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We have analyzed heat capacity and thermal conductivity measurementsRafCprin the normal and
superconducting state and come to the conclusion that an order parameter with nodal lines on the Fermi surface
is required to account for the observed low-temperature behavior. A gapped order parameter is inconsistent
with the reported thermodynamic and transport data. Guided by a strongly peaked dynamical susceptibility
along the diagonals of the Brillouin zone in neutron-scattering data, we suggest a spin-fluctuation mechanism
that would favor the pairing state with the gap maxima along the zone diagsuals as for al,, gap. The
most plausible candidates are an odd parity, spin-triplefave pairing state, or an even parity, spin-singlet,
d-wave state. Based on our analysis of possible pairing functions we propose measurements of the ultrasound
attenuation and thermal conductivity in the magnetic field to further constrain the list of possible pairing states.

. INTRODUCTION qo~(*2w/3,=27/3) that occur due to strong nesting ef-
fects of quasi-one-dimensional bandsgnd ¢). Nesting ef-

The search for the superconducting pairing symmetry irfects among these bands lead to the increased interaction
the layered perovskite material RuQ, (SrRuQ, and its between particles on the Fermi surface ngarsee Fig. 1. In
attempted theoretical predictions, show remarkable parallelgecent neutron-scattering experiméhtse predicted four in-
to the heavy-fermion superconductor YRAn both systems, commensurate peaks negywere indeed observed thus sup-
early specific-heat measurements showed a large residug@rting that nesting effects near these points are impoffant.
value of C/T at low temperatures and were interpreted in _ In this paper we proposé) to identify the regions at the
terms of a superconducting phase with a nonunitawave Fermi surface neago with the ones that develop the largest
order parameter:® The observation of a stror, suppres- 9P We use the neutron-scattering data as an indication that

sion with nonmagnetic impurities was an additional indica-N€&" the nesting regions the particle-parti¢te particle-
tion of a superconducting phase with an unconventional orhole) interactions are dominant and that these are the regions

der parametet:® However, newer measurements on high_that would benefit the most from opening a sgpercondupting
quality single crystals have shown that the most Iikelygap'(z) We suggest that regardless of the singlet or triplet
pairing state in URtis anf-wave state, or more precisely a (—m,m) kg i (m,m)
spin-triplet state whose orbital basis function belongs to the

E,, representation of the hexagonal crystallographic point B
group Dgp) .1 The experience with URsuggests that the o

early identification of the pairing state, based on low-quality, :
inhomogeneous samples, is at best inconclugiea review :
on UPt see, for example, Refs. 12)13However, with im- Y
proving sample quality it becomes feasible to identify the :
pairing state by studying transport properties.

Here we analyze new heat capacity measurements on
high-quality single crystals of SrRuO, as well as thermal
conductivity data on dirty samples with a strohgsuppres-
sion, to show that the proposgswave modef*~® A(p;)

~(px+ipy)i, is inconsistent with the available data. Our
conclusion is that the pairing state in STRuO, most likely, has
lines of nodes with gap nodes given by tig gap function.
This can occur in either afiwave state, i.e., a spin-triplet

pairing state belonging to tHg, representation of the tetrag- \
onal crystallographic point groupD(;,) or in ad,, singlet

state. We argue that thewave nodal state is consistent Cmmm) (ms-)

with n’n_egsgt;grnents of the heat Capaéltythgrmggl FIG. 1. Fermi surfaces in the Brillouin zone after Mazin and
conduz%tlwty, ' pfanﬁtratlon deptht, Andreev reflectiort; Singh (Ref. 23. The plotted order parametéproportional tod,y)
NMR,?° Knight shift?" and »SR experiment’ opens a gap along#(w, = ) where the incommensurate peaks of

Recent band-structure calculations by Mazin and Sihgh the spin susceptibility are observed. The corresponding quasi-one-
indicate that there is an increase in the spin susceptibilitgimensional model bands at (k. ,+2/3) and{ at (+2m/3k,)
x(q,w) at four points in the Brillouin zone at approximately are shown as thin lines.
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nature of the pairing in SrRuO the gap function should be TABLE I. 2D polynomial basis functions for the irreducible
proportional to ad,, harmonics. Such an order parameterrepresentations ob,, of several pairing modelgafter Yip and
would lead tolines of nodeslong thek, axis in the gap and Garg(Ref. 37]. Notice thatB, X E,=E, . The commonly proposed
to power-law behavior in the thermodynamic and transporPx* Py state belongs to the two-dimensioifig| representation. We
properties. Line nodes on the Fermi surface lead in cleaRresentothsinglet,d,y, and triplet statesB,® E,, which have
superconductors, and for scattering in the Born limit, to thdines of nodes, as plausible candidates fofR8i0,. For simplicity
well-known temperature dependen%,se_gs of the specific we list only the nodal angles on the dominatiygand & Fermi
heatC~T2, the nuclear spin-relaxation rateTi/~T¢, the  SPeets-

deviation of the penetration depth from its zero-temperaturée

value AN~T, the thermal conductivity~ T, and the longi- # ' AP Nodes
tudinal sound attenuatiom, ~const., as well as for the trans- 1 Bog PxPy ¢=0,m12,7,37/2
verse attenuatiorrr~T2. (3) Based on the proposed line 2 E, (pxtipy) No
nodes in the gap we make predictions for ultrasound attenu- 3 B,y ®E, PuPy(PxFipy) ¢=0,m/2,m,37/2

ation and thermal conductivity measurements that can furthet
distinguish between the remaining possible basis functions.

We propose complimentary longitudinal and transverse atbasis functions on a more or less cylindrical Fermi surface. A
tenuation measurements that can help to locate the locatiagimilar list of possible basis functions was recently compiled
of the nodal lines of the order parameter on the Fermi surby Hasegawa and co-workérsfor further investigations.
face. Another crucial experiment is the thermal conductivityThe listed hybrid state (3) of the direct productB,,®E,

with an in-plane magnetic field. We expect theur-fold  =E, is a nontrivial realization of th&, representatiotalso
modulation of the thermal conductivity(6,H) as a function referred to ag-wave statg So far Knight shift data with an

of the angle between the nodes of the gajpng the(1,0 in-plane magnetic fieldH||[ 100] show no change below,
and(0,) direction] and the field directions. Thermal conduc- and have been interpreted in terms of spin-triplet pairing
tivity measures the unpaired quasiparticle heat transport angith the spin vectod locked to the crystat axis?! On the

is therefore sensitive to the anguldield) dependence of the other hand, muon spin rotatiop6R) experiments observed
quasiparticle scattering rate, which “knows” about the an-a spontaneous internal magnetic field on entering the super-
gular dependence of the gap. We use the analogy with theonducting staté? consistent with a time-reversal symmetry-
suggestedd-wave paring state in higfi; superconductors breaking state belonging to the two-dimensio&al repre-

where thisfourfold modulation has been obsenv&a®? sentation.
At this place a caveat is warranted because neither
Il. MODEL Knight-shift data at high fields and for a single field orienta-

. o tion, nor uSR measurements in impure samples provide a
_ The gap function for even parifgpin-singlet or odd par-  (jear-cut identification for spin-triplet pairing or broken
ity (spin-tripley representations is described by an order pajjme-reversal symmetry states. For example, in JU&rly
rameter of the form wSR measurements indicated broken time-reversal symme-
1) try in the superconducting phagprobably due to impuri-
ties), while newer measurements on very clean samples fail
As(P)=A(p) - (150y) o5, (triplet (2) todetectany effect at alf What makes the interpretation of
the Knight-shift data in SrRuO for magnetic fields parallel to
with o, being Pauli matrices. Since nonunitary statése.,  the planes even more complicated, is, tHatthe experiment
AXA*#0, have been ruled out by the very small residualwas not performed in the low field limit, but rather deep in
value of the specific heal/T at zero temperatur€,we re-  the mixed phaseH~H,/2, where contributions from the
strict our study of spin-triplet states to unitary order param-yortices may be important, an@) nonlocal and surface ef-
eters that factorize into a single spin vector and an orbitafects may be relevant due to a small Ginzburg-Landau pa-
amplitude, i.e.A(ps) =d A(py), whered is a real unit vector  rameter for in-plane currentsy =X\ /¢~ 2.6.
in spin space and (ps) is an odd-parity orbital function. The
vectord defines the axis along which the Cooper pairs have); tHERMODYNAMIC AND TRANSPORT PROPERTIES

zero spin projection, e.g., ifl||z, then A=A =0 and -~ o
A=A =A(py). We calculate the specific heat and thermal conductivity

Whether or not spin-orbit coupling is weak or strong in for the order-parameter models listed in Table | and fit the
Sr,RUO, has important ramifications for both spin and or- "esults to existing experiments. This way, we can determine
bital components of the order parameter that are allowed bif?¢ model parameters and make predictions for sound attenu-
symmetry. While spin-orbit coupling is believed to be strong@tion measurements. It is important to point out_that none of
in the heavy-fermion system UPthere are no experimental the here ar_1a|y_zed transport experiments can distinguish be-
indications that this is likewise true for RuQ,. In the tween a_spln-smglet and a spin triplet order parameter. Thus
meantime we will use the classification of basis functions inWe Obtain identical results for the states 1 and 3.
terms of ireducible representations of the tetragonal point The Specific heatC=TdSdT, can easily be obtained
group ©.,) listed in Table I, implying that spin-orbit cou- rom the entropy’”
pling is strong. Since the band-structure calculatidasd de
I—!aas—van Alphen (neasuremé’ﬁtshow very Iittlg disper- S=4fxdeN(e)(Ef(e)—ln(l—f(e)) , 3
sion alongk,, we will consider only two-dimensiondPD) 0 T

Ap(Pr) =A(pr)(ioy) s, (singled
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by numerical differentiation. Heref(e)=1/[1+exp(/T)] studied by many authors in the context of the heavy-fermion
is the Fermi-Dirac function and N(e)=—(N;/  systemé!the highT, cuprates? the quasi-two-dimensional
) Im fdp;gR(ps,€) is the density of states per spin with  organic superconductof$,and even SrRu***In contrast
being the normal-state density of states at the Fermi surfacéo the microscopic model calculations in Refs. 23,44, we
In the limit of Born (weak or unitarity (strong impurity ~ propose the existence of either an attractive tripletive or
scattering the in-plane thermal conductivity of unitary spin-singlet d-wave pairing channel in order to describe the
triplet superconductors is given $##° power-laws observed in thermodynamic and transport coef-
ficients. Our approach is guided by the neutron-scattering

vaf ) € - data of the spin susceptibility that can lead to a gap function
Kii =~ ﬁf dee secﬁﬁf dpViiK(ps.€), (4 thatis gapped along thes(mr, = ) directions and has nodes
along (7,0) and (O7). The immediate consequence of the
proposed state is that the superconducting gap on the hole-
,C(pf’6):ReCR[gR(gR)*_fR.(fR)*_f_ﬂ_Z]’ (5) Ii(gjs)band develops nodes at-Q/3,=) and (=,

with the unit vector of the Fermi velocityy;;, and CR

= —1/mV|A]?— (R)2. The quasiclassical equilibrium Green IV. RESULTS AND DISCUSSIONS

functions are gR="¢¥CR and fR=—A/CR. Within the . .
t-matrix approximation for isotropic scattering the impurity ]n our analysis of thg thgrmodynamlc a|_'1d transport prop-
_ o ~ R erties we make the simplifying assumption that all three
renormalized _quaglpartlcle energy *§R: €~ aimp(€). FOI  cermi surfaces d, 3,7) simultaneously go superconducting
weak _scattsrlngaimp(e)=(F/77)fdpfg , and for strong  gng can be described by one effective, cylindrical band. At
scatteringoy, (€)= —T'/(7[dp;gF), with the normal-state  the present time we cannot rule out any admixture of the
scattering ratd’ =#/2r. p-wave state 2 to thewave state 3, since both gap functions
In the hydrodynamic regime,w7<1, and long- belong to the same two-dimensional representatifyn
wavelength limit,gl<1, the absorption of ultrasound of po- However, from a detailed analysis of the calculated heat ca-
larization & propagating along directioq is related to the pacity we find, rather conservatively, that the admixture of a

viscosity by®-2 nodelesgp-wave state has to be less than 20% to be consis-
tent with the experimental(T).*® Thus, we neglect the pos-
w? I sibility of a p-wave admixture to th&wave gap function in
“:?”ii,klsiqigk% (6)  the remainder of this work. Impurity calculations for the
QCs p-wave state 2 also were performed by Maki and
with the speed of sound,, the mass density, and the Puchkaryov*® who reported reasonably good agreement be-
viscosity tensor evaluated at—0, tween experiment and the calculatpdvave order param-

eter. Very recently, Dahm, Won, and Mékidiscarded the
€ nodelesgp-wave state and argued in favor fefvave pairing.
Jdesecﬁﬁj dpg i maK(ps . €), In the temperature rang&* <T<T,, whereT* is the
7) characteristic temperature of the impurity band width, and in
the clean limit,'<A,, the evaluation of the entropy and
where ;; :\“,ﬂf)fj -1 8 - transport coefficients simplifies significantly. In the presence

Here we confine our discussion to order parameters witf line nodes on the Fermi surface the density of states is
vanishing averages{dp;A(p;)=0, which satisfy the gap N(e)~(e/A_o)Nf. Similarly, we obtain for the Fermi surface
equation for triplet(singled pairing interactions, averaged integranddp;K(p; ,€) ~ — e7(€)/Ao, because of

K~m*(ReeRIm oy ) Im CR, with eR~e+i0". Thus, the
de € transport coefficients show the usual power laws of clean
— _ ! ! R !

A(pf)_j zwtanhﬁf dpV(py.p)Im (s ,€). (8) superconductors when using the approximate relations for
o . . the scattering self-energies, #2)=(—m) 'imoj,,
Note that for spin-singlet pairing all vector functions get re'~1“e/A0 in the Born limit, or 1/2(e)~T"Ao /e for unitarity
placed by the corresponding scalar functions. In the Weakécattering

coupling spin-fluctuation model the pairing interaction is
written as

vafzpfz
87T

Tij k= —

A. Specific heat

I\ _\/* ’ !
V(PP =V (PrPOX (PP, ©) The states 1 and 3 with line nodes yi€d-N;T%/ uA, in
_ 200 32 excellent agreement with experiments, while the gapped
X(@=xo/[1+£7(a o). (10 state 2 disagrees with the data. The proposed multiband
The detailed form of the effective pairing interaction order-parameter model by Agterberg and co-workers,
V*(ps,p¢) depends on the form of the spin singlet or spinwhich assumes that only one bang) (out of three possible
triplet pairing interactiony is the static spin susceptibility, bands goes superconductingTat, fails to describe the low-
¢ is the antiferromagnetic correlation length, and the incom-T dependencésee Fig. 2 Our result for thep-wave state 2
mensurate wave vectors amy~(*2#/3,=27/3). The is in agreement with calculations of the heat capacity by
spin-fluctuation scenario proposed here is similar to the ondgterberg®® In the multiband model the density of states
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25

- , . . . T TABLE II. T, suppression due to the pair-breaking effects of
o T =1.48K / nonmagnetic impurities after Abrikosov and Gork¢Ref. 52.
=1

0% #1, #3

TlaT 00 10° 10?2 010 0.20 0.25
------ 90" #1, #3 / Tl

———0:#2 / | T.(I/T,, 1.0 0998 0.98 074 044 025
----- 900: #2 / T(I) [K] 1.51 1.507 1.48 1.12 0.67 0.38
At ()’ /

20

1.5

a QOCQ

the multicomponent superconducting order parameter in

b UPt; uniaxial strain(pressurg in the plane would lift the

F degeneracy of the two-component order paranfétés a

2 consequence the transition temperature will split into two.

&"""”’FS' This is a crucial test of the multicomponent nature of the

order parametet’!* Along the same line of arguments, a
/f\ ‘ magnetic field in the plane should also splif, as was

// P, +p,

C/T

1.0 -

pointed out in Ref. 51.
051

i /
/ B. Thermal conductivity

iy 4 S04 CYT+057C, /T The in-plane thermal conductivity is isotropic for all
0.0 L= ) - - - - order-parameter models listed in Table I, assuming a cylin-
00 02 04 06 08 10 12 drical Fermi surface. In the clean limif,*<T<T,, and
T/T, neglecting logarithmic correctiong;; ~T for weak scatter-
ing and ~T2 for strong scattering. In the dirty limitT
<T*<T,, the thermal conductivity is linear in temperature,
k;i~T, and independent of the scattering strength. Unfortu-

FIG. 2. The specific heat normalizedTatfor pairing states with
line nodes(1 or 3. A scattering phase shift af,=0° (Born) or

8p=90° (resonant a scattering ratd’/wT.,=0.01, and a nodal . 17 e
parametep = 1.5, were assumed. For comparison pheave state nately the samples studied by Suderewal.” exhibit a very

2 for Born (long-dash and resonantdot-dash scattering and the strong T, suppression. The reported resistive transitions for

multiband state by Agterberg in the Born limicross-dot are ~ Samples 2 and 4T2(2)~0.81 K andT¢(4)~0.58 K, oc-

shown. The data are from Ref. 33. curred significantly above the bulk superconducting transi-
tions identified by the thermal conductivity;(2)~0.60 K

(DOS) of the y band is weighted with 57% of the total DOS, 2N Tc(4)~0.47 K. Not only does this suggest that the
samples are in the dirty limit but also that they are consider-

while the remainingr and 8 bands account for 43% of the . ; ,
total DOS. It is they band on which the@-wave state 2 has ably inhomogeneous. Thus the standard scattetrimgtrix
' analysis in terms of pointlike defects in the dilute limit will

been proposed to nucleate. Theand  bands remain nor- most likely fail to give a quantitative description. Neverthe-
mal. Hereuw is the slope parameter of the gap function at the y 9 q ption.

nodes,u=|dA($)/Aqdd|oue. In our calculations we have less, combining the facts of thE, suppression and that the

1 ) c i ratios of the residual resistivities and the normal-state ther-
used variational basis function&(pr) =+ A(pr) Fa, (Pris): 1o conductivities are related to the scattering rates,

where the variationallfun.ctioﬁi.-‘A1g belongs to theA,, rep- T(4)IT(2)~ 04(4)/00(2)~ kn(2)/Kkn(4)=~1.25Y we find
resentation and remains invariant under all group transformahat the normal-state scattering rates are approximately given
tions. The slope parametgrallows us to adjust the opening by I'(2)/7T~0.20 andl’(4)/7T,,~0.25(see Table Il for
of the gap function at the nodes, which is otherwise nothe correspondind . suppression
determined by symmetry. This enables us to quantitatively |n Figs. 3 and 4 we show the best fits ef, for samples
describe the ground state of the superconducting order p@ and 4 measured by Suderawall’ Although we cannot
rameter as probed by low energetic quasiparticles. An apobtain a quantitatively good fit for any of the pairing models,
proach that has been quite successful in describing the lowe are able to ascribe the large residual valuextF to
energetic quasiparticle excitations in YPt impurity scattering(see Fig. 3 without having to invoke a
Assuming that pure SrRuO has an optimal transition temmultiband order-parameter modiee Fig. 4 A surprising
perature ofT .p=1.51 K? we obtain an excellent fit for scat- result of these fits is that, generally, we find better agreement
tering in the Born limit with a scattering phase shif—0  between theory and experiment for weak impurity scattering
and a scattering rafe/ 7 T,=0.01. On the other hand, reso- in the Born limit. Very recently, Tanataet al'® reported
nant scattering§,— /2) with the same scattering rate gives measurements of on cleaner crystalsT.~1.4K) that are
a residual value o€/T that is too large. If impurity scatter- in good quantitative agreement with the gapless states 1 or 3
ing is indeed resonant, then a value frT,<10 % is  and impurity scattering in the unitarity linff.
required to account for the lowest measured values of the For the predicted pairing states 1 or 3, we expect to ob-
specific heat. Furthermore, it would imply that the optimalserve a fourfold oscillation of the thermal conductivity when
transition temperature is closer 1Q;=1.48 K. a magnetic field is parallel to the layers and rotated within
The T, transition of the two components of the triplet the layers. However, the amplitude of the oscillations de-
p-wave order parameter 2, or of the two components of thgpends on the scattering strength. It is appreciable for strong
f-wave order parameter 3, is doubly degenerate. Similar tgcatteringunitarity limit) and very small for weak scattering
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12 ' ' | @ ' |l w
a
#4 1.0 F > L.
o Lﬁ p --=- q//x, g//x: 0
1.0 | o W-fﬂn"rnd“ct;d’a—ﬁ—c—éﬂ‘ —=- q//x, &//x: 90°
“2 — allx,€/lly: 0°
—-= q//x, &/ly: 90°
0.8 | o #4:TP=0.58K|
o #2:T "=0.81K
— 025:0°
5 s ———-0.25:90° 3
— 020:0° 0.5 r
0.4 -——-0.20: 90°
o 00.10:0°
5 o+ 0.10:90°
0 —=- 001:0° ]
------ 0.01: 90° /
0.0 s - ‘ |
0.0 0.5 1.0 1.5 5ib g
/T, 0.0 :
. . . . T/TC T/TC
FIG. 3. The thermal conductivity normalized B¢ for the pair-
ing state 1 or 3. The scattering phase shifts &se0°,90°, the FIG. 5. The longitudinal and transverse sound attenuation nor-

scattering rates aré/mT,=0.01,0.10,0.20,0.25, ang=1.5.  malized afT, for the states 1 or /7 T,=0.01, 5,=0°, 90°, and
The data are from Ref. 17. Note that in these dirty samples thg,=1.5. In panel(b) the crystal(or detectoy has been rotated by
resistive transition occurs at much higher temperat(ses arrows /4 around thec axis relative to the arrangement in parial

(Born limit). So far, no oscillations have been obser¥&t.
. . X Lo . 1 1.
Certainly the experimental and theoretical situation remains 72 =—-C0S2¢, w§y=—5|r122¢, (12)
unresolved and requires more study. Indeed such magnetic 4 4
oscillations have been reported in the cuprate
YBa,Cu;0,,2°*2and are considered as additional proof in . . _
support of thed,2 > symmetry of the superconducting state. it is clear that by rlotatlng Fhe crystébr the transducerby_/
/4 around thes axis one simply exchanges these functions,

e 7T>2(y, and, thus swaps the expressions for the longitu-
C. Sound attenuation dinal and transverse attenuation. Since the integrand
The longitudinal ¢||€|[[100]) and transverseq{|[[100]  K(ps,€) for the p-wave state(2) is independent opy, the
ande||[010]) sound attenuations are identical for the pairinglongitudinal and transverse attenuations are identiwéhin
state 2, i.e.,ax(T)/ axu(Tc) = ayy(T)/ oy (T). This result an overall scaling factor due to differences in the speed of
also was reported in Ref. 54. Whereas for pairing states $ound for arbitrary temperature and impurity concentration.
and 3 the longitudinal attenuation wifl|||[100] is the = These predictions should be straightforward to check experi-
same as the transverse attenuation rotatedw#y with  mentally. In Fig. 5 we show the predicted transverse and
q//[110] and £]|[[110]. These relations follow directly from longitudinal sound attenuations for the-wave (1) and
Eq.(7) and are a peculiarity of the 2D Fermi surface and thef-wave(3) order-parameter models. Our results are similar to
2D basis functions of the order parameters. Inspecting théhe ones discussed by Moreno and Coletéor the case of
momentum-dependent weighting factors in EQ, thed,2_,2-wave gap function in the higfiz cuprates.

1.2

Jm V. CONCLUSIONS
1.0 | BP0 00000 0o . .
. ”#2 We have proposed a spin-fluctuation model based on the
measured spin susceptibility by neutron scattering that leads
0.8 o #4:T "=0.58K |1 d fth f . he E i surf We d
- #2TP=0 81K to nodes of the gap function on the Fermi surface. We dem-
§ 0.25: 0° onstrated that the measured specific heat and thermal con-
e -—=-025:90" |] ductivity are consistent with a spin-singlet order parameter
— 020:0° (dy,~wave symmetry belonging tB,4) or a spin-triplet or-
04 ~77 0.20:90 ] der parameter ftwave symmetry belonging t&,), though
o 20.10: 0° der pal . y Yy x ging ), 9
. 0.0 90° inconsistent with a gapped spin-triplet stapeWave symme-
a - 001:0° ] try belonging toE,). Based on this analysis we proposed
------ 0.01: 90° sound attenuation measurements and thermal conductivity
s 5E 75 e measurements in a magnetic field to locate the nodes on the
' ’ ' ' Fermi surface, as well as measurements of the specific heat

subjected to a uniaxial strain field in the plane in order to
split the superconducting transition. It is clear that more ex-
periments are needed to investigate the nodal regions on the
Fermi surface and the spin structure of the order parameter.

FIG. 4. The thermal conductivity normalized &t for the multi-
band model by Agterberg based on fhevave statg2) and for the
same parameters as in Fig. 3.
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