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Electronic heat transport for a multiband superconducting gap in SLRuO,

P.L. Contreras
Departamento de Bica, Universidad De Los Andes,
Mérida, 5101, Venezuela.

Recibido el 16 de noviembre de 2010; aceptado el 9 de agosto de 2011

This paper gives a detailed numerical study of the superconducting electronic heat transport in the unconventional multiband super
Strontium Ruthenate SRuO; . The study demostrates that a model with different nodal structures on different sheets of the Fermi .
is able to describe quantitatively experimental heat transport data. The contribution of the density of states DOS is given for eact
the Fermi surface and the total contribution is also calculated. Finally, a discussion of the universal character of the electronic heat
in unconventional superconductors and its relation to the DOS based on the type of nodal structure of the superconductingRapsin
is given.

Keywords: Electronic heat transport; unconventional superconductors; gap structure; superconducting density of states; line noc
nodes.

En este trabajo se presenta un estudio&nico detallado de la termoconductividad elénica en el superconductor no convencional Ru
nato de Estroncio SRuQ, . Se muestra que un modelo con diferentes estructuras nodales en diféremtes Ide la superficie de Fermi €
capaz de describir cuantitativamente datos de transgortedo obtenidos experimentalmente. La densidad de estados se calcula par
lamina de Fermiy se presenta su contribucion total.Uftono, se discute el caracter universal de la termoconductividad @écéren los

superconductores no convencionales con diferentes estructuras nodales en la brecha superconductora como es el cdRy@esto Sr

Descriptores:Termoconductividad elecinica; superconductores no convencionales; estructura de la brecha; densidad de estados s
ductora; nodos puntuales; lineas de nodos.

PACS: 74.20.Rp; 74.70.Pq; 74.25.F-; 74.25.fc

1. Introduction as to the unconventional behavior [1,2,13], and the symr
try of the superconducting gap [14], and probably also, to
It is believed that SIRuQ,, a multiband superconductor with multiband nature of the superconducting state, neverthe
a Fermi surface composed of three sheets, (calledathe certainly there is as yet no agreement as to the nodal st
B and~ sheets), is an unconventional superconductor wittture of the superconducting gap on the different sheets of
some kind of nodes in the superconducting gap [1,2]. FoFermi surface.
instance, a number of theoretical works [3-7] have predicted It has been proposed a model based on symmetry
the existence of line nodes on two of three sheets of the Fermiiderations [12], which explains the temperature behaviol
surface { and thes sheets). While, many authors take the the ultrasound attenuation for the L[100], L[110], and T[11
sheet to be nodeless, these works have been able to provigeund modes. According to this model, thesheet shoud
an agreement with the specific he@(7") [8,9], electronic  have well-defined point nodes, and teand/or o bands
heat transport experimentg7’) [10], and recently with ul- could have also point nodes, but with an order of magpnitt
trasound measurementgT’) as well. However, the exis- smaller than for they band and resembling lines of a ver
tence of a nodeless gap for thesheet contradicts the nodal small gap. The purpose of this article is to apply, the mof
activity observed in ultrasound measurements belewnT  found in Ref. 12 to the study of the electronic heat transp
SrpRuQ, [11]. Firstly, the anisotropy inherentto thkedepen-  of Sr,RuQ; .
dence of electron-phonon interaction shows thstteet dom- SKLRuO, has a body centered tetragonal structure witl
inates ultrasound attenuation for L[100], L[110], and T[110] layered square-lattice structure similar to that of many hi
sound modes. Secondly, these modes show very similar tenemperature copper-oxide superconductors [1]. The crit
perature power law behavior below;Ttherefore they sheet  temperature T varies strongly with non magnetic impurit
should also have a similar nodal structure. concentration, T~ 1.5 K for pure samples. The normal sta
The sound attenuation(T") in S;RuQ, can distinguish  displays Fermi liquid behavior [2]. According to some a
the nodal structure of thesheet from that one of theandg  thors [14,15] the symmetry of the gap structure is believec
sheets. In contrast, electronic thermal conductivity and spebe a time reversal broken state, with the symmetry transfo
cific heat have an integral effect (the three sheets contribute iog as the two dimensional irreducible representatign &
k(T) andC(T)), and it is very difficult to discern if the order the tetragonal point group 4. Additionally in Ref. 17 the
parameter in each of the Fermi sheets has similar nodal strucrder parameter of SRuO, was proposed according to .
ture. So far, to summarize there is a considerable consensusvel mechanism due to antiferromagnetic fluctuations.
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ky nodal structure of the order parameter for theand/or
sheets yields to eight symmetry-related nodeskf{dying on

the symmetry equivalertl00} planes (see also Fig. 1) and
also eight symmetry-related nodes{inl0} planes. All point
nodes are “accidental” in the sense that they are not required
by symmetry, but exist only if the material paramet&tsand

88/ have values in a certain range.

Kk 3. Electronic heat transport
X

In order to calculate the electronic heat transport or thermal
conductivity for an unconventional superconductor, a stan-
dard formalism previously reported [19] is extended here to
account for tight binding effects. For this purpose, the incor-
poration of tight binding effects for the nodal structure and
the Fermi surface is the most important. A self-consistent
calculation of the gap function and of the energy-dependent
impurity scattering rate is beyond the scope of this article,
FiIGURE 1. The black dots show the positions of the point nodes this leads to the approximation where the interband scatter-
in the superconducting gap on titfeandy Fermi surface sheets ing effects are totally neglected.
in Sr:RuG, , as determined by Egs. 2 and 3. Each solid circle  Rrecent induced impurity scattering measurements [23] of
represents two nodes, at positicba. the thermal conductivity for temperatures close to 100 mK,
have shown a remarkably universal character of the electronic
heat transport in SRuO, . It has been suggested [23] that
2. Model for the superconducting gap struc-  SrRuO; is in the unitary impurity scattering regime. In ad-
ture dition to this, some time ago it was suggested the idea [21]
that the transport properties of heavy-fermion superconduc-
As | mentioned before, the gap model proposed in Ref. 123ors can be explained in terms of an effective electron scatter-
is extended here for the study of the electronic heat transing rate which, except for the lowest temperatures is approxi-
port. The assumption of a superconducting order parametghate temperature independent and equal in magnitude to that
according to symmetry considerations, where of the normal state. Such a lifetime arises in a self-consistent
; i ; treatment of impurity scattering near the strong regime.
Ap=(d"(k) - d*"(k))AY(T), Thus, in the proposed not self-consistent treatment, we
take the impurity scattering superconducting quasiparticle
lifetime 7 to be equal to the impurity scattering predicted
a4or the un|tary limit in the normal state.

with differentd?(k)- vector order parameters for differeit
Fermi sheets, transforming according to the two dimension
irreducible representation,g of the tetragonal point group
Dyy, it yields the form 1 n;

— = - 4
T TIN§Uo “)

d'(k) = e,[d;, (k) + i dy, (K)]; (@ _
o ] _ _ N is the density of states for thesheet at the Fermi level,
where the explicit expressions | use ftirandd,, are and the strength of the impurity potentidj > 1.
oa kg bc The energy of a normal-statesheet! is the same as the
& (k)=0" sin(kya)+ sin (L) COS( Yy )COS< z ) , (2)  value previously reported [12]. The tight binding parameters
2 2 2 used for they sheet are

and (Eo — Ep,t,t') = (—0.4, 0.4, —0.12).

i i kga\ . (kya k.c
dy(k):5 sin(kya)+ cos <%> s <%> COS( ; > , 3 These values are in agreement with Haas-Van Alfen, and
ARPES experiments [16,17]. The calculation of the ther-

with di and cL real. The factor$’ were obtained in Ref. 12 mal transport makes use of the Fermi velocity as determined
by fitting experimental data on ultrasound attenuation offrom the expression for the band structure; however, a cal-

Ref. 11. culation with the unit isotropic vector of the Fermi velocity
For this model, the nodal structure of thdoand predicts {r%,j = (j - k;) provides the same result.
eight symmetry-related nodes f&r lying on the symmetry The expression used to calculate the electronic heat trans-

equivalenf{ 100} planes (see Fig. 1) and also eight symmetry-port due to non magnetic impurity scattering in unconven-
related nodes i{110} planes for they sheet as well. The tional superconductors is validated for energies ' and
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FIGURE 2. Numerical fit of the in-plane thermal conductivity
components [100] normalized at.T Experimental data is taken
from [10].
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Normalized DOS

i
e/A,
FIGURE 3. Numerical calculations of the superconducting densi
of states DOS for th@ and~ sheets according to our model.

low impurity concentrations. A suitable equation to comparefor all the bands are needed in order to explain the exp

numerical calculations with experiments is given by

Z /dee (— %) A;(e), 5)
L)

here the constant = 6/(72T,), j refers to one of the two
basal directions [100] and [110] anthbels the sheets on the
Fermi surface A’ (¢) is given by

(v, b0 Re /e —TAL)
(Vi)

The gapAj corresponds to the expressions fgraihd d,
givenin Egs. 2 and 30}7]. are the unit Fermi velocity vectors

ki (T) 1
Rj(Te) T

Ai(e) = S ()

FS

for each sheet. In this equation vertex corrections have bee
neglected, since we have not carried out a self-consiste
evaluation of the order parameter. It is assumed a tempe

ature dependence of the fortf(T) = A} /1 — (T/T.)3,
which is sometimes used in the literature [6].

mental data.

Itis important to notice that although the nodes in the p
posed model are both point nodes, the low temperature pi
erties of the nodal structure for thand/ora sheets have
some of the properties of line nodes, as there is a very
gap along the line joining the nodes. Hence, the result me
the one provided by horizontal line nodes as is the case of
Zhitomirsky-Rice model [3]. However the fit in Fig. 2 pro
vides in principle, a strong support for the essential featu
of the order parameter symmetry model of Ref. 12.

Due to the importance of anisotropy tight binding effeci
| also consider worth to calculate for the [110] direction,
finding that there are no crucial differences between the
culation for any of the two directions; even in the case wh
anisotropic effects are included. This proves thatA(#)
ependence on T (in contrast to the sound attenuation) i
verall equally dominated from contributions coming fro
ll the sheets and explains the apparent line nodes beh:
of k where thed anda sheets give a major contribution.

Figure 2 shows the numerical results for the temperaturgy Density of states and universal behavior of

dependence of the normalized electronic heat transport cal-
culated by evaluating Eq. 5. The experimental results are

from Ref. 10. The obtained fittings ara;’
A} ~ 0.3 meV.

~ 0.09 meV, and

the electronic heat transport

Next, | attempt to give a qualitative analysis of the univer:
behavior of the superconducting electronic thermal cond

The numerical calculation of the electronic thermal con-tivy according to this model. First, a numerical calculatic

ductivity for the basal [100] direction is shown in Fig. 2.

of the density of states DOS in the superconducting stat

The totalx gives an excellent agreement with the experi-y,q . and 3 sheets is performed. The numerical calculati
mental data. This experimental data is for pure samples witl}¢ iho DOS is made with the equation

T. ~ 1.44 K. Contributions from each band are also calcu-
lated. Figure 2 shows that lines of very small point gaps on
the 8 and/ora sheets could dominate the behavior of the elec-

N(e) = NjFe( (7)

=)
2 — [AL]2 Fs’

tronic thermal conductivity at low temperatures. On the other

hand, point nodes on thesheet give an insignificant contri-

Ng is the DOS at the Fermi level for each band, and the ¢

bution at low temperatures. This shows in principle that theA§ corresponds to the one given by the expressionsifor

electronic thermal conductivity in §RuQ is an integral ef-

andd;. For the purpose of finding the energy dependence

fect where, in contrast to sound attenuation, the contributionthe DOS the previous expression is calculatedl at 0.

Rev. Mex. Fis57 (2011) 395-399
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The numerical calculation of the DOS is shown in Fig. 3. The low temperature specific heat associate with the
For the and~ sheets Fig. 3 shows that for the low energy constant DOS at low energies and temperatdrtes I' and
Bogoliubov excitations the DOS in th& sheet behaves lin- for both sheets is given according to [20] by
early in energy, as it is predicted for line nodes. On the other
hand, they band shows a quadratic behavior in energy, asitis F51| (12)
expected for a superconducting DOS with point nodes. Also Ag |’
from Fig. 3 it can be noticed that the zero temperature gap
amplitude for they band is larger than the one for thdand.  wherek s is the Boltzmann constant. This way a simple es-

In order to elucidate the universal behaviowifrom the  timate of the bulk electronic thermal conductivity at low en-
symmetry model, an intuitive approach which was found toergies and for both sheets in the limit of the universal behav-
be successful in Ref. 20 will be used below. It is noticedior (at temperature® < I') is given by the generalization of
that a more general theoretical analysis as the one developegduation in Ref. 20
for the universal behavior of the sound attenuation in Ref. 18

22
cv=chFey e T kBT

F2
3 Ny -2 + NP

0 A2
Aw

can be performed easily here. | show that it is possible to K=k +K =) vpy ly+ ) vrg ls, (13)
provide the main results in the case of a multiband supercon-
ductor. | start with a simple expression for the expected lowith B
energy dependence of the DOS where the nodal points (the ly = VEAT
5

points where the Bogoliubov quasiparticle’s energy is zero)
determine the low temperature thermodynamic properties. and 5
As it was noticed previously, the largest material parame- lg = vFﬁF—L
terd” gives rise to a well defined point-nodes topology for the B
order parameter in the band, therefore as shown in Fig. 3, a the mean free paths for both sheets. Finally, | found the
qualitative behavior of the DOS yields the following expres- electronic heat transport in the limit of the universal behav-

sion for the density of states of thesheet ior to be
N&Y &2 ko m2hk? Ny NJT
-7 =53 (8) =~ B2 s 20 4 2 Unie iy N I 14
NO“/ Ag,Q T 3 FpB Ag Fy A3,2 ( )
On the other hand, the material paramétégives rise to A numerical evaluation of the previous equation can
a line of very small point nodes on thiesheet and it can be be performed by using the values for the Fermi velocities
approximated by the following expression vpg = 95.9 Km/seg andr, = 59.5 Km/seg according
> to [2], the values forA] and Ag given previously in this
N* ~_C 9) paper, and the values of the DOS at the Fermi level of Ref. 2.
NP AL For the spread in energy in the unitary limit, | take a very

simple approximatiol’, ~ A{ following the appendix of
where AJ and Ag are the maximum gaps for each Fermi Ref. 18.
sheet. Therefore, | find the bulk thermal conductivity for this
Close to the strong scattering regime and approaching thievo sheets model approximately equal to
universal limit, | generalize the results of Ref. 20 to the case
of a two gaps superconductor. In Ref. 20 it is supposed that Kineoretical T &~ 0.8W/K’m
the low lying Bogoliubov excitations acquire an imaginary
parte — ¢+l These excitations posseses an energy indeand which is lower than the experimental value found in
pendent life timer = 1/2T" and because of the energy uncer- Ref. 23 of
tainty principle, the low energy quasiparticles have a spread Kexperimenta/ T’ ~ 1.7 W/K?m.
in energy of the order of which is called the zero energy
scattering rate [18]. . o 5. Final remarks
Therefore, close to the unitary limit the DOS for both
sheets is given by It is found that with two different gap structures character-
Ny F% (10) ized in thew, 8 and/ora sheets by point nodes of different
Ny Agv” magnitude, the calculation of the temperature behavior of the
superconducting electronic heat transpeoff’) leads to an
N8 Ty excellent agreement with the existent experimental data [22].
NS AR (11)  These results also show that in contrast to the ultrasound
0 0 attenuationo(7"), which is able to identify different nodal
whereI', andI's are the spreads in energy for theand3  structures in different bands, there is not relevant anisotropy
sheets. for the quantitiess1og) and x(11). This makes difficult to

and

Rev. Mex. Fis57(2011) 395-399
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identify the nodal structure in SRuO, from electronic ther-  edge discussions with Prof. Michael Walker from the Unive
mal conductivity data. Finally, the numerical calculation of sity of Toronto, Prof. Jds Rodriguez at SUPERCOM frorm
the DOS for each sheet, allows us to qualitatively estimate thi&a Universidad de Carabobo, and Prof. Rodrigo Casanc
value of the universal limit for the electronic heat transport toThis research was supported by the Grant CDCHTA num
be lower than the value observed experimentally in Ref. 23.C-1479-07-05-AA.
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