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Abstract—A microscopic t—J- model with competing antiferromagnetic (J) and ferromagnetic (1) exchange
interactionsis proposed for strongly correlated electronsin RuSr,GdCu,Og. It is assumed that J > | for CuO,

layersand J < | for RuO, layers. A superconducting solution of dxz_y2 symmetry was obtained for the CuO,

layers while competition between ferromagnetism and p-type triplet superconducting pairing is obtained for
RuO, layers. It isshown that the RuO, layers have alower carrier concentration in the Hubbard subband formed
by coupled ((dy,—p)-19) orbitals compared with a bulk Sr,RuO, crystal, which leads to stabilization of the fer-
romagnetic state in the RuO, layer. © 2000 MAIK “ Nauka/lnterperiodica” .

1. INTRODUCTION

In the present paper we propose a microscopic
model of the electronic structure, electrical and mag-
netic properties of recently synthesized RuSr,GdCu,Oq4
layered oxides in which the coexistence of ferromag-
netism and superconductivity is observed [1, 2].

As aresult of the structural similarity of ruthenate
Sr,RuQ, and copper oxides, it has been possibleto con-
struct a hybrid compound RuSr,GdCu,Og in which the
RuO, and CuO,~Gd-CuO, bilayer are separated by
SrO buffer layers where the RuO, layers are responsi-
ble for ferromagnetism below the Curie point Te = 133 K
and the superconductivity below T, = 46 K is attributed
to the CuO, layers. However, the bulk Sr,RuO, crystal
does not exhibit magnetic properties and is a supercon-
ductor with alow value of T.= 1 K [3] and p-type pair-
ing [4]. A characteristic feature of Sr,RuQ, isits close-
ness to ferromagnetic instability which is observed in
the ferromagnetism of Sr,lr; _,Ru,O, [5] and the Rud-
del sdon—Popper series Sr,, ;. 1RU,O5, . 1 Withn=>2[6, 7].

The coexistence of ferromagnetism and supercon-
ductivity has been discussed on many occasions, begin-
ning with [8, 9]. There are two factors which destroy
the superconductivity in aferromagnetic medium: first,
exchange splitting lifts the energy degeneracy of the
partners of a spin-up and spin-down Cooper pair; sec-
ond, magnon exchange leads to repulsion for a singlet
pair [10] (although for triplet pairs this exchange gives
attraction additional to the phonon mechanism [11]). In
the compound being discussed, RuSr,GdCu,Og, coex-
istence occurs below T, and the superconductivity isnot

destroyed in the ferromagnetic state because of the spa-
tial separation of the CuO, and RuO, layers by SrO
buffer layers which suppress the relative influence of
the magnetic and superconducting layers. This means
that to a first approximation the superconductivity in
the CuO, layers and the ferromagnetism in the RuO,
layers can be considered independently. In this
approach the main question to explain the properties of
RuSr,GdCu,0O5 is as follows: why does the RuO, layer
exhibit ferromagnetic propertieswhile the Sr,RuQ, isa
superconductor?

Band calculations of Sr,RuO, using the density
functional method in the local density approximation
(LDA) give a nonmagnetic ground state [12, 13]
whereas GGA calculations using gradient corrections
to the density functional yield aferromagnetic Sr,RuO,
ground state [14]. The effective masses obtained in the
band calculations differ by almost an order of magni-
tude from the masses observed in experiments on the
de Haas—van Alfven effect [15] which suggests that we
need to alow for strong electron correlations in the
RuO, layers. For cuprates the important role of strong
electron correlation effects is also widely known (see,
for example, the review [16]). Thus, in the present
study we shall use the t—=J-I model which explicitly
allows for strong electron correlations and was pro-
posed in [17] to compare the superconductivity in
cuprates and ruthenates. This model is generalized to
the case of RuSr,GdCu,Og by having one set of param-
eters (t, J, 1) for the CuO, layer and another set of the
same parameters for the RuO, layer.
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The study has the following structure; in Section 2
we describe the t—J-1 model and its specific character-
istics for RuSr,GdCu,QOg, in Section 3 we describe the
superconductivity of CuO, layers, in Section 4 we ana-
lyze the competing ferromagnetic and superconducting
states of the RuO, layer, and Section 5 contains a dis-
cussion of the results.

2. GENERALIZATION OF t-J-1 MODEL
FOR RuSr,GdCu,Oq4

This compound, like oxides of copper and ruthe-
nium, is characterized by a mixed type of chemical
bond, with an ionic bond predominating in which al
ions entering the lattice participate. The weaker metal -
lic bond can be described using the multiband p—d

mode! which allowsfor the g, (dxz_yz and d ) orbitals

of copper, thety, (dyy, dy,, d,) orbitals of ruthenium, all
the p-orbitals of the oxygen ions, p—d hopping between
them, and al so for the Coulomb matrix elements at cop-
per Ug, and ruthenium Ugy,. In this model the Cd** and
SrO layersdl play apassive role.

In the weak correlation regime Ug, < W, Ug, <<
Wk, where W is the band half-width in the layersi =
Cu, Ru, asingle-electron approach works and the band
structure can be calculated from first principles. Such
calculations were recently made in [18, 19] which con-
firmed that Gd®* having the magnetic moment p = 7
does not influence the band structure of the CuO, and
RuO, layers. In these studiesit was shown that the el ec-
tronic structure of the CuO, layer isamost independent
of the magnetic state of the RuO, layer; despite the
strong exchange splitting (~1 V) of the spin subbands
in the ferromagnetic RuO, layer, the induced exchange
splitting in the CuO, layer is small, Ay, = 25 eV, which
is attributed to characteristics of the crystal, magnetic,
and electronic structures of RuSr,GdCu,Og. In fact the
magnetic moment of Ru is produced by the t,, orbitals
which are bound to the p,, p, orbitals of apical oxygen
by an extremely weak pdrt bond and have a zero over-
lap with the p, orbitals of apical oxygen. Inturn, the prt
orbitals of apical oxygen are not bound to the copper
dxz_yz and 4s orbitals. All these factors have the result

that the electronic structures of the CuO, and RuO, lay-

ers may be considered as isolated layers to a first
approximation.

The electron correlations in the band approach [18,
19] were taken into account using a generalized gradi-
ent approximation which cannot be used to describe the
electronic structure of CuO, and RuO, layers over a
wide range of concentrations, including the dielectric
in the undoped CuO, layer in addition to the metallic
phases. It is therefore interesting to consider a model
for the case of strong intraatomic correlations U, >
W, Ugr, = Wk, Although both layers (CuO, and
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RuO,) are metallic in this compound, the carrier con-
centration in these layers, as will be shown below, cor-
responds to weakly doped compositions in which
strong electron correl ation effects give substantial devi-
ations from Fermi liquid behavior [16].

In the strong correlation regime the three-band p—d
model at low quasi particle energies reduces to an effec-
tive t—J model [20-23]. The correlations raise the ener-
gies of the two-particle polar states, eliminating these
from the low-energy range. Mathematically this elimi-
nation leads to the constraint that part of the Hilbert
space is inaccessible as aresult of the zero occupation
numbers of the polar states. As a result for the CuO,
layer we obtain the effective t—J Hamiltonian (addi-
tional hopping between second neighbors t' and third
neighbors t" can also be taken into account in this
approach, but from the point of view of a qualitative
comparison of CuO, and RuO, layers they are unim-
portant in the present study):

HCuO2 = Z (SCu - H)X?G _tCuz X?OX?ft‘)
fo foo (1)

+JCu%BSf Esf+a_%_ﬁfnf+6%

Heref arethelattice sites, & isavector joining the near-
est neighbors of the site, X{"" = |m(Ih| are the Hubbard

operators, S is the spin operator, f; is the electron
number operator, €, is the energy of the single-hole
state, 1 isthe chemical potentid, ts, isthe hopping inte-

gral between nearest neighbors, and Jo, = 4t2,/Ug, is
the indirect antiferromagnetic exchange. For hole-
doped superconductors the local basis of the t—J model
includesthe states: |00)a Zhang—Rice singlet consisting
of two holes (number of electronsn, = 0) and the single-
hole states |ol,Jo = £1/2 (number of eectronsn,=1). The
constraint which eliminates local two-electron states
has the form

XP+y X =1 )
()

Typical valuesof the model parametersfor the CuO,
layer are: (J/t)c, = 0.4, and the parameter t is numeri-
cally small compared with the copper—oxygen p—d hop-
ping integral t ~ 0.1t [21]. For the typical value t,y =
1 eV weobtaint, ~ 0.1 eV. For these values of t., and
Jcu N the exchange pairing mechanism [24, 25] we
obtain T, ~ 100 K.

No similar derivation of the effective Hamiltonian
for the RuO, layer where the Ru layers have a d* elec-
tron configuration has been reported in the literature
although it is qualitatively clear from a genera
approach to the derivation of the effective spin Hamil-
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tonian eliminating polar states as aresult of strong cor-
relations that the hopping part of the Hamiltonian has a
form similar to theterm containing tc, in EQ. (1) and the

exchange interaction for a d* configuration is deter-
mined by two contributions: ferromagnetic 180° cat-
ion—anion—cation superexchange | (Fig. 1) and antifer-
romagnetic cation—cation exchange J ~ 4t§u /Ug, [26].

As aresult, we arrive at the Hamiltonian of the t—J—
model introduced in [17]:

z(em X = tr Y X7OX(%5

foo

+JRUZ% |:5f+8__rlfnf+6|] (3)

H RuO, —

_IRUZ% |:BH?‘)'{' nfnf+6|j

For the RuO, layer the Hamiltonian (3) describes
strongly correlated y-band electrons formed by intra-
planar hybridized (d,,—p)-Tt states. Here |OCand [oLCare
local (d,,—p)-Tt states of the RuO, cell having the num-
bers of holes n, = 9 and n,, = 1, and two-hole states of
theform |1, 1[Jdo not fall within the low-energy range.
Since the d* configuration contains two holes (mea-
sured from the vacuum term of the d® configuration),
the second hole is situated in a different orbital state.
According to band calculations [12, 13] for Sr,RuQO,
this hole belongs to the half-filled 3-band. For a peri-
odic multilayer superlattice such as RuSr,GdCu,Oq
essentialy is, tunneling across layers involving a- and
B-band electrons formed by hybrid (d,,—p) and (d,—p)
orbitalsis very weak and the role of strong correlation
effects for these states and also for their localization is
enhanced compared with a three-dimensiona Sr,RuO,
crystal.

Typical values of the parameters for an RuO, layer
are asfollows: tg, ~ 0.1 eV for the same reasons as t,
(independent confirmation of this value of tg, is
obtained from the value of the effective massm, ~ 10m,
in the Hubbard | approximation for the lattice parame-
ter of the RuO, layer). For Ug, = 4 eV the antiferromag-
netic exchange value is (J/t)g, = 0.1 or Jg, = 0.01 eV.
The ferromagnetic exchange parameter can be esti-
mated using the spin-wave formula for the Curie tem-
perature of a quasi-two-dimensional magnetic sub-
stance:

TcOzl/In(1/1), 4

where z is the number of nearest neighbors and for the
unknown ratio of the exchanges within the RuO, layer
(1) and between the layers (1)) we can assume on the
basis of the crystal chemistry similarity of the struc-

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Voal. 91

355

Fig. 1. Diagram of (dy,—p)—Tt coupling in RuO, layer.

{UHB
T R LIPS
LHB/ A

Ru02

CuO, SrO
Fig. 2. Diagram of the band structure of a CuO,/SrO/RuO,

superlatticein the paramagnetic phase. Here UHB and LHB
denote the upper and lower Hubbard subbands. The hole a
band is also shown for RuO,. Carriersare holes at the LHB

top for CuO, layers and electrons at the UHB bottom for
RuO, layers.

tures of ruthenates and cuprates that by analogy with
cuprates I/I; ~ 10* [quite clearly as aresult of the loga-
rithmin formula(4) the exponent in thisratio very weakly
influences the result of the estimate). For Iz /tg, ~ 0.4 we
obtain T ~ 100 K which isin good agreement with the
experimental vaue of T = 133 K. According to the Good-
enough rules[26] for indirect 180° exchange d*-anion—d*
ferromagnetic exchange predominates over antiferro-
magnetic Iz, > Jg, @ was obtained in our estimate of
the parameters. The value of I, can also be estimated
independently using the temperature of the supercon-
ducting transition in Sr,RuO,, T, ~ 1 K which is
obtained for (I/t)g, = 0.4 and tg, = 0.1 eV within the
limits of the triplet pairing mechanism [17].

Interaction between the CuO, and RuO, layers not
contained in the Hamiltonians (1) and (3) is smal
although important from the fundamental point of view
since it ensures thermodynamic stability and deter-
mines the macroscopic symmetry of the superconduct-
ing and magnetic phases. We shall make a qualitative
analysis of the role of these interactions in Section 5.
Figure 2 shows a diagram of the electronic structure of
the CuO,/SrO/RuO, superlattice in the paramagnetic
state. The carriers in the CuO, layer are holes in the
lower Hubbard subband (LHB) and in RuO, they are
electrons at the bottom of the upper Hubbard subband
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(UHB) obtained by correlation splitting of the y band
responsible for the superconductivity in Sr,RuO, [27].
The a hole band in the RuO, layer (and aso the 3 band
not shown in the diagram) plays the role of an electron
reservoir and leads to the presence of carriers in the
RuO, layer without doping. A general chemical poten-
tial is established as aresult of theinterlayer tunneling.
The carrier concentration n, in the RuO, layer is a
parameter of the model. For Sr,RuO, we have ny = 0.28
[17]. The carriersin the CuO, and RuO, layers are spin
polarons, i.e. quasiparticles surrounded by local spin
fluctuations where both ferro- and antiferromagnetic
correlations make a contribution in the RuO, layers.

The Hamiltonians (1)—(3) can be used to analyze
two fundamentally different scenarios for the behavior
of the system.

1. If J >I, which is the case for cuprates, forn =1
(no = 0, completely filled LHB) the ground state pos-
sesses long-range antiferromagnetic (AF) order. We
know that the antiferromagnetic state is destroyed at
fairly low hole concentrations ny: = 0.03. In the range
Ny > N SUperconductivity may occur asaresult of anti-
ferromagnetic (J) exchange interactions.

2. 1f 1 > J, whichisthe case for ruthenates, forn=1
(no = 0 completely filled LHB), the ground dielectric
state is ferromagnetic (F). In the presence of carriers,
competition occurs between the saturated ferromag-
netic state and the normal (nonmagnetic) N state. Asa
result of this competition, at concentrations n, > ne the
system is converted to the N state and in this range
superconductivity may also occur as a result of ferro-
magnetic (1) exchange interactions. We observe differ-
ent results of this competition between the ferromag-
netic and superconducting states in Sr,RuO, (triplet
superconductivity in RuO, layers) and RuSr,GdCu,Oq
(ferromagnetism in the RuO, layers) and thus we shall
make a detailed analysis of this competition.

Omitting the index “Ru” in the Hamiltonian of the
t=J-1 model (3), we normalize thisto the half-width of
theinitial electron band W= zt. After aFourier transfor-
mation of the Hubbard operators

Ko = L5 e
f

' 1 iqf \,00
Xg" = =5 €°X
q f oo
N2

where the vectors k and g belong to the first Brillouin
band, we obtain the model Hamiltonian in the form

)

H/zt=h = hkin + hint! (6)
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Niin = Z (0 — ﬁ)xzoka
N (7)

1l k3
W = —Ezelk = Yo
3

_1 o0 o0
e = ZYOOGE D)
qo

—r(X3°X% + X3° X},

whereg = Jit, r = I/t, and p/zt = {1 isthe dimensionless
chemical potential. The Hamiltonian hy;, (7) describes
the electron kinetic energy and forms part of the Hub-
bard model for U = co.

3. SUPERCONDUCTIVITY IN CuO, LAYERS

In order to describe the magnetic and superconduct-
ing states of the model we use the mean-field approxi-
mation for strongly correlated systems in the formula-
tion of the method of irreducible Green’sfunctions[24,
28, 29] in which the higher Green’s functions are pro-

jected onto the subspace of the normal [IX;° | X [

and anomalous EDCEO| XEOD]] Green's functions cou-

pled by a system of Gorkov equations[24, 25]. Fluctu-
ations of the charge and spin states outside the limits of
the mean-field theory were recently explicitly taken
into account in [30] where the authors showed that the
solutions for the superconducting phase obtained in the
mean-field approximation are stable. The main differ-
ence between the carrier dispersion law allowing for
fluctuations and the Hubbard | approximation accord-
ing to [30] is that the spin correlation functions x, and
X between the first and second nearest neighbors are
taken into account. Thisleadsto some refinement of the
Fermi surface and the appearance of satdlites in the
spectral density but from the qualitative point of view
has little influence on the thermodynamic properties of
the system and consequently in the range of parameters
studied Jc /tc, = 0.4, Ig/tr, = 0.4, Jx/tr, = 0.1 we shall
confine ourselves to the mean-field approximation.

In the superconducting phase the anomalous aver-
ages By, = X, _oXsLdetermining the superconducting
gap A, are nonzero:

Akc,r = ﬁ%{ wp(Bp,—o_ Bpo) (9)

+ wk—p[(r _g)Bp,—o + ngc] } .

An andysis of the symmetry of the possible solutions
showed that three types of solution are possible [17].
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(1) sTypesinglet pairings, | =0,
Dy o = 200+ AW A, (20

where the coupling constant is A, = 2g — r and the
dimensionless order parameter is

1
A, = E‘NZ‘”k(ka +B,). (11)

Thefirst term in Eq. (10) originates from the kinematic
pairing mechanism [31] while the second originates
from the exchange pairing mechanisms.

(2) p-Typetriplet pairing, | = 1,
Ak,l = )\pl-IJp(k)Ap;

1, . _ (12)
Pok) = é(smkX +isink,)), A, =,

the coupling constant in the p-pairing channel A, =r is
only determined by ferromagnetic exchange; this state
cannot be achieved in CuO, layers with antiferromag-

netic Cu—Cu interaction.
(3) dxz_yz -Type singlet pairing, | = 2,

Dy, = MPg(K)Ag,

1 (13
Wyk) = é(coskx—cosky), Ag = 29-—T.

The coupling constant for the dxz_yz gap, Ay = 29 is

determined by the antiferromagnetic Cu—Cu interac-
tion (the ferromagnetic interaction | = rt for the CuO,
layers discussed in Section 2 can be neglected because
of its smallness).

Expressions for the gap and the chemical potential
are usually obtained from the corresponding self-con-
sistent equations. In addition, in a strongly correlated
system we also have another constraint, i.e., the con-
straint (2) which forbids the population of two-particle
states at asingle site. This condition may be written in
the form [24]

1
NZBM =0, (14
k

and it is easy to see that an s-type solution does not sat-
isfy this. Thus, neglecting electron—phonon interaction
assuming only magnetic pairing mechanisms for the
CuO, planes we obtain the only possible dxz_yz—type
state.

The gap A, is determined self-consistently from the
equation (for | = 2)

1
N NZ 2E (15)
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where T = kgT/zt is the dimensionless temperature, E,
is the quasiparticle energy in the superconducting
phase,

2
E, = ch(n)(mp —m)*+ -%—p'— (16)
c’(n)
Here we have c(n) = 1 — n/2 and mis the renormalized
dimensionless chemical potential,

m = [+ (g+r)n/4]/c(n).

A similar self-consistent equation for the gap (15)
was obtained earlier using a diagram technique for the
X operators in the t-J model [32].

The solution of the equation at T, for dxz_yz pairing

shows that at moderate values of the coupling constant
Aq = 0.5 we can obtain T, ~ 100 K and the high values

of T, are attributable to the closeness of the chemical
potential for the optimum doped layersto the Van Hove
singularity. A similar conclusion ontheincreasein T. as
a result of the Van Hove singularity in the supercon-
ducting state having dxz_yz symmetry caused by anti-
ferromagnetic fluctuations was reached in an earlier
study using the t—J model based on the Monte Carlo
guantum method [33].

In order to estimate T, we need to clarify the carrier
concentration in the CuO, layers. We express the
RuSr,GdCu,Og unit cell in the form of the successive
layers:

(Cu+2.5052 _ Gd+3 _ Cu+2.5052)

-0 —Ru™0’ - 07,
from which it follows that the number of holes per
CuQ, cdl in the layer isn, = 1.5. This concentration is
obtained for weakly dopedY Ba,Cu;O5 .  for x=0.5for
we know that the T(X) curve hasaplateau at T, = 55 K.
Thus, the value of T, = 46 K obtained in [1] for
RuSr,GdCu,Og is not surprising and suggests that this
compound falls within the range of weakly doped com-
positions. The jump in the specific heat at the transition
point Ay(T,) = C/T = 0.35 mJ/(g-at. K?) is also typical
of weakly doped superconductors [1].

17

4. COMPETITION BETWEEN FERROMAGNETIC
AND SUPERCONDUCTING STATES
IN THE RuO, LAYER
As we have noted for RuO, layers (and also in
Sr,RuO,) wefind Ig, > Jg,. The dxz_yz superconduct-
ing state with d-type pairing cannot be achieved in
RuO, as a result of the antiferromagnetic correlations
Jru Since the coupling constant isAy = (2Jg, — Iry)/try < O
[see dxz_yz (13)]. Subsequently we show that Jg, = O
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Fig. 3. n— phasediagram (T = 0), nisthe concentration, and
r isthe dimensionless parameter of ferromagnetic exchange
interaction. Curve 1 was obtained by comparing the ener-
giesof the F and N states and the region above curve 1 cor-
responds to the ferromagnetic F state. Curve 2 was obtained
from the equation (T = 0) for the superconducting gap with

theminimum A, ~5 x 10~4. Theregion above curve 2 cor-

responds to the p-type superconducting (SC) state, that below
the curve is the normal N region, and the region bounded by
curves 2 and 1 corresponds to the SC state.

and we retain the possibility of p-type superconductiv-
ity (triplet pairing) occurring as a result of ferromag-
netic exchanger = Ig /tg,. The description of a system
having the carrier concentration nyin the UHB is equiv-
alent to its description having the hole concentration n,
in the LHB. Using this procedure we determine the
states of the system for various values of the ferromag-
netic exchange parameter r and concentrationn = 1 —
Ny, i.€., we construct the n— phase diagramat T = 0.

For fairly high values of the exchange parameter r
and concentrations n in the RuO, layer our model gives
long-range ferromagnetic order. We can establish a
range of r and n valuesfor which the ground stateisfer-
romagnetic by comparing the energies of the normal
(N) and ferromagnetic (F) states since the energy of the
superconducting triplet states differs from the normal
state energy by a very smal relative quantity AE ~

A3p(er) ~ 102 eV (p(ee) isthe density of states at the
Fermi level).

In the normal (nonmagnetic) state in the mean-field
approximation [34] the distribution function at T = 0

has the form of a Fermi step: fE = 0(m - w,) and then

the interrelation between the electron concentration n
and the effective chemical potential miswritten asfol-
lows:
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I I gy
n= Nanko = 2c(n)Nka. (18)

From thisit follows that

m

n__ %Z eMm-w,) = Ip(&))dw =g(m), (19)
k -1

2—n

where p(w) = p(—w) isthe density of states correspond-
ing to the w, dispersion law. The energy of the N-state
(at thelattice site) allowing for ferromagnetic exchange
isgiven by

2

_1 N0 rn° _ rn
€ = Nkzwk%—émfk—T = (2-n)v(m)-—,
° - (20)
v(m) = J’wp(w)doo,
-1
and the energy of the saturated F-state is
_ rn?
ee(nr) = v(me) —=-, (21)

where n is the éectron concentration and mg is the
chemical potential inthe F-state whichisrelated to n by
the following equation:

s

n = g(mg) = J'p(w)dw-

Equating the energies of the F and N states we
obtain an expression for the values of the parameter r
above which ferromagnetism occurs at a given concen-
tration and below which normal or superconducting
phases are possible:

4
re(n) = n—z[V(mF) —(2-n)v(m)]. (22)

In order to establish acriterion for the occurrence of
superconductivity (SC) outside the region of ferromag-
netism, we set a very small fixed energy gap Dy, = 107
outside the entire range of concentrations. For this gap

we obtain for T — 0 the corresponding parameter r
using formulas (15) and (16) for | = 1 (p-type solution):

-1

Wi(k)

ree(n) = (23)
Dzmin
c*(n)

This function rg(n) depends very weakly on the value
of D, and thus we shall assume that above this value
of r, if no ferromagnetism occurs, the exchange param-

(@ —m)? + Pi(k)

NY
i
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eter is sufficient for superconductivity to occur whereas
below this value no superconductivity occurs.

Figure 3 gives the n— phase diagram of the system
wherethe curvesrg(n) and rg-(n)separate the regions of
existence of the various phases. Theright-hand point of
intersection of the curves corresponds to the hole con-
centration ny, = 0.09 and the parameter r = 0.26. The
three-dimensional superconductor Sr,RuO, has the
hole concentration n, = 0.28 and the dimensionless
parameter liesin the range r = 0.4-0.5 which leads to
superconducting transition temperatures of = 1-3 K
[17]. The RuO, layers lie in this range of r values but
since they are antiferromagnetic the hole concentra-
tions in them are considerably lower (in Fig. 3 this
range is shown by the closer shading).

5. DISCUSSION OF RESULTS

We shall compare the parameters of the model for
RuO, in RuSr,GdCu,Og and for Sr,RuO,. The value of
the exchange interaction I, is determined by the over-
lap of the planar molecular (d,,—p)-Ttorbitals, whichis
the samein both these cases so we shall assume that the
parameter |5, remains the same. The parameter tg,, the
effective Ru—Ru hopping parameter, also varies little
since it is caused by overlap of the same (d,—p)-Tt
orbitals. Thus, the dimensionless coupling constant r
can be considered to be the same. The hole concentra-
tion ny undergoes the largest changes. As we discussed
in Section 2, asaresult of the narrowing of thea and 3
bands involving z-oriented orbitals of ruthenium and
oxygen, the parameter n, should decrease. It can be
seen from Fig. 3 that for 0.4 <r < 0.5 the range of n,
values where the superconducting triplet phase is
replaced by a ferromagnetic one is 0.15 < ny < 0.20.
Consequently, a comparatively small reduction of the
hole concentration in the RuO, layer compared with the
three-dimensional Sr,RuO; leads to stabilization of the
ferromagnetic phase. Note that a similar conclusion on
the stabilization of the ferromagnetic phasein Sr,RuO,
was obtained in [14] where allowance was made for
gradient corrections to the local density functional
whereas calculations using the density functional
method in the local functional approximation give a
paramagnetic Sr,RuQ, state [12, 13].

Direct information on the carrier concentration in
the upper Hubbard subband of the RuO, layer could be
obtained, for example, from experiments on the
de Haas-van Alfven effect although such data are not
available at present. In the present study the value of n,
thus remains an undetermined parameter. At the same
time, some predictions for experiments to study the
influence of pressure on the thermodynamics of the
system can be made from the phase diagram. For exam-
ple, when pressure is applied perpendicular to the lay-
ers the Ru—Ru spacing in the layer increases and the
bands become narrower whereas the ratio 1/t changes
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little, and all these factors should lead to a reduction in
Ny and further stabilization of the ferromagnetic phase.
However, pressure applied parallel to the layersreduces
the Ru-Ru spacing, broadens the bands, and increases
Ny SO that the ferromagnetic phase may become unsta-
ble and the RuO, layer will be converted to the super-
conducting triplet state with T, ~ 1 K.

So far we have considered ferromagnetic RuO, lay-
ers and CuO, superconducting layers separately,
whereas in RuSr,GdCu,Og they form a ferromagnetic
metal/diel ectric/superconductor/dielectric  superlattice
with atomic-scale layer thicknesses. Interlayer influ-
ences and tunneling effectswere discussed in [18]. The
exchange splitting t,, of the Ru bands obtained in [18]
is large, ~1 eV but the exchange splitting induced by
them in the CuO, layer is two orders of magnitude
smaller asaresult of the absence of direct overlap of the
d,, states of Ru and the dxz_yz states of copper and the

weak indirect interaction via the chain of oxygen ions
Ori—Oapex—Ocy- Thus, the splitting of the electron states
at the Fermi surfaceis small and

Q = kFT _kFL DOOlkF

Under these conditions the superconductivity of the
CuO, layer is not destroyed by exchange splitting but
instead of the spatially uniform superconducting order
parameter, an inhomogeneous state [35, 36] with anon-
zero pair momentum Q and modulation length A =
217Q forms preferentialy.

Coupling between the neighboring superconducting
layers via the ferromagnetic layer will not destroy the
superconductivity if the phase of the superconducting
order parameter changes by 1tbetween the neighboring
layers. Then the phase within the ferromagnetic layer
will be close to zero which substantially reduces the
loss of Cooper pairs in the magnetic layer [37].

To conclude we note that the coexistence of super-
conductivity and ferromagnetism in RuSr,GdCu,Og in
our model is associated with a change in the ground
state of the RuO, layer compared with Sr,RuQ,. Both
systems are close to the interface between the ferro-
magnetic and triplet superconducting phases and small
changes in carrier concentration are responsible for a
transition between these phases.
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