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Interlayer coupling and p-wave pairing in strontium ruthenate

James F. AnnettG. Litak? B. L. Gyorffy,! and K. I. Wysokirski®
H. H. Wills Physics Laboratory, University of Bristol, Tyndall Ave, BS8-1TL, United Kingdom
’Department of Mechanics, Technical University of Lublin, Nadbystrzycka 36, 20-618 Lublin, Poland
3Institute of Physics, M. Curie-Sktodowska University, Radziszewskiego 10, 20-031 Lublin, Poland
(Received 17 July 2002; published 10 October 2002

On the basis of a three-orbital model and an effective attractive interaction between electrons, we investigate
the possible superconducting states, withand f-wave internal symmetries, of SRuQ,. For an orbital-
dependent interaction which acts between in-plane and out-of-plane nearest-neighbor ruthenium atoms, we find
a state for which the gap in the quasiparticle spectra has nodes anaheg sheets of the Fermi surface, but
which is complex with no nodes on thg sheet. We show that this state is consistent with the available
experimental data. In particular, we present the results of our calculations of the specific heat and penetration
depth as functions of temperature.

DOI: 10.1103/PhysRevB.66.134514 PACS nunider74.70.Pq, 74.20.Rp, 74.25.Bt

Ever since triplet pairing was discovered in superfluidsen so that it reproduces the experimental specific heat
3He, there has been a constant search for the supercondudatal® They coupled electrons on different layers and found
ing analogue. Although, as yet, there is no metal for whichine nodes on one sheet but a gap on the other.
triplet pairing has been definitively demonstrated, there are a We take the matter further by describing the experimen-
number of good candidates. The evidence thaR86, is a  tally observed three sheets of the Fermi surface realistically
triplet superconductor is particularly stroh§Nevertheless, and calculate more experimental observables. However, our
even in this case the full symmetry of the equilibrium stateStrategy is very different. In a multiband BCS-like model,
below T, remains open to debate!! with different coupling constants for each band, one generi-

One of the puzzles currently at the center of attention ically finds multiple phase transitions as the different sheets

the apparent incompatibility between experimental evidencé’r:c thte Ferm'tsugga;? are gapp_ed, ?u;l:cetiswely, on Ilowerlng
for broken time-reversal symmetry in the superconductin € temperature. since expenmentally there IS only one
ump in the specific heat for JRuQ,, atT.=1.5 K, in con-

staté"'? and equally convincing measurements indicatin ) ) .
that the order parametet(k) has a line of nodes on the structing a V|able_ model one must tailor the form c_)f_ the
attractive interaction to eliminate such multiple transitions.

. 3,14 . .
Fermi sgrfacé. Th|s pre_zs_ents a d||e_mma because for a”Zhitomirsky and Ric& chose to couple the order parameters
odd parity spin triplet pairing states in tetragonal crystals, gifferent sheets of the Fermi surface. This hybridized the
group theory does not require the smultapeouz{?resence Bifferent order parameters and led to a single transition. They
both broken time-reversal symmetry and line note€on-  referred to such hybridization as an interband proximity ef-
sequently, due to their lower condensation energy, line nodegct. We, on the other hand, build our models in terms of real
are unlikely. Under these circumstances it is more advantaspace bonds between electrons, with spinand o', occu-
geous to study physically motivated microscopic modelspying specific orbitals labeled by and m’, centered on
even if the question of the actual mechanism of pairing is taspecific sites andj. These are described by the interaction

bfe avorider(]j. In tr|1|is paper Weapro%osle and investigate afami|¥onstantSJ”"” (ij). We have investigated a number of such
of such physically motivated models. m,m’ L i )
Our models are prompted by the observation, of Hase[’nodels and found that two non zero coupling constadis:

gawaet al.° that coupling between the ruthenium layers jnandU, form a useful mi.n.imal set. Then we adjusted these
SKRUO, leads to convenient, horizontdd,= + /¢, lines of values so that the transitions on theand 8 sheets would
zeros on the Fermi surface. A particularly simple example ofceur at more or Ies; Fhe same temperafiige; 1.5 K, ason
such models features two, intraplane and interplane, intera&%' Somewhat surpnsmgly, Fhese two apprpaches imply d.'f'
tion constantsU; and U, respectively. They describe the ferent p_hy5|cs. _Thﬁ p_rOX||m|ty m%dEI re?u:res e(l:three point
attraction between electrons each occupying one of thee Interaction to mix the in-plane and out of plane Cooper pairs

orbitals on Ru atoms which are nearest neighbors either iWh_'Il_St(;)ur I%catlhbond mOdelj'S?St”Ctﬂ¥ atwo p0||nt effect. |
plane or out of plane. As we shall show, this simple physical 0 describe the superconducting state we employ a simpie

picture yields nodes on the and B sheets of the Fermi multiband attractive Hubbard model,
surface, while they sheet is fully gapped withd(k)

~(sinkx+isinky)éz, in quantitative as well as qualitative

agreement with a number of experiments. A= 2 [(em— )8 Smm — tmm (i] )]f;i}rmajm,g
Hasegawaet al!° treated the case of a single band only ijmm’,o

and, unlike us, they made no quantitative contact with ex- 1

periments. More recently Zhitomirsky and Riteroposed a > U () MmN o 1)

two band model and showed that its parameters can be cho- 2 ijmm’ oo’
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wherem andm’ refer to the three rutheniuity, orbitalsa x 102
=Xz, b=yz andc=xy, andi andj label the sites of a body 5
centered tetragonal lattice. The hopping integtals, (ij) 04
and site energies,, were fitted to reproduce the experimen- =03
tally determined three-dimensional Fermi surfat&or this =

i . X <o.z2
Hamiltonian we solve, self-consistently, the Bogoliubov—de
Gennes equation 0.1 _

0 % Y Te~1.5K
v . . 0.0 0.5 1.0 15 2.0
B8y~ Hum (1) A7 (0]) () i 203
jm’ o’ AT (i) E"Sij+Hmm (i) Uij'a' FIG. 1. Order parametefdX |, |A% ], |AZ.|, and|A! | as func-

tions of temperaturddashed lings and excludingz and f (full
=0, (2)  lines; t~0.08 eV.

whereH,v(ij) is the normal spin independent part of the
Hamiltonian, andA;‘r’T:,(ij) is self consistently given in Apm (K)=A% sinkziccosgcos%
terms of the pairing amplitude, or order paramejﬁﬁr;,(ij ):

v L ool +A sin&sin&sinEJr A* sin—xcos&

Ay (D) =Ug () Xy (1) 3 mm =T 2T 2N mm T2 FEED
Furthermore, as usual, vy kg ky k,c

+AL sin—- cosE) cos—- (6)

oo’ sy v vk _ v
Xm”"(”)_; Uima¥ o[ 120 (ED)], @ for m,m’=a,b. Note that beyond the usuplwave symme-

i try of the sink; type for thec orbitals, we include all three

where v enumerates t.he s_olutlons of E@): . additionalp-wave symmetries of the sig(2) type which are
In short, the hopping integrals and site energies for all,q,ceq by the effective attractive interactions between car-
three bands, which constitukéy, (i), are fixed by experi-  jars on the neighboring out-of-plane Ru orbitals. These in-

ments in the normal state and we adjust the interaction cogactions are also responsible for fhgave symmetry order
stantsU " (ij) to reproduce measurements of Supefcon'parametersAInm, , transforming a®,,, .° This latter is sym-
ducting properties. We have investigated many set§'sf ~ metry distinct from allp-wave order parameters in a tetrag-
but here we report only on a particularly interesting, minimalonal crystal, unlike some othdrwave states which have
nonzero, set. It consists of the “out of plane” nearest neig-heen proposed: The p, order parametera’  are ofA,,

bour interactionU ;7 (ij)=Ugy (ij)=U, and the in plane  symmetry. In contrast the paits’, ,,AY.  for m,m’=a,b

nearest neighbor interactiougé"(ij)=uu. The need to are of the samée, symmetry asA%,,AY.. In general the
avoid two transitions and to reproduce the measdigde-  order parameters transforming according to distinct irreduc-
termines bothU, and U (with values of 48 and 40 meV ible representations will have different transition tempera-
respectively. All further consequences of our calculations tures. Surprisingly, even though they have the same symme-
are quantitative predictions of the model. The remarkablgry, the fact thatA* AY. andA* Aﬁq . g0 to zero at

.. . . cc! m,m’ ’
agreement of such predictions with a number of experlmentq‘rcwll5 K determines bothJ, andUj. This is because in

is the principal result of this paper. the gap equation they are not coupled by any two-point Hub-
Because the pairing interactiohk’ (ij) were assumed bard interaction of the form included in E¢l). Coupling
to act only for nearest neighbor sites, in or out of plane, theonly arises via the “interband proximity effect® as dis-
- I ATER ; - cussed in detail below.
E?rgn%vzoftj:::::rufggéygrzsoilli/ Oorjgt;;tr;;;; rtlsslr;)sggieil_gh . Figure 1 shows the calculated order parameters as a func-
o . G L e tion of temperature. Order parameters transforming accord-
ing states for which the vectat~(0,00%), i.e., Ay (i) ing to distinct irreducible representations have different tran-
=AplG0), and AL (ij)=A} (ij)=0. Therefore in sition temperatures, and so thevave andp, components
general we have the following nonzero order parametérs: have transition temperatures Bt and T below T, . Above
for in plane bondsA..(e,) and Acc(éy); and (i) for inter- TL but belowT. the order parameters have the symmetries
plane bonds,Aq4(Rij), and Aap(Rij), App(Rij) for Rij  AY =iAX , A¥ =iAX, as foFf (k.+ik,)e, corresponding to
=(*al2*al2xcl2). the time reversal broken pairing state 4ie—A. The off-
Taking the lattice Fourier transform of EB) the corre- diagonal components, such A%, are small but nonzero, as
sponding pairing potentials ik space have, suppressing the areAj, andAY, . It should be stressed that the k-space pair-

spin indices for clarity, the general form ing potentialsA v (k) do not directly correspond to the en-

A (K)=AX sink.+AY sink 5 ergy gaps on the Fermi surface sheets, shown in Fig. 2, be-
oK)= Ace SNkt Ace sinky ® cause, in general, the tight-binding Hamiltonian is
for c orbitals, and nondiagonal in the orbital indices.
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FIG. 2. Lowest energy quasiparticle eigenvallEgk) on the ) ’ " T/Te
Fermi surface(a) Polar plot of they sheet in the pland,=0; _ _ _ o
E,.maxKe)=0.22 meV andE,, yin(kg) =0.056 meV. (b) Vertical FI(_B. 4. Supe_rflwd density as a function of ($olid ling), and
cross-section of the cylindrica sheet in the planek,=k,;  experimental points from Sample 1 of Bonateteal. (Ref. 14. The
Eg.maxke) =0.32 meV. A nonzerd-wave order parametédotted relative contributions ot anda andb order parameters are indi-
|iné) lifts the p-wave line nodegsolid lines. cated (dashed lings The inset shows thermal conductivity com-

pared to the experimental data of I1zaetal. (Ref. 2.

Using the above quasiparticle spectra we have calculateghental result very accurately. Note that the low temperature
the specific heat, shown in Fig. 3. Remarkably, although wéimit of the specific heat is power law because, withfutur
fitted to T only, the specific heat jump &, is 27 mJ/mol, in  energy gap has line nodes. These are a horizontal circle
essentially exact agreement with the experinténGiven  around the cylindricaB Fermi surface sheet, as illustrated in
that this value does not correspond to the BCS resulFig. 2, and eight point nodes on theFermi surfacé® The y
AC/C=1.41 this fact strongly supports the two parametersheet is nodeless. When th&ave order parameter also be-
U, andU;, model we are investigating. At low temperatures comes finite, the line nodes disappear. The fact that the slope
the full solution corresponds to the dotted curve. The peak abf specific heat at low temperatur@githout f) agrees quan-
0.3T, is the reflection of th&d component ofA becoming titatively with the experiments suggests that these nodes are
nonzero and is clearly inconsistent with the experimentsonly present one and 8, as in our model.

Evidently, this unwanted second transition could be elimi- A further independent test of our model is the calculation
nated by introducing further interaction constants. Instead 0bf the superfluid density,shown in Fig. 4. Again there is
doing that we remove this peak by setting thendz com-  excellent agreement over the whole temperature range be-
ponents ofA to zero in each step of the iterative procedurestweenT. and zero. Some physical insight into the different
This can be readily justified by invoking a small concentra-contributions to the superfluid density can be found by set-
tion of impurities described by the scattering rate. We  ting AX’Y to zero form=m’=c or m,m’ =a,b and repeat-
have checked by explicit calculations, based Abrikosoving the calculation. Thes orbital only contribution gives
Gorkov theory)® that such weak disorder will suppress apout 70% of the zero temperature superfluid density, with
Am o Without much influence on the other components. Thethe remaining 30% derived from thee and b orbital order
details of these calculations will be published elsewf&re. parameters. One can see that the finite slope at zero tempera-
We have also found that the predictions of the above “tWo ture derives only frona,b contributions, consistent with the
model” are remarkably stable to introduction of further in- line nodes on thex and 8 Fermi surfaces. The calculations
teraction constants such b between thea andb orbitals.  agree well with the experimerifsat all temperatures, even
Such terms do not eliminate the line node but shift its posithough there is nd@? behavior in either the, b, or ¢ super-

tion in k, . fluid contributions. The only disagreement is that the abso-

As can be seen in Fig. 1 they a andc order parameters |ute magnitude of our calculated zero temperatuse plane
are only slightly affected by the presence of thgave gap. penetration depth is only 450 A compared to the 1900 A
Moreover, as shown by the full curve in Fig. 3, the calcula-determined experimentally:?° This discrepancy may be due
tion without thef andz components reproduces the experi-to non-local electrodynamic effects associated with the line
nodes’! We have also calculated the temperature dependent
zero-field thermal conductivity, which, as shown in the inset

%60 of Fig. 4, is also in good quantitative as well as qualitative
S agreement with the experiments of Izaetal 2
X 40 In summary we would like to emphasize two points. First,
> we have proposed an alternative to the “intraband proximity
égo effect” model of Zhitomirsky and Ric€ for describing hori-
zontal line nodes on th@ sheet of the Fermi surface in

®) % superconducting $RuQ,. Our bond model differs from

0 0.4 '?/'?c 1.2 1.6 theirs in the way the interlayer coupling is implemented. Our

description is a real space, two point tight-binding interaction
FIG. 3. Calculated specific he@tas a function of temperature Such as naturally arises in any multiband, extended,
T, compared to the experimental data of Nishizekal. (Ref. 13.  negative Hubbard mode[Eq. (1)]. To be quite clear about
The dotted line includes thewave order parameter, and the solid this matter we recall that a generic pairwise interaction like
line is calculated after setting tfavave gap parameter to zero.  U(r,r’), when expressed in the language of a tight-binding
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model Hamiltonian will, in general, give rise to four point thermal conductivit(Fig. 4) are parameter free quantitative

interaction parametend;; . The original Hubbard Hamil-
tonian makes use of the one point parametéfS=U, ;

predictions of the theory. Consequently, their good agree-
ment with experiments can be construed as strong support

while the extended Hubbard model is based on two poinfor the physical picture represented by our model. Interest-

parametersy?=U;; ;; . Evidently our “bond” model is a
negativet version of the lattef® On the other hand, the
“proximity effect model”'! corresponds to usingJi(j?,

=Uj; ;- The physics of this is often referred to as assiste
hopping®* If one assumes, as is normally the case in a

isotropic substance, that (M| >|U®@)|>|U®)|>|u@)| then

the “bonds” represent a stronger coupling than assisted ho

ping and should be the preferred coupling mechanism. Ho
ever, for the tetragonal arrangement of Ru atoms §R80,

this is no more than a suggestion at present. Thus the relati
merits of the two models will eventually be settled by appea
to further experiments. Second, we wish to stress that in ol
“bond” approach to the problem the parameters which de-

\Ep_')resented elsewhef@ Finally, we note that since in our two

\%iminated by fixing the relative sizes tf,

ingly a significant feature of this is that the amplitude of the
gap function and the superfluid density, on theand 8
sheets of the Fermi surface are comparable to that ory the

dsheet. This is unlike the case suggested by the “interband
rProximity effect” picturé! wherey is the active band and

and B play a passive role. A more detailed comparison be-
tween the present model and that of Zhitomirsky and Rice is

parameter model the possibility of two transitions has been
andU; we are
Iforced to predict that uniaxial pressure, which presumably
ffectsU, differently from Uy, could split the transition.
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