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Ultrasonic studies of the spin-triplet order parameter and the collective mode in Sr2RuO4
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The elastic constantCT and ultrasonic attenuationas for (C112C12)/2 have been measured on Sr2RuO4

with Tc* 51.42 K. In contrast to theA1g and Eg strains, theB1g strain (exx2eyy) strongly couples to the
superconducting state, which dominantly originate from hybridized Ru-4dxy electrons on theg Fermi surface.
Taken into account impurity induced in-gap states, theT3 dependence ofas is found to be consistent with an
existence of line nodes. The large reduction inCT belowTc* evidences the two-component order parameter and
chiral p-wave state. AnomalousCT andas aroundTa51.34 K suggest a collective mode.
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Layered perovskite superconductor Sr2RuO4 has attracted
much attention,1 because the pairing symmetry could be op
wave. Two-dimensional electronic states are formed on
alternating RuO2 planes. There exist three cylindrical Ferm
surfaces nameda, b, andg running along@001# in a tetrag-
onal structure.2–4 The nuclear relaxation rateT1 measured by
101Ru nuclear quadrupole resonance~NQR! never exhibits a
Hebel-Slichter coherence peak, and the Knight shift of17O
nuclear magnetic resonance~NMR!5 is temperature indepen
dent below and aboveTc . The muon spin relaxation indi
cates a broken time-reversal symmetry in the supercond
ing state.6 These experimental results were interpreted witd
vector zD0(kx1 iky) for an isotropic gap.7 Here z and kx

1 iky represent spin and orbital parts, andD0 is a constant.
Recent specific heat8 and 101Ru NQR measurements9

however, show power-law behaviors at low temperatu
suggesting an existence of a line-node gap. An anisotro
gap model10 shows thep-wave superconductivity induced b
the short-range ferromagnetic spin fluctuation. Vario
f-wave pairing states are obtained by the product of two
reducible representations in aD4h point group.11

In p-wave superfluid3He, many collective modes wer
extensively studied by ultrasonic measurements.12 However,
collective modes caused by multicomponent order par
eters in an unconventional superconductor13 have been little
known experimentally at least.

We have already reported a small superconduc
anomaly belowTc51.2 K in the longitudinal modeC33 in-
ducing a volume strain withA1g representation ofD4h.4 On
the other hand, a large temperature dependence is foun
the longitudinal modeC11, which is reducible toA1g and
B1g. With this indication that theB1g strainexx2eyy might
strongly couple to the superconductivity, we have measu
the ultrasound velocity and attenuation of (C112C12)/2
mode to clarify the superconducting order parameter and
collective mode.

We have used a single crystal of Sr2RuO4 grown by a
floating zone technique with the size of 3.02(@110#)
32.10(@11̄0#)32.51(@001#) mm3. Ultrasonic experiments
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based on a phase comparison method with high sensitivit
Dv/v51025;1026 have been carried out down to 0.17
with a 3He-4He dilution refrigerator. The attenuation coeffi
cient has been measured by the amplitude variation of
2nd-echo signal with the input power of;30 mW. The 5th-
higher overtone;43.4 MHz has been employed to increa
the resolution. The transverse ultrasound propagating

polarizing along@110# and@11̄0# is excited and detected b
the LiNbO3 transducers stuck to both the parallel sam
surfaces by RTV silicone.

The superconducting transition for the present crysta
determined by the specific heat using a quasiadiabatic
pulse method. As shown in Fig. 1~a!, the mean-field super
conducting transition temperature is obtained asTc*
51.42 K by the mid point of the specific heat jump. Th
jump betweenTc

offset51.37 K and Tc
onset51.50 K is esti-

mated to beDCp54.53103 erg/cm3 K. The transition width
is attributed to the sample inhomogeneity due to the spa
distribution ofTc . In a spin-triplet superconductor, the no
magnetic impurities act as a pair breaker. According to
analysis with the Abrikosov-Gor’kov theory,14 Tc

0 for an
ideal case has been estimated to be 1.5 K,15 and the quasi-
particle life time due to the impurity scattering is obtained
ts57.5310211 sec for the present crystal.

The temperature dependence of the elastic constantCT
5(C112C12)/2 is depicted in Fig. 1~b!. DCT5CT(T,H
50)2CT(T,H50.1 T) is the difference in the elastic con
stant between superconducting and normal states, wheH
50.1 T applied along@001# is higher than the upper critica
field at T50. The experimental data deviate fromDCT50
below Tc

onset. The differenceDCT is theoretically calculated
by the second derivative of a Helmholtz free energy based
a two-fluid modelDF52f(eG)@12T2/Tc*

2(eG)#2 with re-
spect to the straineG .16 Here the condensation energyf at 0
K and Tc* depends on the strain. In general, the longitudi
elastic constant exhibits a jump atTc* due to the first-order
derivative termdTc* /deG .

For the transverse straineG ,
©2001 The American Physical Society05-1
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~1!

Equation~1! only includes the second-order derivative te
d2Tc* /deG

2 , so that the discontinuity in the slopedDCT /dT
occurs atTc* . As shown by a solid line in Fig. 1~b!, Eq. ~1!
with parameters d2Tc* /deB1g

2 573104 K and
f21(d2f/deB1g

2 )523105, whereeB1g5exx2eyy , can be fit
well to the data except just belowTc* .

For the transverse modeC44 with Eg inducingeEg5ezx in
the inset of Fig. 1~b!, we obtaind2Tc* /deEg

2 533103 K and
f21(d2f/deEg

2 )513104. Equation~1! reproduces the dat
quite well just belowTc* . In case ofC33,4 d2Tc* /deA1g

2 52
3104 K, while the first-order derivative term is extreme
small because the longitudinal elastic constant does not
hibit a remarkable jump atTc . Therefore the superconduc
ing electrons couple strongly to the transverseB1g strain,
which induces the in-plane perturbation for the tw
dimensional electronic states.

Here we consider the electron-strain coupling which
measurable via an area coefficientLG derived by the acous
tic de Haas–van Alphen~dHvA! effect. Theg oscillation has
not been detected by this effect owing to the large effec
mass. The coefficient forC33 with the a Fermi surface,4

FIG. 1. Temperature dependence of the specific heat~a!, the
elastic constant~b!, and the attenuation coefficient~c! for (C11

2C12)/2. The inset in~b! showsDCT in C44. See the text for
details.
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LA1g
a , is quite large, about 20, while those of (C112C12)/2

with a and b Fermi surfaces are quite small,17 less than 1.
Therefore, thea and b Fermi surfaces constructed by th
hybridized Ru-4dyz(zx) orbitals as predicted from the band
structure calculations2 couple strongly with theA1g strain
and quite weakly with theB1g strain. These results are totall
consistent with the orbital-strain symmetry. Since the sup
conducting state exclusively couples to theB1g strain as
mentioned above, the hybridized Ru-4dxy orbital electron on
the g Fermi surface is concluded to be dominantly respo
sible for the superconductivity.

The temperature dependence of the attenuation coeffic
is shown in Fig. 1~c! for both the superconducting state (as)
at H50 and the normal one (an) under H50.1 T. With
decreasing temperature,an monotonically increases as ex
pected for a pure metal. AtTc

onset, as starts to deviate from
an as well as the elastic constant mentioned above, and
drops sharply well belowTc* .

The attenuation coefficient for a conventional superc
ductor is written as:18

as

an
52 f 0~D~T!!5

2

11exp~D/kT!
. ~2!

HereD is a temperature-dependent energy gap isotropic
opened on a Fermi surface. The dotted and broken curve
Fig. 1~c! show the calculated results with Eq.~2! for a weak
and strong coupling limit@D(0)/kBTc* 53.52 and 3.88#. Both
curves become exponentially zero, while the data are
temperature dependent down to 0.17 K.

Figure 2 shows the temperature-derivative ofDCT and
as. There appears a sharp peak indas/dT at Ta51.34 K,
around which the discontinuous change indDCT /dT takes
place. These anomalies corresponding to the anoma
rounding inDCT and as do occur not atTc* but at Ta well
below Tc* .

In Fig. 3, the ratioas/an nearTc* is shown by the solid
circles as a function of (T2Tc* )/Tc* . The broken curve is a
BCS result with Eq.~2! for a strong coupling limit. To
take account of the inhomogeneity effect, a Gauss
distribution function forTc is applied to Eq.~2!: C(Tc)
5(2ps)21 exp(2(Tc2Tc* )2/2s2), the sum of which for all
theTc’s are normalized to unity. The most probable stand

FIG. 2. Temperature derivative ofDCT ~open circles! and as

~solid line!.
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deviation is obtained ass50.025. For the sake of simplicity
we divide the temperature region with 0.02 K step. The op
triangles in Fig. 3 are obtained by summing up Eq.~2!
weighted byC(Tc). The data aboveTc* are well reproduced
by the inhomogeneity effect. However this effect belowTc* ,
which is so small due to the overwhelming temperature
pendence@Eq. ~2!#, cannot explain the data at all. Therefo
some additional attenuation exists at temperatures;1.2 K
<T<Tc* .

Next we discuss the nonexponential dependence of
attenuation as shown in Fig. 1~c!. At high temperatures, sa
above 0.8 K, the attenuation no longer follows a power-l
behavior because of the temperature-dependent gap.
low-temperature data are well fitted toT2 for 0.17 K&T
&0.4 K andT3 for 0.3 K&T&0.8 K, as shown in Fig. 4
The crossover fromT3 to T2 dependence occurs around 0
K with decreasing temperatures. Since the absolute atte
tion coefficient due to the electrons is hardly obtained
general, the extrapolation of aT2 line to T50 is set to zero.

When we determine the power-law in an anisotropic
perconductor, the impurity effect inducing a low-lying in
gap states should be taken into account. The rate of an
purity scattering is represented by the pair-break
parameter:10,19 hc5\@2tsD(0)#21, whereD(0) is a maxi-
mum gap at T50. When we assume D(0)
5(1.75–2.5)kBTc* , hc is calculated to be 0.014–0.021 fo
the present crystal. The residual density of states~DOS! is
estimated to be about 0.3NF , where NF is a normal-state
DOS. Thus the impurity effect plays a significant role belo
Timp5hc

1/2Tc* ;0.2 K, which locates in theT2 regime.
Therefore, the crossover could be attributed to the impu
effect, which is observed inT1

21 of the recent101Ru NQR9

deviating fromT3 dependence below 0.15 K.
TheT3 dependence seen at temperatures higher thanTimp

is compared with the theory. According to the analysis
the transverse attenuation in an anisotropic superconduct19

the T3 dependence is characteristic for an existence of
nodes. The d vector might be expressed byD0z(kx

2

2ky
2) (kx1 iky), D0z(kxky)(kx1 iky),

11 or D0z(sinkx

1i sinky),
10 all of which have the same symmetry wit

D0z(kx1 iky).
7 It is noted that thed vector does not neces

sarily contain B1g, although the superconducting sta
strongly couples toexx2eyy . Because the order paramet

FIG. 3. The ratioas/an close to Tc* as a function of (T
2Tc* )/Tc* .
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mentioned later@Eq. ~3!# always appears in square in th
strain-order parameter coupling.20

The elastic anomalies are discussed from the viewpoin
the strain-order parameter coupling.13,20,21The complex or-
der parameter is defined as (h1 ,h2)5uhu(cosu,eif sinu) be-
longing to the two-dimensionalEu . The strain couples lin-
early to the bilinear products of the order parameter.13 The
free energy for the strain-order parameter coupling of
lowest order is expressed as

Fso5gA1gezz~ uh1u21uh2u2!1gB1g~exx2eyy!

3~ uh1u22uh2u2!1gB2gexy~h1* h21h1h2* !, ~3!

where the parametersgG denote the coupling constants. Ac
cording to the small change inC33 below Tc mentioned
before,4 the amplitude modeuhu relating to A1g does not
make a dominant contribution. It is noted thatuhu plays an
important role in UPt3 and URu2Si2, where the noticeable
jump is observed atTc in longitudinal modes.21 From the 2nd
term, the coupling ofexx2eyy to the order parameter origi
nates from the phase modeu. The large change inDCT

belowTc* , which is a direct evidence for the two-compone
order parameter and the chiralp-wave superconducting
state,20 results from the significant contribution ofu to the
superconducting state. The phase modef in the 3rd term
could be clarified by the measurement ofC66.

Finally we discuss the additional attenuation aroundTa
~Fig. 3!, where the whole volume of the sample comple
the transition to the superconducting state belowTc

offset.
Moreover,DCT aroundTa is larger than the calculated curv
in Fig. 1~b!, and thus there should exist some mechani
supplying the excess entropy. Such anomaly, however
absent inC33 and C44. These facts could be interpreted
an excitation of the superconducting collective mo
by the transverse wave in (C112C12)/2. From the previous
discussions on the strain-order parameter coupling, the p
mode u associated with a chirality should correspo

FIG. 4. The ratioas/an as a function of (T/Tc* )n (n52 and 3!.
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to the collective mode. Several collective order-parame
modes are theoretically discussed for ap-wave pairing with
zD0(kx1 iky).

22 In longitudinal modes of UPt3, a clear peak
is emerged just belowTc , which could originate from the
density correlation.23 From the viewpoint of ultrasonic stud
ies, it is evident that thep-wave superconducting state
Sr2RuO4 is quite different from that in UPt3. Since the
present measurements have been performed under h
dynamic condition with large damping, further ultrasonic e
a,

J

P.
ta,

i,

.

,
.
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periments with high frequency are encouraged to clarify
collective mode.
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