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Raman spectra of triplet superconductivity in Sr2RuO4
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We study the Raman spectra of spin-triplet superconductors in Sr2RuO4. Thep-wave andf-wave symmetries
are considered. We show that there is the clapping mode with frequency ofA2D(T) andD(T) for p-wave and
f-wave superconductors, respectively. This mode is visible as a huge resonance in theB1g andB2g modes of
Raman spectra. We discuss the details of the Raman spectra in these superconducting states.
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I. INTRODUCTION

The superconductivity in Sr2RuO4 was discovered in
1994.1 Shortly after the discovery of superconductivity,
possible tripletp-wave superconductivity with the following
order parameter was postulated by Rice and Sigrist:2,3

D̂~k!5Dd̂~kx6 iky!, ~1!

whereD is the magnitude of the superconducting order
rameter. Here thed̂ vector is called the spin vector perpe
dicular to the direction of the spin associated with the c
densed pair.4 Notice that this state is analogous to theA
phase of3He and there is a full gap on the Fermi surfac
Subsequently, the triplet superconducting nature has b
confirmed by the constancy of17O Knight shift~spin suscep-
tibility ! throughTc for the magnetic field parallel to thea-b
plane.5 The broken time reversal symmetry state have b
also confirmed by the spontaneous magnetic moment fo
in mSR experiment.6 In general, the triplet superconducto
have a variety of collective modes. The spin waves and
clapping mode with the order parameter of Eq.~1! were stud-
ied in Refs. 7–9. Further, the effect of the clapping mode
the sound wave was studied.9 However, this coupling is very
small to detect the existence of the clapping mode.

In the meantime, the sample quality of Sr2RuO4 has been
improved. The cleanest sample shows the transition temp
ture close to the optimalTc51.5 K deduced from theTc
dependence of the residual resistivity.10All these high quality
samples exhibit the character of nodal superconductors;
T2 behavior of the specific heat,11 theT-linear dependence o
superfluid density,12 the T3 behavior of 1/T1 in NMR,13 the
T2 behavior of the ultrasonic attenuation,14 and theAH de-
pendence of the specific heat in a magnetic field11 at low
temperature. These low temperature behaviors of the spe
heat and superfluid density are consistent with af-wave su-
perconductor with nodes in the order parameter.15–19

On the other hand, the quasi-two-dimensional system w
strong paramagnon~the ferromagnetic spin fluctuation! fa-
vors thep-wave superconductor as given in Eq.~1!.20,21 In
order to understand this situation, the nodal structure of
order parameter becomes of crucial importance. In a serie
papers, Won and Maki have shown that the magnetother
conductivity forT! ṽAeH!D(0) will provide the direct ac-
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cess to this question,22,23 where ṽ5Avavc and va,c are the
anisotropic Fermi velocities. Such experiments have b
carried out by Tanataret al.24 and Izawaet al.25 The result is
consistent with thef-wave superconductor with horizonta
nodes of Eq.~2!, even though the thermal conductivity da
cannot exclude a small admixture, a few % ofp-wave order
parameter~1!:

D̂~k!5Dd̂@~kx6 iky!cos~ckz!#, ~2!

wherec is the lattice constant along thec axis.
Parallel to this development, Zhitomirsky and Rice26 have

proposed an alternative model, multigap model for Sr2RuO4.
As it is known that the Fermi surfaces in Sr2RuO4 consist of
three different bands labeled bya, b, andg bands,3 it is also
believed that the superconductivity arises mainly in theg
band. It was proposed that a full gap withp wave, Eq.~1!
exists in the active bandg, while line nodes with anf-wave
order parameter, Eq.~3! develops in thea and b due to
proximity effect:26

D̂zr~k!5Dd̂@~kx6 iky!cos~ckz/2!#. ~3!

While this model could reproduce the specific heat data
Nishizakiet al.,11 and the magnetic penetration depth data
Bonaldeet al.,12,27 they have not attempted to calculate t
magnetothermal conductivity which should be more reve
ing. Note that thef-wave superconductor associated witha
andb bands in Ref. 26 is similar to Eq.~2!, but not the same
The model with D̂zr produced much larger (;30 times!
cos(2f) term in the angular dependence of magnetother
conductivity. The better test of the nodal position can
done through the angle~azimuthal angle ofk from the a
axis! dependence of the thermal conductivity.17,28

More recently, Deguchiet al.observed a double transitio
in the specific heat with the magnetic field nearHc2, and this
experimental result was interpreted in terms of multig
model.29 On the other hand, the behavior of the specific h
and the magnetic penetration depth for low temperatureT
!Tc) and the low field (H!Hc2) appears to be consisten
with the f-wave order parameter given in Eq.~2!. At the
moment, it is not clear whether the order parameter of
~2!, or the multigap model with the order parameters of E
~1! and ~3! is adequate. This is the fundamental issue
Sr2RuO4.
©2003 The American Physical Society04-1
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In this paper, we study the Raman spectra of spin trip
superconductors in Sr2RuO4. Since the Raman spectraSi in
superconductors measure effective density fluctuations,
its strength of the scattering is determined by the Ram
vertex, g i , the clapping mode can couple to the Ram
fluctuations.4,9,30 We consider three different order param
eters given in Eqs.~1!, ~2!, and~3! sketched in Fig. 1:~a! p
wave with a full gap,~b! f wave with horizontal nodes, an
~c! f wave with node at the zone boundary. We identify t
clapping mode4 in these superconductors and consider
effect on Raman spectra. We show that~1! the Raman spec
troscopy can detect the clapping mode and~2! it can dis-
criminate the multigap model from the single gap model. F
the p-wave superconductor, the frequency of the clapp
mode was found atA2D(T),9 and this mode exists as a sha
resonance inB1g andB2g modes of Raman spectra. For th
f-wave superconductors@Eqs. ~2! and ~3!#, the frequency of
the clapping modeD(T) gets smaller than that of thep wave,
as we expect due to the existence of node, and this mod
also detectable inB1g and B2g modes of Raman spectra
While the weighted sum of the clapping mode contributio
from thep wave andf wave appears in the multigap mode
the single gap model of Eq.~2! has the contribution from
solely the clapping mode in thef-wave superconductor.

The paper is organized as follows. The formalism to ide
tify the clapping mode and its effect on the Raman spectr
summarized in Sec. II. The results of the Raman spectr
B1g andB2g modes forp-wave andf-wave superconductor
are presented in Secs. III and IV, respectively. The conc
sion and discussion will be in the Sec. V.

II. FORMALISM OF RAMAN SPECTRA AND
CLAPPING MODE

The electronic Raman scattering in superconductors
well described in Ref. 30. Therefore, here we give a br
summary of the Raman spectra. One can select the Ra
vertex which allows for different projections on the Ferm
surface. The intensity of the each Raman mode provides
formation on the gap structure along the Fermi surface.
Raman spectra in superconductors is determined from

Si
0~v,q→0!5ImF ^g i ,g i&2

^g i ,1&2

^1,1& G . ~4!

Here we use the following notational convenience:

FIG. 1. Order parameters with the cylindrical Fermi surface
~a! p wave,~b! f wave of Eq.~2!, ~c! f wave of Eq.~3!.
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n

(
p

Tr@Ar3G~p,vn!Br3G~p2q,ivn2 ivn!#,

~5!

where the single particle Green’s functionG( ivn ,k) in
Nambu space is given by

G21~ ivn ,k!5 ivn2jkr32D~ k̂• r̂ !s1 . ~6!

Herer i ands i are Pauli matrices acting on the particle-ho
and spin space, respectively.vn5(2n11)pT is the fermi-
onic Matsubara frequency andjk5(kx

21ky
2)/2m2m, where

m is the chemical potential. The Raman vertics,B1g andB2g
are written as

gB1g5A2 cos~2f!, gB2g5A2 sin~2f!, ~7!

where f is the angle of the wave vectork on the Fermi
surface. The second term of Eq.~4! is a back-flow term due
to the charge conservation, which can be seen in the limi
g i5const. In this case, Raman intensity should vanishes
cause there is no density fluctuation in the homogene
limit of q→0 in a superconductor.

The clapping mode is the fluctuation of the order para
eter which can be written asdDr3;exp(62if)(s16is2)r3
in the Nambu space, As it is indicated in the fluctuation
the order parameterdD}exp(62if), this mode can directly
couple toB1g and B2g channels of the Raman spectra. T
clapping mode makes the additional contribution to the R
man intensity given by

Si5Si
01ImS ^g i ,dD&^dD,g i&

g212^dD,dD&
D , ~8!

whereg is the coupling constant which mediates superc
ducting state and the coupling between the fluctuation of
order parameter and the light scattering with Raman ve
g i . On the other hand, theA1g mode does not couple to th
clapping mode. ThereforeSA1g

is given by the first term in

Eq. ~8!. Note thatSi
0 is the same for all three modes (B1g ,

B2g , andA1g) for each order parameter. This indicates t
existence of the axial symmetry and horizontal nodes in
order parameter, if there is any.

III. RAMAN SPECTRA OF B1g AND B2g IN P-WAVE
SUPERCONDUCTOR

The order parameter of Eq.~1! has a full gap on the Ferm
surface, therefore the bare Raman intensity in thep-wave
superconductor is same as that of thes-wave superconductor

SB1g

0 5Im^cos~2f!,cos~2f!&5
2pN~0!D2

vAv224D2
u~v224D2!.

~9!

Note that the Raman intensity is zero for the frequencyv
,2D due to the presence of the full gap.

The coupling to the collective mode leads to the ad
tional contribution to the Raman spectra. While theA1g
mode has the same frequency dependences asB1g andB2g as

r
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far as the bare Raman intensity,S0 is concerned, this mode
does not couple to the clapping mode. The Raman inten
due to the clapping mode can be obtained by computing
correlation functions, Eq.~8!. These are obtained as,

Rê dD,gB1g
&5N~0!@vD f #,

Rê dD,dD&5g212N~0!F S v2

2
2D2D f G , ~10!

wheref is given by

f ~v,T!5E
D

`

dE
tanh~E/2T!

AE22D2

1

4E22v2
~11!

and

g215
N~0!

2 E
D

` dE

AE22D2
tanh

E

2T
. ~12!

Since the imaginary part of̂dD,cos(2f)& and ^dD,dD& are
zero for the frequency,v,2D, the clapping mode appear
as a resonance in the Raman spectra forB1g , which is given
by

SB1g

clapp~v!5ImS ^gB1g
,dD&^dD,gB1g

&

g212^dD,dD&
D

52pN~0!v2D2f ~v,T!d~v222D2!. ~13!

The Raman intensityB1g(v) is plotted in Fig. 2 with a finite
impurity scatteringG50.1D. It is important to note that
there is a resonance at the frequency ofv5A2D with a
Lorentzian shape. The same is true forB2g channel.

FIG. 2. Raman intensity forp wave with a finite impurity scat-
teringG50.1D. The solid line is the contribution from the clappin
mode, the dotted line is the bare Raman intensity.
18050
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IV. RAMAN SPECTRA OF B1g AND B2g IN f-WAVE
SUPERCONDUCTOR

We consider thef-wave order parameter of Eq.~2!, and
the cylindrical Fermi surface independent ofkz . Since there
is a node along thekz direction, we expect the finite bar
Raman intensity,̂g i ,g i& at low frequency (v,2D),

SB1g

0 5Im^cos~2f!,cos~2f!&

5
4N~0!D

v FKS v

2D D2ES v

2D D G tanh
v

4T
, ~14!

where K and E are complete elliptic integral of first an
second kinds, respectively.

The contribution from the coupling to the clapping mo
is given by

SB1g

clapp5N~0!v2D2
4vc

Rvc
I D~v,T!

~v22vC
R!214~vc

Rvc
I !2

, ~15!

where

D~v,T!5
2

pE0

` dE

4E22v2

1

D FKS E

D D2ES E

D D G tanh
E

2T
.

~16!

The frequency of the clapping mode and its damping
obtained as

vc
R5D, vc

I 50.57D, ~17!

wherevc
I 5Im^dD,dD&/N(0)vc

RD(v,T) and Im̂ dD,dD& is
given by

Im^dD,dD&5
N~0!

v S v2

D
@K~k!2E~k!#2

2D

3
@~k212!K~k!

22~k211!E~k!# D tanh
v

4T
, ~18!

where k5v/2D. The Raman intensity due the clappin
mode is shown in Fig. 3. It is important to note that the sha
of the Raman intensity is not Lorentzian, but it has asymm
try. The Raman spectra for the another proposedf-wave, Eq.
~3! are identical to the result presented here for the or
parameter of Eq.~2!.

V. CONCLUSION

Within the framework of the weak-coupling BCS theor
we have studied the Raman spectra of two-dimensionap
wave @Eq. ~1!# and f wave @Eqs. ~2! and ~3!# superconduct-
ors; the candidate for Sr2RuO4. The clapping mode with
angular momentum62, parallel to thec axis is common to
these ground states, which break the chiral symmetry.
have shown that the clapping mode has the frequency
A2D(T), andD(T) for p- and f-wave superconductors, re
spectively. We have also shown that the clapping mo
couples both sound wave,9 and B1g and B2g modes of the
Raman spectra. While the coupling to the sound wave is v
4-3
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small, the clapping mode appears as a huge resonanc
Raman spectra. Therefore, if the present experimental d
culty is overcome, the Raman spectroscopy provide
unique window to probe the clapping mode.

Investigating the clapping mode in Raman spectra w

FIG. 3. Raman intensity forf wave. The solid line is the contri
bution from the clapping mode, the dotted line is the bare Ram
intensity, and the dashed line is the total Raman intensity.
.
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also probe the order parameter of Sr2RuO4. The single-gap
model of thef wave shows only contribution from the clap
ping mode off-wave order parameter~Fig. 3!. On the other
hand, the multigap model proposed by Zhitomirsky and R
should be the weighted sum of thep wave ~Fig. 2! and f
wave ~Fig. 3! contribution. It is important to note that th
maximum gap ofDzr'(0.2– 0.5)DBCS on the a and b
bands, while the maximum ofD on g band withp wave is
set to beDBCS which is the energy scale we used in o
figures. Therefore, for the multigap model, the contributi
from f-wave order parameter, Eq.~3! should be peaked
around (0.2– 0.5)D ~with the contribution fromp wave
aroundA2D), while single gap model gives the peak arou
D. The Raman intensity of thef-wave cases are rather sma
and it would be practically difficult to distinguish from it
background. On the other hand, the intensity of thep-wave
case appears as a huge resonance well separated from its
intensity. Therefore, the Raman spectroscopy can discr
nate the multigap model from the single gap model.
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