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A generalized—J—I-model is proposed for SRuQ, that takes the strong intra-atomic

correlations of thal electrons and the features of the electronic structure gR8D, into account.

It is shown that, in the limit of strong correlations, there are no singtgpe solutions for

the superconducting state, but triplet solutions exist because of ferromagnetic spin correlations. For
typical values of the model parametefs~ 1 K, consistent with the value df. for

Sr,RuQ,. © 1999 American Institute of Physid$1063-783409)00511-7

Despite its lowT.~ 1 K,! superconductivity in SRuQ, 000
is of great interest for two reasons. First, this is the only H:;T (S_M)X?’(r—t;ﬁ:g X7 XY
superconducting oxide that is isostructural with,CaQ, but ' o
does not contain copper, so that a comparison with the HTSC
oxides may clarify the role of the copper. Second, the super-
conducting state in SRuQ, is analogous to superfluitHe
and hasp-type pairing? The triplet superconductivity in
SrL,RUO, has been discussed in terms of a band theory as a Kﬁg=§fégizﬁfﬁg, 1)
consequence of pairing induced by ferromagnetic spin fluc-
tuations. It was not clear beforehand whether the triplet state )
would be maintained in the presence of the strong electroni¢N€ré we have introduced the Hubbard operatis'
correlations owing to the high effective mass of the electron =|p><q|, which act on the |_ntra-atom|c statg8> (no.
in the y band (12n, from data on quantum mechanical oles and|o> (a holg with spino=+1/2) and automati-
oscillationd) and the closeness of Su0, to the boundary Ccally exclude two-particle states, agandn; are the spin-
for a Mott—Hubbard transitior{the isostructural, isoelec- and particle-number operators at siteThe signs in Eq(1)
tronic crystal SsFeQ, is a Mott dielectri€). In this paper we @ve been chosen so that all the parameters(1) are
propose a generalization of theJ model for strongly cor- positive and, for simplicity, only the sum over the nearest

related electrons in the form of an additional ferromagneticne'ghbors is retaine@the vectord). For infinitely large cor-

exchangel() term caused by the specific features of the elec_relatlons, l.e.U— o, the antiferromagnetic exchange-0.

. . . . _We restrict ourselves to the cake J. The electron concen-

tronic structure and show that, with strong correlations, trip-___. .
. . ) : tration ng=N./N varies over the range<On.<1. As n,

let solutions exist for the superconducting ordering param- . C : .

eter withT.—1 K for tvpical values of the model parameters —1 the kinetic energy goes to zero and a dielectric state

Th With Te . I&typl Vl tg . th dp t sati " exists with a long-range ferromagnetic ordering. As the hole

thee;e rir? Tg singlettype solutions since they do not satisfy concentration increases, the ferromagnetism breaks up and a

um rule.

L o superconducting state can appear.
A (dy2-y2—p) — o coupling is characteristic of the cop- The Hamiltonian (1) describes quasiparticles in the

per oxides; here the interaction of neighboring copper spingwer Hubbard band. For comparison with,BuQ, it is

only occurs through a superexchang@edirect interaction necessary to explain that the hateand electrong bands in
(t—J-model,J~t?/U). SLRuO, is distinguished by the fact this model are a reservoir of particles and determine the
that bands formed by & bond of the type dx,—p) existin  chemical potential. The electran-band, which is also re-
the neighborhood of the Fermi leve!. A simple quantum  sponsible for the superconductivilysplits into upper and
mechanical analysis shows that in this casedfjeorbitals of  |ower Hubbard bands when strong electron correlations are
neighboring cations overlap and this leads to a Heisenbergaken into account. Calculatidhshow that thes band is
exchange interaction, in addition to the superexchange intekhalf filled, the « band contains,=0.28 holes, and the
action through oxygen. For describing strongly correlatecband is filled somewhat beyond half with electronsntg,
electronic states with developed ferromagnetic fluctuations=1.28. This means that in the electron representation, the
we propose a generalized—J—1-model with the lower Hubbardy band is completely filled, while the upper
Hamiltonian band contains 0.28 electrons. We shall work in the hole rep-

+32, Ké—12 K5,
% f,f+o % f,f+o
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resentation, where the number of holes in the lower Hubbard A¥ =

band isn,=1-n,, 0<n,<1. kB’k‘=<XQTka,l>=ftanh2—, ®
The exact equation of motion for the operaiy,, , the K 7

Fourier transform of the operatm?", is (h=1) where 52:E§+ |A|?/c?(n) and 7=kgT/zt is the dimen-

sionless temperature. Besides the ordinary self consistent

1Xier = &k Lo equations for the chemical potential and ggpin the theory

1 of strongly correlated systems, it is necessary to include the
Liy=— — > Yo Xk 5" Xp, 0= X5 "Xp00) sum rules for the anomalous averagasonsequence of the
VN % algebra ofX-operators that excludes two-particle states
. > Yieopl(G— M) X 5X . > B=0 (9)
\/N > Yk-plL(9 k—=p \p,—o N % k .

_gxk—fb—ffxp U—XXE’_‘Tpo ol 2) Breaking up the anomalous averages into a sum of sym-
_ ' metric and antisymmetric components,
where fi=—yc—u, %=z 2sexptka), g=Jit, and . p@ RO_RES g (a)
A=1/t. Here all energies are expressed in unitszofithe Bp=B,”+B,”, By’=BY,, BY,=-By”,
band half-width, w=(u—¢)/zt, and z is the number of it is easy to write down an expression for the gap of the form
nearest neighbors.
A convenient procedure for linearizing the nonlinear op- A= Ast MAa,
eratorL with separation of the normal and anomalous aver-
. . . a=2—(29—\ ., A=AS,,

ages is the irreducible operator metH8d, k (2= M =AS

L X)) S¢= (sink,+sink,)/2. (10
Lko=Lko™ X Xy ke The symmetric solutiond {®= @, A5 correspond to sin-
7k glet pairing and the antisymmetric solutioA§®) =\, A, to
<{LkU,ka,_(,}+> . triplet pairing. The first term iy, , which equals 2, arises
N X o X —ad 1) —k—o- () from a kinematic mechanism for pairinglt is easy to see

o that the symmetric solution does not satisfy the sum Rile.
Neglecting the irreducible patt,,, we write down the At the same time, this rule is automatically satisfied for the

equation of motion in the average field approximation antisymmetric solution. The ordering paramefgy can be
written in the form

- ~ Ak +
|Xk,T:§kxk,T__C(n)x*k,l’ [ D 1 1 00500 50 01
Aa:_ —_ _(X ’ X ) _X ) ’) ’ (11)
st 229N\ £ Xeh 5~ Kt Xt
it — _Foyxyt K
X2 = ~ &K gy C(n)XKT' @ containing the average of the annihilation operator for a trip-

let pair with S*=0 at neighboring lattice sites. For this solu-

Here the renormalization of the dispersion relation 'Stion, atT=0 we have the following equations for the gap

taken into account in the simplest “Hubbard 1" form for a

nonmagnetic statey, =n, =n/2, c(n)=1—ni/2, ﬂ_ i > Sg .
G=c(n(=y—m), m=[(g+M)n/2+ulic(n), (5) NNy m2+ s2D2
andmis the effective chemical potential. The gap is given byand for the chemical potential
A=Ak =" et Nh 1 Yptm
2 1 ﬁzmg(ﬂmﬁ’ (13

Ak:N Ep: — Yt 5(7k+p+7k—p) Bp
where DZ=\?|A,|?/c*(n), which have solutions only for

A A>0. The equations fof; have the form
N E 7k+po: (6)
P 2-n, 1 S; c(n)] yp+m|
where we have introduced the anomalous average X N zp [7p+m| h 27, 2 (14)

Bp=(X_pXp). Writing out the solution of the system of _ _

Gorkov equations for the normal and anomalous Green func- Numerical solutions of Eq$12)—(14) show that the gap

tions in the standard way, we obtain the following expres-and T, depend nonmonotonically on the hole concentration

sions for the averages in the superconducting phase: and are nonzero within a finite interval of concentrations
(nnh1,NK2) Whose boundaries depend on the interaction con-
stantA. These dependences are characterized by a smooth
maximum near populations,~0.7—0.8. For S§RuQ, with

(7) n,=1-n, andn,~0.28, this means close to optimum dop-

N 1 &k Ex|
nk=<Xk‘TXk'T>=c(n)§ l—E—ktanhZ_ =c(n)fy,
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3 centration for different values of the paramekein Fig. 1.
The arrows indicate the point where the transition to the
2.5¢ 1 ferromagnetic phase takes place, as defined by equality be-
tween the energies of the ferromagnetic and superconducting
27 1 phases.
In conclusion, we note that generalizing theJ-model
1.5¢ by adding a ferromagnetic interaction of neighboring spins
yields thet—J—I-model, which is a realistic model for de-
17 scribing the strongly correlated electrons in,Rn0,. The
triplet superconductivity obtained previoudlin terms of a
0.5¢ band picture of SIRuQ; is also retained with strong electron
correlations. An earlier attempt was made to describe a
0 7 phononless mechanism for superconductivity ipR&IO, in

a strong electron correlation regiriebut the questions of

the symmetry of the order parameter and the role of ferro-

FIG. 1. T, as a function of the hole concentration in,BuQ, for three magnetic fluctuations were not examined there.

values of the dimensionless interaction parametehe dashed curve is the ; «

hole concentration in the band, whose half width is 0.4 eV. This work was suppo_rted by the federal progrgm State
Support for the Integration of Fundamental Science and
Higher Education”(Grant No. 69 and the Krasnoyarsk Re-
gional Science Foundatioigrant 8F32.

ing. T.~1K for the typical model parameters. Thus, for

t=0.1eV,n,=0.28, andk =0.5, we haveTC,%z K. .. .. ™E-mail: sgo@post.krascience.rssi.ru

As opposed to the BCS theory, the entire band is signifi-
cant in Egs.(12)—(14) and not just a narrow layer near the
chemical potential. An approximate analytic solution Tor
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