1423~1999!.
12Y. Hasegawa, K. Machida, and M. Ozaki, J. Phys. Soc. Jpn.69,

336 ~2000!.
13D. I. Khomskii and A. Freimuth, Phys. Rev. Lett.75, 1384

~1995!.
14G. Blatter, M. Feigel’man, V. Geshkenbein, A. Larkin, and A

Otterlo, Phys. Rev. Lett.77, 566 ~1996!.
15N. Hayashi, M. Ichioka, and K. Machida, J. Phys. Soc. Jpn.67,

3368 ~1998!.
16J. Goryo, Phys. Rev. B61, 4222~2000!.
17M. Matsumoto and M. Sigrist, J. Phys. Soc. Jpn.68, 724 ~1999!.
18R. Heeb, Doctor thesis, ETH Zu¨rich ~2000!.
19A. Furusaki, M. Matsumoto, and M. Sigrist, Phys. Rev. B64,

054514~2001!.
4-7



p.

MASASHIGE MATSUMOTO AND ROLF HEEB PHYSICAL REVIEW B65 014504
20D. F. Agterberg, Phys. Rev. Lett.80, 5184~1998!; Phys. Rev. B
58, 14484~1998!.

21R. Heeb and D. F. Agterberg, Phys. Rev. B59, 7076~1999!.
22F. Gygi and M. Schlu¨ter, Phys. Rev. B43, 7609~1991!.
23G. E. Volovik, Pis’ma Zh. E´ksp. Teor. Fiz.70, 601 ~1999! @JETP

Lett. 70, 609 ~1999!#.
24M. Matsumoto and M. Sigrist, Physica B281&282, 973 ~2000!.
01450
25Yu. M. Ivanchenko and A. N. Omel’yanchuk, Fiz. Nizk. Tem
11, 889 ~1985! @Sov. J. Low Temp. Phys.11, 490 ~1985!#.
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