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We have investigated a gap structure in the spin-triplet superconductor Sr,RuQ, through the measure-
ment of the '°'Ru nuclear spin-lattice relaxation rate '°'(1/7;) down to 0.09 K at zero magnetic field.
In the superconducting state, 1/7; in a high-quality sample with 7. ~ 1.5 K exhibits a sharp decrease
without the coherence pesk, followed by a 73 behavior down to 0.15 K. This result isin marked contrast
to the behavior observed below ~0.4 K in samples with lower T,., where T, T is a constant. This behav-
ior is demonstrated to be not intrinsic. We conclude that the gap structure in Sr,RuQ;, is significantly

anisotropic, consistent with line-node-like models.

PACS numbers: 74.25.—q, 74.72.Hs, 76.60.—k

There are alot of experimental evidences that Sr,RUO,
[1], with the same crystal structure as a mother compound
of high-T. cuprates, LaCuO, is an unconventional
superconductor.  The muon-spin-rotation (uwSR) ex-
periment revealed that the superconducting (SC) state
breaks the time-reversal symmetry [2] and the spin
susceptibility of the Cooper pairs extracted from the 70
Knight-shift measurements revedled no change when
passing through the SC transition [3]. In particular, the
latter result provided decisive evidence that Sr,RuO,
is a spin-triplet p-wave superconductor with a finite
angular moment of the pairs, as pointed out theoreti-
caly at an early stage after the discovery of this com-
pound [4].

In the previous paper, temperature (T') dependence of
nuclear spin-lattice relaxation rate, 1/7; of '°'Ru was
reported on a sample with 7. ~ 0.7 K at zero magnetic
field by nuclear quadrupole resonance (NQR) [5]. We
found that 1/T; exhibits a sharp decrease with no coher-
ence peak just below T, followed by a T-linear behavior
below 0.4 K. The former result points to an evidence
for a non-s-wave SC state and the latter to the existence
of the large residual density of states (RDOS) inside
the gap. These unconventional features in 7, data are
reminiscent of the relaxation behavior in heavy-fermion
superconductors in which the SC gap vanishes aong lines
and/or on points due to the anisotropic pairing state. The
presence of large RDOS was also suggested from the
specific-heat measurements, and the RDOS with as large
as 60% of the normal-state DOS (Ny), Nyes/No ~ 0.6 was
reported in the sample with 7. ~ 1.14 K [6]. Since the
quality of samples inferred from their residual resistivity
was believed to be clean enough, a likely source for the
RDOS was expected to originate not from some impurity
effect but from the SC nature inherent to Sr,RuQ,. Severa
scenarios to interpret the RDOS as an intrinsic SC nature
were put forth. A nonunitary p-wave model, realized as
inthe A, phase of superfluid *He, predicts a large RDOS
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with Nees/No ~ 0.5 inthe SC state, since the order param-
eter gives rise to the ungapped branch for the spin up pairs
and then a half of the electron system remains ungapped
[7,8]. The orbital-dependent superconductivity (ODS)
model proposed by Agterberg et al. [9], on the other hand,
assumes that an interband pairing interaction of quasipar-
ticlesis weak between the v band characterized by the Ru
dy, orbital and the « and g bands by the Ru d., and d,,
orbitals so that the SC gap A, may become an 1 order of
magnitude larger than A, and A in the latter bands. In
this case, apartial DOS remains finite in the high-T' range
where A, g < kgT, and alarge RDOS was pointed out to
be accountable by this scenario. In order to settle whether
the presence of the RDOS is intrinsic or not in the pure
Sr,RuQy, further experiments on higher quality samples
are highly desired.

In this Letter, we report 1/T; measurements on high-
quality single crystals (denoted as high-T. samples here-
after) with anearly maximum value of 7. ~ 1.5 K. Three
single crystals with the same quality as in the previous
170 Knight-shift measurements [3] were used in this mea-
surement. The onset temperature of the SC transition
in these crystals is T. ~1.48 K with a transition width
AT. ~ 50 mK. T, was measured at 6.555 and 3.275 MHz
with a respective pesk position of '°'Ru-NQR spectra cor-
responding to the (+=3/2 « £5/2) and (£1/2 « *+3/2)
NQOR transitions [5]. T; was determined by a single com-
ponent in T = 4.2-0.09 K, confirmed to be independent
of the NQR frequency. Thus the reliable 7, data were
obtained down to temperature as low as 0.09 K on the
single-crystal samples.

The T dependence of 1/T; in the high-T,. sample is
indicated in Fig. 1 together with that reported on a sample
with 7, ~ 0.7 K (low-T, sample) [5]. As seen clearly in
the figure, a 7' T = const behavior in the low-T,. sample
is not observable at al in the high-T. sample in which
1/T, follows a nearly T3 behavior down to 0.15 K. A
possible fraction of RDOS in the high-T,. sample may be
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FIG. 1. T dependenceof 1/T; inlow-T, and high-T.. samples
of Sr,RuO;.

tentatively estimated to be less than 8.8% from a saturating
behavior of 1/T at low T. This result suggests that the
presence of RDOS in the low-T,. samples is extrinsic
and caused by their lower quality. By noting that T, is
dramatically decreased with an increase of residua
resistivity as reported by Mackenzie et al. [10], some
nonmagnetic impurity effect [11] should be responsible
for inducing the RDOS as observed in unconventional
heavy-fermion [12] and high-T,. cuprate superconduc-
tors [13,14]. According to a theoretical calculation on
T./Teo VS Nies/No, Where T is T, in pure samples and
the nonmagnetic impurity effect is treated in terms of
the unitarity limit in two-dimensional (2D) anisotropic
superconductors with a line-node gap [14], we es
timate T.0 ~ 1.5 K using an experimental value of
Nies/No = 0.6 and T. = 0.7 K in the low-T. sample,
which isin good agreement with amaximum 7. ~ 1.5 K
reported so far. The T3 behavior in the high-T, sample
in T = 1-0.15 K suggests a line-node-gap state. These
results are incompatible with either the nonunitary
p-wave model [7,8] or the ODS model with large
RDOS [9]. Furthermore, these observed T; behaviors
are not in accordance with an isotropic p-wave model
of d(k) = zZAo(k, + ik,) [8], since an exponential
decrease of 1/T, should be expected in such a p-wave
state. The same conclusion was aso presented from the
recent specific-heat measurements in the same-quality
samples [15].

The T dependenceof R,/R, [= (1/T,T)/(1/T,,T)] in
the high-T. sampleis plotted against 7 /T, in Fig. 2. Here
1/Ts(1/T,) corresponds to the data in the SC (normal)
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FIG. 2. Plot of R,/R, against T/T. in the high-7, sample.
Solid and dotted lines are the calculated R, /R, using the DOS
in the superconducting state shown in Fig. 3 (see text).

state. In general, R,/R,, is related to the DOS in the SC
state, N,(E), and is expressed as

R, 2 *

R = 2 e MER B -
Rn kBT 0 (l)

where M (E) and f(E) are the so-called “anomalous’ DOS
arising from the coherence effect of scattering inherent to
a spin-singlet SC state and the Fermi-distribution func-
tion, respectively [16]. Note M (E) = 0 for any spin-triplet
states. Needless to say, our previous result of the 7O
K night-shift measurement in the SC state excluded the pos-
sibility of the spin-singlet state [5]. The sharp decrease
of R,/R, in Sr,RuQ, can be explained reasonably by the
anisotropic pairing state such as p- or f-wave states due to
the weak divergence of Ny at E = A. It should be noted
that the T2 behavior in R,/R, at low temperatures evi-
dences N, « E as E — 0 and is hence consistent with an
anisotropic SC model with a line-node gap.

The previous Knight-shift results revealed that the d
vector of the spin-triplet state is paralel to the z axis
expressed by d(k) = 2A,f (k) where the orbital part f (k)
determines a gap anisotropy. In order to account for an
anisotropic structure of the gap, renewed models have
been proposed recently. First is the model proposed by
Miyake and Narikiyo (denoted as “MN model” hereafter)
[17] in which isotropic f(k) = k., + ik, is modified to
f(k) = sink, + isink, due to the k dependence of the
pairing interaction mediated by short-range ferromag-
netic spin fluctuations. They showed that the amplitude
of the gap is described approximately by a fourfold-
symmetry gap function of |d(k)| = A¢[1 — r cos(46;)]
with r = 0.692. R,/R, was calculated by this gap func-
tion. The SC DOS on this model is shown in Fig. 3 where
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FIG. 3. Density of states in the superconducting state by the
several models; ODS model (labeled 1), MK model (labeled 2),
and line-node-gap model (labeled 3). The inset is the reduced
temperature T/T. dependence of superconducting gap A(T)
divided by A(0), calculated by Eq. (2) with A(0)/kgT. = 1.75
and (AC/C,) = 0.7.

a finite gap exists below 0.2Ay,x When some impurity
effect is neglected.

Second is the E, model with a line-node gap repre-
sented by f(k) = k. or ky,. This model is incompatible
with the experimental results, since this SC state
does not break the time-reversal symmetry [2]. Quite
recently, Hasegawa et al. have proposed a phenomeno-
logica model with d(k) = 2Ao(k, + iky)cos(ck;)
with the node running paralel to the basa plane to
account for all the experimental results [18]. For
the model of the line-node gap, the gap function of
A(¢p) = Agcos(¢p) was assumed in the 2D cylindrical
Fermi surface, where ¢ is the angle in the Fermi surface.
This DOS is aso indicated in Fig. 3. For comparison,
we aso present DOS of the ODS model in Fig. 3. Here
(No + Ng)/N, =0.435/0.55 and A,p/A, =0.1
are assumed [9].

As for the calculation of 1/T,, we adopt the T' depen-
dence of the gap which is nearly the same as the BCS
theory, given by

A(T) = A(O)tanh[ “A"fof\/@C)(T? - 1)] %)

where (AC/C,) isajump in specific heat and (AC/C,) =
0.7 inthe high-T, sample [15], which is shown in the inset
of Fig. 3. The calculated results of R,/R, based on the
three models areindicated in Fig. 2 by dashed, dotted, and
solid lines labeled as 1 (ODS model), 2 (MN model), and
3 (line-node-gap model).

R,/R, based on the ODS modd with Ay/kgT. = 2.5
(curve 1) is not in accordance with the experimental
data below 0.6T.. In the ODS model, a tiny gap with
Ay p/A, ~ 0.1 opens for kgT < A, . One would ex-
pect some anomaly well below 7. as seen actualy in curve
1lin Fig. 2. Thisis, however, not the case. Furthermore,
from experimental R,;/R, we may tentatively estimate a
possible fraction of RDOS, N..s/No < 0.1 at 0.1T.. The
present T results seem to be unaccountable based on the
ODS model at least with the parameters in Ref. [9].

Curve 2 inthe MN model with Ay/kg T, = 1.75 gradu-
ally deviates from the experimental R;/R, below 0.3T.
due to the existence of a finite gap as expected from
the DOS in Fig. 3. However, if some impurity effect is
taken into account, the calculated R,/R, is atered into
curve 2' especidly in a low-T regime [17]. In curve
2', afraction of RDOS with N,s/Ny ~ 0.09 is in good
agreement with the experimental result as seen in Fig. 2.
From the relation of T./T.o VS Nis/No ~ 0.09 and us-
ingT. = 1.48 K[17], T.o ~ 1.5 K can aso be estimated.
Curve 3 in the line-node-gap model with A /kgT,. = 2 ap-
pears to be consistent with the experimental result as well
[19]. In this model, it would be possible that some de-
viation of R;/R, from a T?>-like behavior is due to the
nonmagnetic impurity effect which inducesthe RDOS. Al-
though it is difficult to distinguish between the MN model
and the line-node-gap model from the present experiment,
it is clear that the SC gap in Sr,RuQ, possesses a highly
anisotropic nature characterized by the line-node-like mod-
elsand that the large RDOS seen in the low-T,. sample was
induced by impuritiesand/or crystal imperfection. Asare-
sult, we conclude that the ODS model with the parameters
in Ref. [9] and the nonunitary p-wave model [7,8] will be
ruled out.

Finally, we compare in Fig. 4 the T dependence of
1/T; in Sr,RuO, [20,21] with that in the first odd-parity
anisotropic superconductors UPt; [22,23]. The T3 behav-
ior in the SC state is remarkable in both the compounds,
indicative of an anisotropic SC gap. A T-linear behav-
ior of 1/T; characteristics of the Fermi liquid (FL) state
is observed below Tk = 5 K in UPt; and Tg = 30 K in
Sr,RuO4. We note that 7./Tr << 1 in these spin-triplet
superconductors, suggesting that the triplet superconduc-
tivity occurs under the well-established FL state. On the
other hand, it is notable that 7./Tr = 1 in the d-wave
superconductors of CeCu,Si; and La g5Srg.15CuQ,, sug-
gesting that the onset of superconductivity emerges be-
fore the stabilization of the FL state and/or even in the
non-FL state. Further remarkable difference between the
spin-triplet p-wave and the singlet d-wave superconduc-
tors is seen in the dependence of T, on their residua
resistivity. We remark that the superconductivity in the
former emerges only for the very clean sample. By con-
trast, the T, in the latter is not so sensitive to the residual
resistivity. As pointed out by Rice [24], for the cuprates it
seems that short-range antiferromagnetic coupling, which
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FIG. 4. 1/T, in spin-triplet superconductors, UPt;, and
Sr,RuO, [22] (See teXt)

presumably mediates the spin-singlet d-wave Cooper pair-
ing, brings about a strong pairing interaction under the for-
mation of the resonant valence bond state for the d-wave
superconductivity. By contrast, the triplet p-wave pairing
interaction, which is possibly mediated via ferromagnetic
spin fluctuations, appears to be weak under the well-estab-
lished FL state.

In conclusion, the measurement of 1/7; down to 0.09
K on the spin-triplet p-wave superconductor Sr,RuO,
with 7. = 1.48 K clarified that the superconducting gap
possesses the highly anisotropic structures. 1/7; below
T, shows the sharp decrease without the coherence peak
just below T,, followed by a T3 dependence down to
0.15 K. This is indicative of the line-node state. The
origin of the T:T = const behavior for the sample with
T. = 0.7 K was ascribed to the impurity effect. Through
the comparison with severa models proposed so far,
we showed that the nonunitary p-wave model [7,8]
and the ODS model with the parameters in Ref. [9] are
inadequate, but the p-wave models described by either
d(k) = zAo(sink, + isink,) with a strongly anisotropic
gap or d(k) = zAo(k. + iky)cos(ck;) with the line
node are promising if the nonmagnetic impurity effect is
incorporated.

Quite recently, an NMR experimental result was
presented which supports the hypothesis of spin-triplet
superconductivity in (TMTSF),PF¢ [25]. In addition,
it was reported that ferromagnetic compound UGe,
shows the superconductivity under pressure, which can
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be a candidate for spin-triplet superconductivity [26].
The physics of the spin-triplet superconductivity will be
discussed more vigorously with new perspective.
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