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Raman spectra of triplet superconductivity in Sr,RuO,
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We study the Raman spectra of spin-triplet superconductorsRugY,. The p-wave and-wave symmetries
are considered. We show that there is the clapping mode with frequen@AgfT) andA(T) for p-wave and
f-wave superconductors, respectively. This mode is visible as a huge resonanciy trel B,; modes of
Raman spectra. We discuss the details of the Raman spectra in these superconducting states.
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. INTRODUCTION cess to this questioit,?> wherev = \v,v. anduv, . are the

anisotropic Fermi velocities. Such experiments have been
The superconductivity in SRuO, was discovered in carried out by Tanataet al?* and Izawaet al®® The result is
1994 Shortly after the discovery of superconductivity, a consistent with the-wave superconductor with horizontal
possible triplefp-wave superconductivity with the following nodes of Eq(2), even though the thermal conductivity data
order parameter was postulated by Rice and Sigfist: cannot exclude a small admixture, a few %peivave order
parameter1):

A(k)=Ad(k,*iky), 1 A 3
(k)=Ad(kxiky) @ A(k)=Ad[ (ky*iky)cogck,)], @

whereA is the magnitude of the superconducting order Pasyherec is the lattice constant along theaxis.

rameter. Here thel vector is called the spin vector perpen-  Pparallel to this development, Zhitomirsky and Rftkave
dicular to the direction of the spin associated with the CoNproposed an alternative model, multigap model foiRIO;.
densed paif. Notice that this state is analogous to the  As it is known that the Fermi surfaces in,BuO, consist of
phase of*He and there is a full gap on the Fermi surface.three different bands labeled by 3, andy bands® it is also
Subsequently, the triplet superconducting nature has beejlieved that the superconductivity arises mainly in the
confirmed by the constancy ¢fO Knight shift(spin suscep- pand. It was proposed that a full gap wiphwave, Eq.(1)
tibility) throughT, for the magnetic field parallel to the-b  exists in the active bang, while line nodes with arfrwave

plane® The broken time reversal symmetry state have beegger parameter, Eq3) develops in thex and 8 due to
also confirmed by the spontaneous magnetic moment foungroximity effect?

in «SR experiment.In general, the triplet superconductors

have a variety of_ collective modes. The spin waves and the Azr(k)zAa[(kxiiky)cos(ckZIZ)]. (3)

clapping mode with the order parameter of El).were stud-

ied in Refs. 7-9. Further, the effect of the clapping mode or\While this model could reproduce the specific heat data by

the sound wave was studi@dHowever, this coupling is very Nishizakiet al,'* and the magnetic penetration depth data by

small to detect the existence of the clapping mode. Bonaldeet al,*??’ they have not attempted to calculate the
In the meantime, the sample quality obRuO, has been magnetothermal conductivity which should be more reveal-

improved. The cleanest sample shows the transition temperéng. Note that the-wave superconductor associated with

ture close to the optimal .=1.5 K deduced from thé,  andg bands in Ref. 26 is similar to E(R), but not the same.

dependence of the residual resistivityll these high quality The model With&zr produced much larger~30 times
samples exhibit the character of nodal superconductors; tf‘@)s(zﬂ,) term in the angular dependence of magnetothermal
T2 behavior of the specific heatthe T-linear dependence of ¢onductivity. The better test of the nodal position can be
superfluid density? the T* behavior of 1T, in NMR,**the  gone through the angléazimuthal angle ok from the a
T2 behavior of the ultrasonic attenuatithand theyH de- axis) dependence of the thermal conductivify®
pendence of the specific heat in a magnetic ffefat low More recently, Deguchét al. observed a double transition
temperature. These low temperature behaviors of the specifif the specific heat with the magnetic field négy,, and this
heat and superfluid density are consistent withweave su-  experimental result was interpreted in terms of multigap
perconductor with nodes in the order paramétet? model?® On the other hand, the behavior of the specific heat
On the other hand, the quasi-two-dimensional system wittynd the magnetic penetration depth for low temperatiire (
strong paramagnofthe ferromagnetic spin fluctuatipria-  <T_) and the low field H<H,,) appears to be consistent
vors thep-wave superconductor as given in H@).*?*In \ith the f-wave order parameter given in E@). At the
order to understand this situation, the nodal structure of thgnoment, it is not clear whether the order parameter of Eq.
order parameter becomes of crucial importance. In a series @), or the multigap model with the order parameters of Egs.
papers, Won and Maki have shown that the magnetothermai) and (3) is adequate. This is the fundamental issue for
conductivity forT<v JeH<A(0) will provide the direct ac- SKLRUG,.
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(A.B)=T2, % TI{ApsG(p, ) BpsG(p—0iwy—iw,)],
)

where the single particle Green’s functidd(i w,,k) in

Nambu space is given by
(a) (b) (c)

=1 = — _ % . -
FIG. 1. Order parameters with the cylindrical Fermi surface for G (i K)=iwn=&pa=Ak-p)oy. 6)
(@) p wave, (b) f wave of Eq.(2), (c) f wave of Eq.(3). Herep; ando; are Pauli matrices acting on the particle-hole
and spin space, respectively,=(2n+1)=T is the fermi-

In this paper, we study the Raman spectra of spin triplePnic Matsubara frequency arg= (k;+k;)/2m—u, where
superconductors in §RuQ,. Since the Raman spect&in is the chemical potential. The Raman vertiBg, andBoq
superconductors measure effective density fluctuations, argre written as
its strength of the scattering is determined by the Raman ]
vertex, y;, the clapping mode can couple to the Raman VBlg:\/EC°32¢’)’ 7329=\/§SIF(2¢), @)
fluctuations’®=° We consider three different order param-\yhere ¢ is the angle of the wave vectdr on the Fermi

eters given in Eqs(1), (2), and(3) sketched in Fig. 1(a) p syrface. The second term of Ed) is a back-flow term due
wave with a full gap(b) f wave with horizontal nodes, and g the charge conservation, which can be seen in the limit of
(c) f wave with node at the zone boundary. We identify the,, — const. In this case, Raman intensity should vanishes be-
clapping modé in these superconductors and consider itscayse there is no density fluctuation in the homogeneous
effect on Raman spectra. We show tktthe Raman spec-  |imit of g—0 in a superconductor.

troscopy can detect the clapping mode a@git can dis- The clapping mode is the fluctuation of the order param-
criminate the multigap model from the single gap model. FOlgter which can be written a8A ps~exp(t2id)(oy=io)ps

the p-wave superconduct%r, the frequency of the clapping, the Nambu space, As it is indicated in the fluctuation of
mode was found a{2A(T),® and this mode exists as a Sharp the order parametesA <exp(-2ia), this mode can directly
resonance irB,4 andB,, modes of Raman spectra. For the ¢oyple toB;4 and B, channels of the Raman spectra. The

f-wave superconductof&gs. (2) and(3)], the frequency of  ¢japping mode makes the additional contribution to the Ra-
the clapping moda (T) gets smaller than that of thiewave,  man intensity given by

as we expect due to the existence of node, and this mode is
also detectable iB;4 and B,y modes of Raman spectra. . (y; ,6AY(5A,y;)
While the weighted sum of the clapping mode contributions S=§+Iml ———— |
from the p wave andf wave appears in the multigap model, g " —(84,84)

the single gap model of Eq2) has the contribution from  yhereq is the coupling constant which mediates supercon-
solely the clapping mode in thfewave superconductor. — gycting state and the coupling between the fluctuation of the
_ The paper is organized as follows. The formalism to iden-ger parameter and the light scattering with Raman vertex
tify the clapping mode and its effect on the Raman spectra i ;. On the other hand, th&,, mode does not couple to the
summarized in Sec. Il. The results of the Raman spectra lapping mode. ThereforSAlg is given by the first term in

B ndB,, m forp-wave andf-wav: rcon r .
19 aNdB,g modes forp-wave and-wave superconductors Eq. (8). Note thatS] is the same for all three modeB{(,

are presented in Secs. Ill and 1V, respectively. The conclu- L
sion and discussion will be in the Sec. V. Bag, @andA,g) for each order parameter. This indicates the

existence of the axial symmetry and horizontal nodes in the
order parameter, if there is any.

)

Il. FORMALISM OF RAMAN SPECTRA AND
CLAPPING MODE Ill. RAMAN SPECTRA OF By, AND B, IN P-WAVE

SUPERCONDUCTOR
The electronic Raman scattering in superconductors are )
well described in Ref. 30. Therefore, here we give a brief The order parameter of E(L) has a full gap on the Fermi
summary of the Raman spectra. One can select the Rama&face, therefore the bare Raman intensity in pheave
vertex which allows for different projections on the Fermi SUperconductor is same as that of sheave superconductor:

surface. The intensity of the each Raman mode provides in-

2
formation on the gap structure along the Fermi surface. The.o _ 27N(0)A 2 a2
Raman spectra in superconductors is determined from SBlg_ Im{cos2¢),c0824))= w‘/w7_4A?0(w 48%).
€)
(71,1)? Note that the Raman intensity is zero for the frequeney,
SAw,q—0)=Im|(y, 17i>_W - (4)  <2A due to the presence of the full gap.

The coupling to the collective mode leads to the addi-
tional contribution to the Raman spectra. While thgg
Here we use the following notational convenience: mode has the same frequency dependencBsaandB,, as
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20 : IV. RAMAN SPECTRA OF B;4 AND By, IN f-WAVE
! SUPERCONDUCTOR
| We consider thd-wave order parameter of E¢R), and
15| i'. | the cylindrical Fermi surface independentlgf. Since there
i is a node along thé&, direction, we expect the finite bare
s, /N ill Raman intensity( y;,v;) at low frequency <2A),
0| g , S%lg=lm<cos<2¢>,cos<2¢>>
::‘ AN(O)A K ® E| = h— 14
~ o |Ml2a) Flza)]n 14
ST i \\ | where K and E are complete elliptic integral of first and
RN second kinds, respectively.
! Tl The contribution from the coupling to the clapping mode
| is given by
0 Il Il
0 0.4 0.8 1.2 1.6 2 2.4 .
4dowcwD(w,T)
e SEEPP=N(0) ?AZ——— —, (1
FIG. 2. Raman intensity fop wave with a finite impurity scat- ’ (0= wc) +4(w o)
teringI’=0.1A. The solid line is the contribution from the clapping where
mode, the dotted line is the bare Raman intensity.
) A , 2= dE 1 E E
far as the bare Raman intensif is concerned, this mode D(w,T)= —f PRI K N K tanh—
does not couple to the clapping mode. The Raman intensity mJo 4E°-w

due to the clapping mode can be obtained by computing the (16)

correlation functions, Eq@8). These are obtained as, The frequency of the clapping mode and its damping are

obtained as
Re(SA, vs, ) =N(0)[ @Af],

=A, w-=0.57A, (17
Re(5A,5A) =g ! N(O)[(‘”—z—AZH 10 ;Cg;egu)%:Im(éA,éA}/N(O)wE*D(w,T) and Im(8A, 54 is
wheref is given by N(O )( 2A
Im(5,88) = ——| T [K() —E(k)]= Z-[(K2+2)K(K)
f T)—fmd tanH E/2T) 1 (11)
@ VEZ-A7 4E7— o2 20K+ 1)E(K)] tanh%, (18)

and where k=w/2A. The Raman intensity due the clapping

mode is shown in Fig. 3. It is important to note that the shape
of the Raman intensity is not Lorentzian, but it has asymme-
try. The Raman spectra for the another propdsedve, Eq.

(3) are identical to the result presented here for the order
Since the imaginary part qfsA,cos(24)) and(SA,5A) are  Parameter of Eq(2).

zero for the frequencyw<2A, the clapping mode appears

as a resonance in the Raman spectrafgy, which is given V. CONCLUSION

by

E
tanh-—=. (12

Within the framework of the weak-coupling BCS theory,

we have studied the Raman spectra of two-dimensipnal
<7Blg,aA><5A,me>)

“1—(8A,50)

wave[Eqg. (1)] andf wave[Egs. (2) and (3)] superconduct-
ors; the candidate for gRuQ,. The clapping mode with
angular momentunx 2, parallel to thec axis is common to
=27N(0)w?A?%f(w,T)8(w?—2A%). (13) these ground states, which break the chiral symmetry. We
have shown that the clapping mode has the frequency of
The Raman intensit,,(w) is plotted in Fig. 2 with a finite  \/2A(T), and A(T) for p- and f-wave superconductors, re-
impurity scatteringl’=0.1A. It is important to note that spectively. We have also shown that the clapping mode
there is a resonance at the frequencywof V2A with a  couples both sound waeand B, and B,y modes of the
Lorentzian shape. The same is true By channel. Raman spectra. While the coupling to the sound wave is very

sgjgp(w)zm(
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FIG. 3. Raman intensity forwave. The solid line is the contri-

RAPID COMMUNICATIONS

PHYSICAL REVIEW B67, 180504R) (2003

also probe the order parameter otBu0,. The single-gap
model of thef wave shows only contribution from the clap-
ping mode off-wave order parametdFig. 3). On the other

hand, the multigap model proposed by Zhitomirsky and Rice

should be the weighted sum of thewave (Fig. 2) and f
wave (Fig. 3 contribution. It is important to note that the
maximum gap ofA,,~(0.2—0.5Agcs ONn the a and B
bands, while the maximum af on y band withp wave is
set to beAgcs Which is the energy scale we used in our
figures. Therefore, for the multigap model, the contribution
from f-wave order parameter, Eq3) should be peaked
around (0.2—-0.5) (with the contribution fromp wave
aroundy/2A), while single gap model gives the peak around
A. The Raman intensity of thiewave cases are rather small,
and it would be practically difficult to distinguish from its
background. On the other hand, the intensity of ph@ave

case appears as a huge resonance well separated from its bare
intensity. Therefore, the Raman spectroscopy can discrimi-

nate the multigap model from the single gap model.

bution from the clapping mode, the dotted line is the bare Raman

intensity, and the dashed line is the total Raman intensity.
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