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Orbital fluctuation-induced triplet superconductivity: Mechanism of superconductivity
in Sr,RuO,
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The mechanism of superconductivity in,BuQ, is studied using a degenerate Hubbard model within the
weak coupling theory. When the system approaches the orbital instability which is realized due to increasing
the on-site Coulomb interaction between the electrons in the different orbitals, it is shown that the triplet
superconductivity appears. This superconducting mechanism is only available in orbitally degenerate systems
with multiple Fermi surfaces.

Since the discovery of the superconductivity inRu0O,
below T.=1.5 K experimental and theoretical investigations Hi=2 [UX NigNig; +3 E Sa Sar
on this compound have been carried out intensivele I ‘ ara
main features of the results of investigations may be summa-
rized as follows:(1) this compound has the same crystal +U D Mg+ 2 al@iaal, @i |,
structure as the higfi, cuprate La_,Sr,Cu0,, (2) the con- a>al atal
duction electrons exhibit the two-dimensional Fermi'"qUidwhereakw is the Fourier transform of the annihilation op-
property; (3) there are three cylindricaltyy Fermi  erator for thed, -orbital electrons ¢=xy,yz, zx). e, de-
surfaces’” (4) T is strongly suppressed to less than 1.5 Kscribes the energy dispersions of the tight binding bands
by the nonmagnetic impuriti€s (5) no Hebel-Slichter peak measured from the Fermi level as follows;,= — ¢,

was seen in T, and(6) the NMR Knight shiff andu-SR ~ _o¢ cosk,—2t, cosk,+4t" cosk, cosk, . In what follows we
(Ref. 9 experiments indicate that the spin triplet state breakuhoose the  same values for the parameter sets
ing the time-reversal symmetry is realized. (€o.ty,ty,t') as in Ref. 14, (0.50,0.44,0.440.14),

In an early stage of investigation, it was considered thaig 24 0.045,0.31,0.01 and (0.24,0.31,0.045,0.01eV for

the symmetry of the superconducting order parameter iy 4  d, orbital, respectively. These bands are occupied
Sr,RuQ, is of the p wave similar to that in"He and the ' four electrons per site, corresponding to a tetravalent
pairing is caused by ferromagnetic spin fluctuation enhancegy, atom. We show the results of calculation for the Fermi
by the Hund's coupling? From these facts, it was consid- g faces and the dependence of the static susceptibilities
ered that the most consistent superconducting order paran)w(w)(q) in Figs. Xa and 1b), respectively. Each peak
eter is represented ly(k) =z(k,+ik,). Recently, some ex- of ,(©(q) corresponds to the nesting vector depicted in
perimental results suggest the existence of line nodes in thejy 1(g).

above assumed form af(k). Also, the inelastic neutron- fo|jowing effective interaction Hamiltonian which is rota-
scattering data do exhibit the incommensurate magnetigonally invariant in the spin space:

respons¥ consistent with the nesting vector predicted from
the band-structure calculatidf put no discernible response 1
aroundg=0. In view of these experimental results throwing Hfﬁ=z > X X VEEk—K)al,at g8 ke,
some doubts about the-wave scenario, it is desirable to @B e k!
develop a more detailed theory from a microscopic point of
view. - VEink—KkNal af
In this paper, we investigate the mechanism of the superjL 4 c;ﬁ ,u;éfl g Vag" (K=K B2 ki
conductivity in SpRuO, based on a degenerate Hubbard

model having four on-site interaction parameters: the Cou- Vﬁ;g”(q)=saﬁ(q)aw-ayg— Cop(@ 6,0,

lomb integral between the same orbital electrbhsthe di-

re/ct Coulomb jntegral _between the different orb?tal eIe(_:trons ngén(q)zgaﬁ(q)o. ,Uyg_Eaﬁ(q) bt 2)

U’, the Hund’s coupling constarl, and the pair-hopping

constant)’. where o is the Pauli matrix.S,z(q) and C,4(q) are the
The model Hamiltonian mentioned above is described ascattering matrices in which the particle-hole pair is scattered

follows: from the d,, orbital into thed, orbital, while S,4(q) and

Eaﬁ(q) describe the scattering matrices in whith particle
anddg hole is scattered intd; particle andd,, hole, respec-
H=Hy+H, Ho= 2 E ekaala(raka(ﬂ (1) t|vely. These four scattering matrices are given as fo.IIows by
ko “a treating the degenerate Hubbard model within RPA,;
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(4) dencies ofxgouﬂ(q) using the parameter set described in the tgxt.
andqgg are nesting vectors.

where f(€) is the Fermi distribution functionS,,(q) and

C..(Q) are connected with the spin and charge ﬂuctuation%Oth instabilities ofS, 5(q) and C,5(q) should occur only
for d,, orbital, respectively. ap ap

The magneti¢charge or orbitalinstability appears when within small regions mlt.r?eq space where(_(a (@) has the
the following relation is satisfied: peak structures. Instabilities f@&,4(q) andC,4(q) are not
found for realistic parameter values in the present case be-
def1705@%o(0)]=0 for S,s([Cus(c)]. (5) cause of the small value q»f(?og(q) (a#B). '
) _ ) o . Carrying out the mean-field prescription with respect to
This equation of the instability fo8,s(q) [Cap(a)] is re- e gbtained effective Hamiltonian, we derive the gap equa-
duceq to the following cubic equation with respect 10jon for the superconducting transition with the assumption
J2u’); that the effect ofa/,,a’4,) for a# B is negligibly small.
X3+ as©x24 ¢SO =0, x=Jq(2U(’]) Iglijeajfs(l;rppt;c;n siefglrs ti be reasor_1able, since the nonzero
Kap@—kpy a# B can be important only at the
1 1 1 1 wave vectork where two Fermi surfaces cross with each
as@=__ 2 N Cs(c):_H —, other. We thus obtain the following gap equation for the
257 X9 2% x29(g) singlet (y=s) and triplet (7=t) spin state:

1 _ 1 _ tanf’( EkrﬁIZKBT)
= = FU, 6 1K) = 7 (K—K') ———=F " T ANK!
whereJ, (U,;) is the solution of the above cubic equation for , L
eachg. Wheny3((q)>0 as expected, it can be proved that Vaal@D=C¢,S: () +3Ca(),
the above cubic equation gives always three real solutions _ _

(one negative and two positiveSince we havel]<0 and V2a(@)=¢,S,5(A)+3Cup(q) (a#p)
U’>0, we should assign the negative solution of the upper

one of Eq.(5 to J4 and the smaller one of the positive ce=%, c=-3%, (7)
solutions of the lower one of E¢5) to 2U,,. From this cubic

equation, it is always expected that the absolute value of therherekg is the Boltzmann constant. We note that the super-
solution forJ, decreases with the increase 0f while the conducting transition occurs simultaneously at a temperature
value of the solution for B/, increases withJ. Thus,S,z(q) ~ for all orbitals as far as we keep’#0 or nonvanishing

is enhanced with the increase bf or [J|, while C,z(0) values of S,4(q) and C,4(q), as pointed out earlier by
develops due to the increasedf. Also, it is expected that Agterberget all’
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FIG. 2. Calculated phase diagrams 0AJ| plane(a) for U"  hanced due to the strong and relatively wide-peak structure
=U and_(b) for U'=1.14J. |J|=J’ is assumed. Inset: Calculated of C...(0) («=yzzx) aroundg=qgg while the singlet one is
phase diagrams od-U" plane. considerably reduced with the increasdJsf. Thus, increas-

Hereafter, we restrict ourselves to the smdll region ing the value in_’ favors the triplet superc_onducting state
with J' =|J|, the relation satisfied practically in any transi- rather than the smgle_t one. In o_rder to clarify what contrib-
tion metalst® We carried out the calculation at a fixed tem- Utes t0C,.(a), we define the orbitalcharge operators from
peratureksT=0.005 eV. Although this temperature looks dyz @nd dzy orbitals asn;y,+ni,, and show in the inset of
too high compared with the observed value in the ruthenatd;9- b) theq dependepc!es C,lFaa(Q)“Jr Cﬁﬁ(Q)+ZCaﬁ @
it seems to be sufficient insofar as we look for the mecha{@=YZ B8=2X) where “minus” and “plus” are connected
nism of the superconductivity within the weak coupling Wlt-h the orbital and. charge flu_ctuatlons, respectively. It is
theory without energy cutoff which overestimates the valuegvident that the orbital fluctuation betweep, andd,, or-
of T.. When a solution is found at this temperature, lowerPitals mostly contributes to thg dependencies o€,,.(q)
values of T, may be obtained easily by changing parameter(‘t“(:)yz'zx)- Alsctn(,g)we show in Fig. 4 th& dependence of
values. In the parameter space around both instabilities foby> (K) whereA;® (k) is odd with respect tl; . Under this
S.5(0) andC,p(q), we solve the gap equation for both the condition the magnitude oﬁ;(g’)(k) is much larger than
singlet and triplet spin states numerically, using a finite lat-A%Y’(k) and AL(Q’)(k). From this figure, it is seen that the
tice with 128< 128 meshes. triplet superconducting state in Fig(2 belongs to theA,4

In order to decide the phase diagram at fixed temperaturex E,, irreducible representation under tetragonal symmetry
we have to find out, first of all, the instabilities 8f5(q) and  Dyp, becausex;(zy)(k) at k,=0 has the nonzero value and
C.p(d). The instability of S,5(q) [C,s(Q)] is given by  the direction of the node deviates from the diagonal. We may
el =min[Jg (Ug=minU,). We show the phase diagrams think of the form of the gap functionty(g’)(k) proportional to
of this model forU’=U andU’'=1.14U in Figs. 4a) and  sink [A+B(cosk,+cosk,)]. We show in Fig 4 a rough fit-
2(b), respectively. The mode of the magnetic state in Fig. Zing result due to this function. Nonzero valuedteems to
is ga shown in Fig. 1. Thus, it is easily understood that thebe essential for better fitting. For comparison, we also show
singlet superconductivity in Fig.(@ has the symmetry of a fitting by using the function siky(cosk,—cosk,) (belong-
dy2_y2 due to the enhanced spin fluctuations around the aning to B;¢X E;). Thus, summarizing these results, it is un-
tiferromagnetic modé&® On the other hand, it is seen in Fig. derstood that the superconducting phase obtained in Fy. 2
2(b) that the instability line ofC,4(q) atq=gg gets into the is the phase of the orbital dependent triplet superconducting
paramagnetic parameter space in the srlilliregion. We  state which is induced by the strong orbital fluctuations be-
find that bothS,,(q) andC,,(q) have the peak structures at tweend,, andd,, orbital with the increase df}’. However,
the sameq points as shown in Fig. 3. Thus, from the gap it remains to discuss if the value of the paraméiérused in
equation we see that the triplet pairing interaction is en+ig. 2(b) is realistic.



RAPID COMMUNICATIONS

R14 644

It seems difficult to explain the larger value ©6f com-
pared withU insofar as we use the bare values for them. In
actuality we should use=normalizedvalues for these param-
eters in the present RPA scheme. In order to discuss the
values of the renormalized interactions, we extend the mul-

TETSUYA TAKIMOTO

tiple scattering problefi between two electrons to the
present case. For simplicity, we assufd¢=J’'=0, since
we are interested only in the small| region. As usual, the
renormalized interaction strengths,,U’,; with the mo-
mentumq’ for the center of gravity of two particles are
given as follows:

_ Ubare
1+ Ubare¢£f2(Q')

«(9")

!
bare

1+ Ul;are¢510ﬁ)(q,)

U’ ,5(0)= (a# p),

1—f(e rw)—Fleciqrp)
O)ry')— q'B
»)(a") ; ,

€_kaT €+qp

8

where Uy, and U], are thebare interaction constants
which satisfy the usually expected relatiah,, ;.= Upare-
Now, we consider the case in which a particlékatgg and a
hole atk are scattered to a particledt+ gg and a hole ak’
by U, or U’,,. Because the value of{%,,(gg) is princi-
pally attributed to the contribution around=kg shown in
Fig. 1@, we have k~k'~kg, that is, q' =k+k'+qg
~(2m,2m). Itis expected that®)(q') is much larger than
$)(a') (a# B) aroundq’ =0 because of the different ge-
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FIG. 4. Calculateck dependencies oA\Y)(k) along thed,,
Fermi surface in the first quadrant. Selected parameter set is the
same as Fig. 3. Fitting parameters are choseA-a8.51,B=1.3.

triplet superconducting phase rather than singlet one in a
fairly plausible parameter regime. It is evident that the strong
orbital fluctuations enhanced by the increaséJéfas com-
pared withU play the most important role in this mechanism.
We expect the present mechanism to apply to other strongly
correlated electron systems with degenerate orbitals and mul-
tiple Fermi surfaces. In particular, it is tempting to consider a
possible application of this mechanism to YRihich is an-
other triplet superconductor with both the multiple Fermi
surfaces and the strong antiferromagnetic correlation.

In conclusion, we have investigated the mechanism of
superconductivity in SRuQ, using the Hubbard model with
degenerate orbitals within the weak coupling theory. It is
shown that the triplet superconductivity appears, when the

ometry between these two Fermi surfaces. As a resulistrongly correlated system approaches the orbital instability
U,(q) is more suppressed thdn’,z(q’) aroundq’=0. achieved by the increase of the on-site Coulomb interaction
Thus, if U andU’ are regarded as the renormalized interac-U’ between the electrons in different orbitals as compared
tions, U’>U seems to be satisfied in our case. This resultvith U between the electrons in the same orbital. It should be
seems to favor the present mechanism for the orbital instastressed that this superconducting mechanism is only avail-

bility as shown in Fig. ). For more quantitative estima-
tion, we need more detailed studies in future.

able in the orbitally degenerate system with multiple Fermi
surfaces.
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