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Impurity bound states and symmetry of the superconducting order parameter in Sr2RuO4
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Recent experiments on Sr2RuO4 have indicated the presence of linear nodes in the superconducting order
parameter. Among the possible spin triplet states, two-dimensional~2D! p-wave superconductivity withEu

symmetry appears to be inconsistent with the experiments, whereas the 2Df-wave order parameter withB1g

3Eu symmetry turns out to be a more likely candidate. Here it is shown how the quasiparticle bound-state
wave functions around a single impurity provide a clear signature of the symmetry of the underlying super-
conducting order parameter.
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I. INTRODUCTION

In recent years, we have experienced a rapid improvem
in the quality of Sr2RuO4 single crystals. This developmen
has led to a renewed discussion regarding the symmetr
the underlying superconducting order parameter. The d
from specific heat measurements,1 NMR results onT1

21,2 and
magnetic penetration depth experiments3 in very pure single
crystals withTc.1.5 K suggest a linear nodal structure
the superconducting order parameter, similar to
dx22y2-wave superconductors.4 Hence, the initially proposed
fully gapped two-dimensional~2D! p-wave superconductiv
ity with Eu symmetry5 appears to be inconsistent with th
experimentally observed nodal structure. On the other ha
the spin triplet nature of the superconductivity in Sr2RuO4

has clearly been established by muon rotation experime6

which probe a spontaneous spin polarization, and by the
Knight shift seen in NMR.7

Motivated by these recent experiments, several spin tri
order parameters with linear nodes have been proposed8 In
particular, from a study of the thermal-conductivity tensor
a planar magnetic field it has been suggested that the
f-wave order parameter withB1g3Eu symmetry is a likely
candidate.9 Furthermore, recent measurements of the ang
dependence of the upper critical field have detected an
plane anisotropy consistent with aB1g3Eu component to the
order parameter.10

The objective of this paper is to calculate the quasipart
bound-state wave function around nonmagnetic impuritie
unconventional superconductors with the anisotropic or
parameters which have been proposed for Sr2RuO4. It has
recently been observed in a series of scanning tunneling
croscopy~STM! imaging experiments that a Zn impurity i
the high-Tc compound Bi2212 gives rise to such a bou
state, leading to a distinct fourfold symmetric pattern in t
local tunneling conductance around the impurity.11 From the
theoretical side it was shown that this type of bound-st
wave function can be interpreted in terms of the solutions
the Bogoliubov–de Gennes equations fordx22y2-wave
superconductors.12,13,14 Here we will perform an analogou
analysis for the proposed 2Dp-wave andf-wave order pa-
rameters.
PRB 620163-1829/2000/62~18!/11969~4!/$15.00
nt

of
ta

e

d,

ts
at

et

D

ar
n-

e
in
r

i-

e

e
f

II. BOUND-STATE WAVE FUNCTIONS

A. 2D p-wave superconductors

For the initially proposed fully gapped odd-parity 2

p-wave superconductivity with an order parameterDW (k)
5D ẑ exp(6if) the Bogoliubov–de Gennes equations ha
already been worked out.16,17 In particular, whenD(r )5D
5const,15 one obtains

Eu~r !5F2
¹2

2m
2m2V~r !Gu~r !1pF

21D~ i ]x2]y!v~r !,

~1!

Ev~r !52F2
¹2

2m
2m2V~r !Gv~r !1pF

21D~ i ]x1]y!u~r !,

~2!

wherem is the chemical potential, and the impurity potenti
centered at the siter50, is approximated byV(r )
5ad2(r ). For simplicity, only the 2D system is considere
here.

A simple variational solution of Eqs.~1! and~2! is found
to be

u~r !5A exp~2gr !J0~pFr !, ~3!

v~r !5Aa exp~2gr !J1~pFr !exp~ if!, ~4!

wherepF is the Fermi momentum,Jl(z) are Bessel functions
of the first kind, andA is a global normalization factor. By
inserting these variational wave functionsu(r ) andv(r ) into
the Bogoliubov–de Gennes equations, it follows thatE5
2(V/2)6A(K2V)21D2 anda5D/(E1K).1, where the
kinetic K and the potentialV contributions to the energy ar
defined by
R11 969 ©2000 The American Physical Society
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K[

E
0

`

drr $@] r exp~2gr !Jl~pFr !#21@ l exp~2gr !Jl~pFr !/r #2%

2mE
0

`

drr @exp~2gr !Jl~pFr !#2

2m.
g2

2m
, ~5!

V[

E
0

`

drr exp~22gr !J0
2~pFr !V~r !

E
0

`

drr exp~22gr !J0
2~pFr !

.~2pgpF!E
0

`

drr exp~22gr !J0
2~pFr !V~r !. ~6!

FIG. 1. Spatial variation of the
local tunneling conductance, cen
tered at a nonmagnetic impurity in
2D p-wave superconductor with

DW (k)5D ẑ exp(6if). In the left fig-
ure, the dominant contribution
uu(r )u2 at the positive bound-state
resonant frequencyE0 is shown. On
the right-hand side, the dominan
contribution uv(r )u2 at the negative
bound-state resonant frequenc
2E0 is shown.
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The squares of the wave functionsu(r ) andv(r ) can be
observed by scanning tunneling microscopy.11 The tunneling
current,I (r ,V)}*dEAS(r ,E)AN(r ,E1eV), is a convolution
of the local one-particle spectral function of the normal-st
tip, AN(r ,E)5(kd(E2Ek), and that of the superconductin
sample,AS(r ,E)5(k@ uu(r )u2d(E2Ek)1uv(r )u2d(E1Ek)#.
The differential tunneling conductance is thus obtained
taking the partial derivative ofI (r ,V) with respect to the
applied voltageV,

]I

]V
~r ,V!}sech2S eV2E0

2T D uu~r !u21sech2S eV1E0

2T D uv~r !u2.

~7!

At small temperatures, the local tunneling conductan
around the impurity site is dominated byuu(r )u2 for a fixed
binding energyE0 and byuv(r )u2 for 2E0.
e

y

e

In Figs. 1~a! and 1~b!, we showuu(r )u2 and uv(r )u2, re-
spectively. The Fermi wave vectorpF.2.7/a was chosen
to be consistent with band-structure calculations.18 The
patterns described by the squares of these wave funct
are concentric circles without a trace of fourfold symmet
If the underlying superconducting order parameter
indeed DW (k)5D ẑ exp(6if) the patterns of the loca
tunneling current around nonmagnetic impurities sho
thus be featureless along the azimuthal direction in the
plane.

B. 2D f-wave superconductors

Let us now consider 2Df-wave superconductors with a
order parameterDW (k)5D ẑ cos(2f)exp(6if). Following the
above procedure, the corresponding Bogoliubov–de Gen
equations are then given by
FIG. 2. Spatial variation of the local tunneling conductance, centered at a nonmagnetic impurity in a 2Df-wave superconductor with

DW (k)5D ẑ cos(2f)exp(6if). On the left-hand side, the dominant contributionuu(r )u2 at the positive bound-state resonant frequencyE0 is
shown. On the right-hand side, the dominant contributionuv(r )u2 at the negative bound-state resonant frequency2E0 is shown. The solution
in this figure corresponds to the weak impurity scattering limit.
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FIG. 3. Same as Fig. 2, but fo
strong impurity scattering.
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Eu~r !5S 2
¹2

2m
2m2V~r ! Du~r !

1pF
23D~]x

22]y
2!~ i ]x2]y!v~r !, ~8!

Ev~r !52S 2
¹2

2m
2m2V~r ! D v~r !

1pF
23D~]x

22]y
2!~ i ]x1]y!u~r !. ~9!

Bound-state solutions for this case are found to be of
form

u~r !5A exp~2gr !@J0~pFr !1bJ4~pFr !cos~4f!#, ~10!

v~r !5A exp~2gr !@aJ1~pFr !exp~2 if!

1dJ3~pFr !exp~3if!#. ~11!

In analogy to Ref. 13, we obtain

E5K2V2
1

A2
D~a1d!, ~12!

Ea52Ka2
1

A2
DS 11

b

A2
D , ~13!

Eb5Kb2
1

2
D~a1d!, ~14!

Ed52Kd2
1

A2
DS 11

b

A2
D . ~15!

From Eqs.~12!–~15! we geta5d5(V2K)/(A2D) and b
5@12V/(K2E)#/A2. For an impurity with a scattering
strength in the unitary limit the energy of the bound state
expected to be very small,E.0, andV.D. This givesb
.21/A2. On the other hand, in the Born limitE.D and
V.0, which givesb.1/A2. In Figs. 2~a! and 2~b!, we plot
uu(r )u2 and uv(r )u2 for b51/A2, corresponding to weak
scattering. In the limit of strong impurity scattering,b5
21/A2, the patterns are changed as shown in Figs. 3~a! and
3~b!. It is observed that for 2Df-wave superconductors wit
DW (k)5D ẑ cos(2f)exp(6if), bothuu(r )u2 anduv(r )u2 have a
fourfold symmetry. Depending on the impurity scatteri
strength, they extend either in the directions of the Ru
bonds or are tilted by an angle of 45°. The STM imaging
e

s

f

impurity bound states can thus provide a clear signature
the order parameter symmetry for the underlying superc
ductivity.

III. CONCLUDING REMARKS

Stimulated by the successful scanning tunneling micr
copy imaging of quasiparticle bound-state wave functio
around Zn impurities in Bi2212,11,19 we have studied
the analogous patterns of impurity bound states in Sr2RuO4.
By applying the appropriate Bogoliubov–de Gennes eq
tions, the characteristic patterns were distinguished for
proposed order parameters:~i! gapped 2Dp-wave ~or Eu)
superconductors withDW (k)5D ẑ exp(6if), and ~ii ! gapless
2D f-wave ~or B1g3Eu) superconductors withDW (k)
5D ẑ cos(2f)exp(6if). While the tunneling conductanc
patterns of the fully gapped odd-parity 2Dp-wave supercon-
ductor are featureless along the azimuthal direction, a c
fourfold symmetry inuu(r )u2 anduv(r )u2 is predicted for the
2D f-wave superconductor.

The experimentally observed in-plane anisotropy of
upper critical fieldHc2 in Sr2RuO4 is quite small~'3%!.
This may indicate that there is a combination of 2Df-
wave and p-wave superconductivity in this compound.10

Furthermore, a possible alternative to the plain 2Dp-
wave superconductivity considered above would be a
A1g3Eu f-wave order parameter of the formDW (k)
5D ẑ cos(ckz)exp(6if). The in-plane impurity bound-stat
patterns for 2DEu and 3D A1g3Eu are the same, and
directional probe along thek̂z direction would be needed to
distinguish between these two cases.

Our study suggests that the Bogoliubov–de Gennes
malism in the continuum limit is very useful in addressin
the shape of impurity induced bound states. The correspo
ing bound-state wave functionsu(r ) andv(r ) clearly reflect
the symmetry ofD~r !. Therefore the imaging of these wav
functions provides unique insight into the underlying sy
metry of the order parameter. A similar study of the vort
state is in progress.
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