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We study the dependence on filling and pressure of the superconducting and ferromagnetic critical tempera-
tures of the ruthenocuprates, within the two-band model. At zero pressure, we find separate regions of coex-
istence of superconductivity and ferromagnetism as a function of filling, with contiguous regions merging
together as the pressure increases. As a function of pressure, a stronger enhancement of the magnetic phase
results in a reduced pressure effect on the superconducting critical temperature. A comparison with recent
experiments on the determination of the critical temperatures as a function of the pressure is also discussed.
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I. INTRODUCTION

The strong electron correlations in transition metal oxides
are known to generate complex phase diagrams. Nonethe-
less, it was surprising to discover that one such oxide, the
ruthenocuprate RuSr2GdCu2O8 sRu-1212d, shows a low-
temperature phase in which homogeneous ferromagnetism
and superconductivity coexist.1,2 This new class of materials
then adds itself to the metallic ferromagnets UGe2 sRef. 3d,
ZrZn2 sRef. 4d, and URhGesRef. 5d, all showing the coex-
istence of unconventional superconductivity and itinerant
ferromagnetism at low temperaturesT,1 Kd and relatively
high pressuresP,1 GPad.

The problem of the coexistence of ferromagnetismsFMd
and superconductivitysSCd is puzzling due to the fact that
there are at least two factors that would destroy supercon-
ductivity in a ferromagnetic medium: first, the exchange
splitting lifts the energy degeneracy of the partners of a
spin-up and spin-down Cooper pair; second, magnon ex-
change leads to repulsion for a singlet pair. Thus, the coex-
istence of ferromagnetic order and superconductivity in the
Ru-1212 and Ru-1222 compounds raises the question of how
these two antagonist states of matter can accommodate each
other. Do both states coexist with no mutual interference or
is there a competition between superconducting and mag-
netic order?

Opposite answers come from different experiments. Re-
cent muon spin rotation experiments on Ru-12122 have sug-
gested that the magnetic moments are not affected by the
appearance of superconductivity below 45 K. This assump-
tion motivated Shimahara and Hata to study the supercon-
ducting properties of a system consisting of alternating SC
and FM layers in the presence of a fixed internal magnetic
field, neglecting the effect of SC on FM.6 On the other hand,
experiments on chemical substitutionsdopingd of Ru-1212
indicate that the magnetic and superconducting critical tem-
peratures,Tm andTc, respectively, are affected in an opposite
way with decreasingTc and an increase ofTm from their

reference valuesTc.45 K and Tm.132 K in undoped
Ru-1212.7,8 These results are indicative of a strong competi-
tion between superconductivity and magnetism.

Since chemical substitution usually affects several
parameters at the same time, causing changes of the
microstructure of the sample, a better indication comes from
the effect of hydrostatic pressure on the superconducting
and magnetic phases. New experiments in hydrostatic pres-
sure on Ru-12129,10 show that bothTc and Tm increase lin-
early with pressureP, but at different rates. This rate is dis-
tinctly larger for Tm than for the superconductingTc, with
dTc/dP<1 K/GPa anddTm/dP<6.7 K/GPa.10 The rela-
tively small pressure derivativedTc/dP for the supercon-
ducting critical temperature is interpreted as an immediate
consequence of a competition of ferromagnetic and super-
conducting phases: a stronger enhancement of the magnetic
phase results in a reduced pressure effect onTc as compared
to underdoped high-Tc compounds.10

In this paper, we investigate the effect of hydrostatic pres-
sure P in a phenomenological model of ferromagnetic
superconductors11 with two types of carriers pertaining to
different layers and responsible for superconductivity and
ferromagnetism, separately. Our main concern is the depen-
dence of the critical temperaturesTc andTm on pressure and
filling, that could shed some light on the microscopic mecha-
nism of the coexistence or interplay of ferromagnetism and
superconductivity. The analysis follows from a detailed study
of the dependence of the model parametersshopping and
exchange integralsd on pressure. The paper is organized as
follows. In Sec. II we introduce the microscopic model and
discuss the phase diagram and the order parameters at finite
temperature. In Sec. III we give a detailed description of the
dependence of the model parameters on pressure. In Sec. IV
we report the numerical results forTc andTm. Finally, in Sec.
V we present our conclusions and give directions for future
work.
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II. TWO-BAND MODEL

The unit cell of Ru-1212 may be described as a “double
bilayer,” each bilayer being composed by a CuO2 and a
RuO2 layer, separated by an intermediate SrO layer. The two
bilayer blocks are in turn separated by a Gd ion, which also
serves as an inversion point for the unit cellssee, e.g., Fig. 1
in Ref. 12d. As in the high-Tc cuprates, superconductivity is
believed to set in within the CuO2 layers, while ferromag-
netism may be thought as mainly due to the ordering of the
Ru moments in the RuO2 layers. This has suggested that both
the SC and FM phases in the ruthenocuprates are not homo-
geneous at the microscopic scale. In particular, the SC order
parameter may develop12 a spatial variation with nonzero
total momentum as in the Fulde-Ferrell-Larkin-Ovchinnikov
sFFLO or LOFFd phase,13,14 while recent experimental re-
sults indicate that the FM order is characterized by predomi-
nant AFM domains separated by nanoscale FM domains.10 A
separate origin of SC and FM correlations is also supported
by band structure calculations,12,15which clearly indicate the
existence of electronic subbands pertaining to the CuO2 and
to the RuO2 layers, respectively, as well as of a hybridization
term, due to the bridging apical oxygens between adjacent
layers. Electronic subbands in the CuO2 and RuO2 layers are
mainly characterized by the Cu-3dx2−y2 and Ru-4dxy orbitals,
respectively, as well as by the O-2px,y orbitals.12,15

In order to study the coexistence of SC and FM in ferro-
magnetic metals, such as UGe2 sRef. 3d, a single-band model
has been originally developed within the mean-field approxi-
mation by Karchevet al.,16 and then numerically discussed
by Jackiewiczet al.17 It has been pointed out, however, that
a single band model does not produce coexistence, but rather
a first order transition between phases.18 On the other hand,
coexistence of FM and SC is permitted in multiband
models.19,20

In the case of the ruthenocuprates, a minimal model for
coexisting FM and SC is then the two-band model of Cuoco
et al.11 There, one may additionally allow for the hybridiza-
tion of the two bands pertaining to the CuO2 and RuO2 lay-
ers, respectively, by explicitly including an interlayer hop-
ping term. Accordingly, we assume that the total Hamiltonian
can be decomposed as

Htot = HSC+ HFM + HSC-FM, s1d

with HSC and HFM describing the CuO2 and RuO2 layers,
respectively, whileHSC-FM contains both the hybridization
term and exchange correlations between the two subbands.
Within the mean-field approximation, the three terms read, in
turn,

HSC= o
ks

jkdks
† dks − o

k
fDdk↑

† d−k↓
† + H.c.g, s2ad

HFM = o
ks

Szk +
1

2
sMDcks

† cks, s2bd

HSC-FM= o
ks
Ft'sdks

† cks + H.c.d +
1

2
s j'Mdks

† dksG .

s2cd

Here,cks
† , dks

† fcks ,dksg are creationsannihilationd operators
for electrons, with wave numberk and spin projection
s=± or sP h↑ , ↓ j along a specified direction, in the RuO2

sFMd and CuO2 sSCd subbands, respectively;jk =ek
SC−m and

zk =ek
FM−m are the subband dispersion relations, measured

with respect to the common chemical potentialm; t' is the
smomentum conservingd interlayer hopping or hybridization
term between the SC and FM subbands;j'=J' /Ji denotes
the ratio of the interlayer to the in-plane exchange couplings.
In Eqs.s2d,

D = go
k

kd−k↓dk↑l, s3ad

M = Jio
k

skck↑
† ck↑l − kc−k↓

† c−k↓ld, s3bd

are the mean-field SC and FM order parameters, respectively,
k¯l denotes a self-consistent statistical average, andg.0 is
the SC coupling constant, which we assume to be indepen-
dent of momentum, for the sake of simplicity.

Neutron scattering experiments on the magnetic suscepti-
bility of the ruthenocuprates1 agree fairly well with a MF
picture, thus indicating that a MF desription is adequate to
describe ferromagnetism in the RuO2 planes. In order to im-
prove the MF approach, one should take into account the
effect of spin density fluctuations via a dynamical suscepti-
bility or vertex corrections. This improvement has not been
considered in our model, where the Stoner criterion has been
used in order to describe the essential aspects of magnetism.

For the band dispersions, within the rigid tight-binding
approximation, we take

ek
SC,FM= − 2tscoskx + coskyd + 4t8 coskx cosky, s4d

where t, t8 are the appropriate nearest neighborsNNd and
next-nearest neighborsNNNd hopping amplitudes for the two
layers, respectively.

Apart from a constant term, Eq.s1d can be conveniently
rewritten in matrix form as

Htot = o
k

Bk
†ĤBk , s5d

where Bk
†=sdk↑

† d−k↓ck↑
† c−k↓d is a four-component spinor ac-

counting for the two different orderings, the real symmetric
matrix,
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Ĥ =1
jk +

1

2
j'M − D t' 0

− D − jk +
1

2
j'M 0 − t'

t' 0 zk +
1

2
M 0

0 − t' 0 − zk +
1

2
M

2 ,

s6d

has been introduced. It is worth noting thatĤ may be
thought of as being composed of four 232 blocks, each
diagonal block pertaining to the SC and FM subsystems,
respectively. Competition between SC and FM is provided
not only by the off-diagonal blocks, which only contain the
interlayer hopping termt', of kinetic origin, but also by the
magnetization-induced splitting of the SC subband, induced
by the interlayer exchange couplingJ'. Inversely, the pres-
ence of superconducting correlations in the CuO2 layerssD
Þ0d does not explicitly enter thes2, 2d FM block, if not, e.g.,
through the common chemical potentialm, to be self-
consistently determined as a function of the total number of
electrons.

Equtations5d can be diagonalized by means of standard
techniques in terms of the four real eigenvaluesEka

sa=1, . . . ,4d of the band matrix, Eq.s6d. The SC and FM
order parameters,D and M, can then be derived self-
consistently from Eqs.s3d as21

D =
g

4N
o
k,a

]Eka

]D
tanhSbEka

2
D , s7ad

M =
Ji

2N
o
k,a

]Eka

]M
tanhSbEka

2
D , s7bd

at a fixed number of electronsN and inverse temperature
b=1/kBT. Numerical analysis of Eqs.s7d shows11 that the
two-band model allows for the coexistence of SC and FM
over a reasonable range of parameters. In Eqs.s7d, the
eigenenergiesEka are implicit functions of the order param-

etersD, M, via the secular equation detsĤ−Eka1d=0, and
their derivatives can be calculated by means of the implicit
function theoremsDini’s theoremd. By direct inspection of
the secular equation, it can be shown that the eigenvalues
Eka are even functions ofD, while there always exist paired
branchesa ,ā such thatEkas−Md=−EkāsMd. The critical
temperaturesTc and Tm for the onset of SC and FM are
defined as the largest temperatures for which Eqs.s7ad and
s7bd have nonzero solutionsD and M, respectively. They
have been obtained by simultaneously solving Eqs.s7d, lin-
earized with respect to the appropriate order parameter.

III. PRESSURE DEPENDENCE OF THE
MODEL PARAMETERS

In Eqs. s7d for the order parameters, pressureP enters
through the bandst, t8 in each layers, andt'd and the cou-

pling parameterssg,Ji ,J'd, as well as through the doping
level, here parametrized by the chemical potentialm. The
phase diagram of correlated systems close to an ordering
instability is usually characterized by the interplay of a
pressure-induced doping variation and any other “intrinsic”
pressure effect, here accounted for by the pressure depen-
dence of all other model parameters.22 This scenario can
qualitatively explain the pressure dependence ofTc in the
high-Tc cuprates,23 in particular, also when an anisotropic
doping redistribution takes place among inequivalent layers
due to an applied pressure.24 This scenario has been recently
related to the proximity of an electronic topological transi-
tion, where a pressure- or strain-induced change of the topol-
ogy of the Fermi surface takes place either because of a
change of the electronic structuresat constant dopingd, or
because of a doping variationsat fixed or rigid band struc-
ture, as is usually assumedd.25

An estimate of the pressure dependence of the band pa-
rameters could, in principle, be achieved through experi-
ments or by extensiveab initio calculations.26 However, due
to the limited number of experimental results on ruthenocu-
prates in hydrostatic pressure, in the following we will dis-
cuss a simplified scheme allowing us to describe the pressure
variation of the relevant model parameters.

We will be mainly concerned with the pressure depen-
dence of the band parameters and of the exchange integrals.
Although a pressure dependence of the superconducting cou-
pling parameterg is also to be expected on general grounds,
its actual functional form would depend on the microscopic
mechanism of superconductivity,22,23 which is currently a
matter of debate for the ruthenocuprates. In view of the re-
duced pressure effect onTc, as compared toTm, we will then
neglect altogether the pressure dependence ofg, although, as
mentioned in the Introduction, the enhancement of the mag-
netic phase with increasing pressure could justify a reduction
of ]Tc/]P.

A. Band parameters

The relevance of the tight-binding approximation for
modeling the band structure of the CuO2 and the RuO2 layers
in both cuprate and ruthenate compounds has been reviewed
by Mishonov and Penev.26 A pressure-induced variation of
the band parameters entering Eq.s4d, namely the nearest-
neighbor sNNd and next-nearest-neighborsNNNd hopping
amplitudest and t8, respectively, and of the interlayer hop-
ping amplitude,t', entering Eq.s5d, can be approximately
accounted for within the extended Hückel theory.27 In this
context, such parameters can be roughly approximated by the
overlap integrals between the appropriate orbitals, which are
the Cu-3dx2−y2 and the O-2px,y, for tSC; the Ru-4dxy and the
O-2px,y, for tFM; the Os1d-2px and Os2d-2py, for t8 in both
layers; and the Ru-4d3z2−r2 and O-2pz, for t'. These are two-
center integrals, which have been evaluated analytically in
terms of the distancesand relative orientationd of the two
orbital centers. At large intersite distances, the approximate
behavior employed e.g., in Ref. 28 is recovered.

B. Exchange integrals

In order to calculate the dependence on hydrostatic pres-
sure of the exchange interaction in the RuO2 planes,Ji, and
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the interlayer exchange couplingJ', we follow the approach
of Munro29 using the same approximation scheme and gen-
eralize it to the case of Ru-4dxy and Cu-3dx2−y2 orbitals. In
this approach the quantityJ−1sdJ/dPd is determined within
the theory of solids under hydrostatic pressure in which the
application of pressure is represented in terms of the crystal
compressibility and two other parameters associated with the
electronic screeningsLd and the wave-function distortion
sVd.29 To a certain extent, therefore, these two parameters
take into account for the many-body effects in an “equivalent
pressure-free” model system.

The generic exchange integral at zero pressure is defined
by

J =E d3r 1 d3r 2 ci
*sr 1dc j

*sr 2d
e2

r12
fisr 2df jsr 1d, s8d

where r12= ur 1−r 2u, and cisr d=csr −r id and f jsr d=fsr −r jd
are the appropriate hydrogenoid orbitals on atomsi and j ,
respectively. We seek for the pressure dependence of the ex-
pressions8d which is to be approximately determined as a
function ofL, V and the compressibilityk. To this aim, one
first postulates a scaling of the charge-related coupling con-
stants which can be written in the formse2→LsPde2 and
Z→VsPdZ/LsPd, whereZ is the effective charge number of
the nuclear unit. Second, one assumes that the fractional
variation of the one-electron stateci andfi can be written as
a function ofk, L, andV, i.e.

1

c

]c

]P
< fsk,L,Vd, s9ad

1

f

]f

]P
< gsk,L,Vd. s9bd

Using the fact that

s1/r12d−1 ds1/r12d
dP

<
1

3
k, s10d

we can write

1

J

dJ

dP
<

1

3
k + 2fsk,L,Vd + 2gsk,L,Vd +

dL

dP

−
k

3

1

J
E d3r 1 c*sr 1d E d3r 2 csr 2d

e2

r12

3fr j = f*sr 2 − r jd + r j = fsr 1 − r jdg. s11d

where we have takenr i =0 and the last term comes from
an expansion aroundr j =0. In evaluatings11d, we make
use of the following approximations.29 First, it is
assumed that the major contribution to the wave-function
distortion comes from its radial part,Rsrd say, so that
c−1 ]c /]P<R−1 ]R/]P. Second, from the same assumption
it follows that

r j = f < r j
]f

]r
< rc

]R

]r
, s12d

whererc=Zc/2a0, c is the distance between the ions anda0
is the Bohr radius.

In our specific case, to evaluateJi we must consider the
Ru 4dxy orbitals, whose radial function, assuming a hydro-
genoidlike wave function, is

R4dsrd =
1

24Î10
V7/2S Z

2a0
D3/2

e−Vr/2r2s6 − Vrd, s13d

wherer=Zr /2a0. One thus finds

1

R4d

]R4d

]P
=

1

2
S 7

V
− 2

r

6 − Vr
− rDdV

dP
. s14d

In this expression, one makes use of the approximation
r<kr2l4d/ krl4d instead of the approximationr<krl4d to re-
tain a better numerical accuracy. Using Eq.s12d, we also
have

r j = f < S3K rc

r
L

4d
−

1

2
rcV − 6K rc

rs6 − VrdL4d
DR4d.

s15d

Settingf =g into Eq.s11d and using the relationss14d and
s15d, we obtain the following expression for the variation of
the exchange integralJi on pressure:

1

Ji

dJi

dP
<

1

3
kS1 + rc − 6K rc

r
L

4d
+ 12K rc

rs6 − rdL4d
D

+
dL

dP
+ 2S7 −

kr2l4d

krl4d
− 2K r

6 − r
L

4d
DdV

dP
, s16d

where we have expanded up to the lowest contribution inV
in the coefficients. This expression is equivalent to Eq.s10d
of Munro29 for the 3d orbitals.

In the evaluation ofJ' we must evaluate the exchange
integral between the Cu 3dx2−y2 orbital scd and the Ru 4dxy

orbital sfd. The radial function for the 3dx2−y2 orbital is

R3dsrd =
1

9Î30
V7/2S Z

2a0
D3/2

e−Vr/2r2, s17d

so that we derive

1

R3d

]R3d

]P
=

1

2
S 7

V
−

kr2l3d

krl3d
DdV

dP
. s18d

Making use ofs12d and s17d, we obtain

r j = f < S2K r̃c

r
L

3d
−

1

2
r̃cVDR3d, s19d

where r̃c=Zc̃/2a0, and c̃ is the distance between the
Ru-Cu ions, this time. The functionsf andg are now

CITRO et al. PHYSICAL REVIEW B 71, 134525s2005d

134525-4



f =
1

2
S 7

V
− 2K r

6 − Vr
L

4d

−
kr2l4d

krl4d
DdV

dP
,

g =
1

2
S 7

V
−

kr2l3d

krl3d
DdV

dP
. s20d

Using Eqs.s19d and s20d in Eq. s11d, we obtain the fol-
lowing variation ofJ' with pressure to the lowest order in
V:

1

J'

dJ'

dP
<

1

3
kS1 + r̃c − 4K r̃c

r
L

3d
D +

dL

dP

+ S7 −
kr2l4d

krl4d
−

kr2l3d

krl3d
− 4K r

6 − r
L

4d
DdV

dP
. s21d

As a first step, we assume that the contributions from
dV /dP anddL /dP in Eqs.s16d ands21d are small compared
to the one from the compressibility, and neglect them alto-
gether. In so doing, the quantities to determine in order to
have the full dependence of the exchange integrals on pres-
sure, are the compressibilityk, rc, r̃c, and all the average
values that appear in Eqs.s16d and s21d.

In determining rc, we need to know the Ru-Ru
ions distance c/a0. The crystal structure analysis of
Ru-121215 gives for the distance between Ru ions in the RuO
layer and the apical oxygen of RuO6 octahedra the value
dsRu–Oapid=1.912 Å. We can then determine the Ru-Ru
distance in the layer asc=4dsRu–Oapidtansp /6d=4.415 Å,
or c/a0=7.561 44. Consequently, we obtainrc.15.123.
From the crystal structure analysis we also know the distance
between Ru and Cu ions,dsRuuCud=4.102 Å and so we
obtainr̃c.15.508. All the average values that appear in Eqs.
s16d ands21d have been evaluated analytically by the use of
the radial functions, Eqs.s13d and s17d, and their values are
reported in Table I.

Finally, we need the compressibilityk. To our knowledge,
no experiment has been yet performed to determinek.
We can estimate this quantity based on the pressure
dependence ofTm known from experiments,9,10 viz.,
dTm/dP=6.7 K/GPa. Within Stoner’s model of ferromag-
netism, one has kBTm=p−1f6sa−1d /aRg1/2, where
R=sr8 /rd2−r9 /r, r=rsmd is the density of statessDOSd at
the chemical potentialm, anda=Jir, a.1 being the Stoner
criterion for ferromagnetism.30 Neglecting the pressure de-
pendence of the DOS, one roughly finds

1

Tm

]Tm

]P
=

1

2

1

a − 1

1

Ji

]Ji

]P
, s22d

which explicitly depends on filling througha. This has to be
contrasted with the relation29

1

Tm

dTm

dP
=

1

Ji

dJi

dP
, s23d

holding within the Heisenberg model of ferromagnetism at
the mean-field level. Making use of the latter, albeit filling-
independent, expression and of Eq.s16d, we can estimate the
compressibility ask=3.4310−3 GPa−1, which is a reason-
able value, if compared to the values known for other cuprate
materials with a perovskite structure.31,32 Inserting this value
back in Eqs.s16d ands21d, we obtain the dependence of the
exchange integrals on pressure. Comparing the relative pres-
sure coefficients, we also obtainsd ln Ji /dPd / sd ln J' /dPd
,0.77, indicating thatJ' increases faster with pressure as
compared toJi. We would like to stress that the relation of
Tm with the relevant model parameters could be different if
approximations beyond the MF level are taken into account.
Neverthless, ac susceptibility and resistivity measurements
on ruthenocuprates9,10 fairly well agree with the MF picture,
thus indicating that a MF desription is adequate to describe
ferromagnetism in the RuO2 planes.

IV. NUMERICAL RESULTS

In Fig. 1 we show our numerical results for both the su-
perconducting critical temperatures,Tc, and the ferromag-
netic critical temperature,Tm, as a function of the chemical
potentialm, for 11 values of pressureP=0−2 GPa. Figure 2
shows the shapes of the Fermi surface relative to the RuO2
layer, ek

FM=m* , corresponding to the chemical potentialm*

which maximizesTm at a given pressure. One immediately
concludes that, within the present approximation, pressure
has a negligible effect on the optimal filling forTm.

At zero pressure, we taket=0.3 eV and t8 / t=0.45
for both the SC and the FM bands,12,15,33and t'=0.05t. The
values of the coupling parameters at zero pressure have been
chosen so to reproduce the observed optimal values ofTc and
Tm at P=0. Specifically, we takeg=0.042 eV, Ji=1.4t,
J'=0.1t.

At zero pressure, we find three separate regions of coex-
istence of superconductivity and ferromagnetism, withTm
displaying three pronounced “domes” as a function of
chemical potentialm. This is mainly a consequence of the
Stoner criterion, which in the simplest version, i.e., neglect-
ing interlayer exchange and in the absence of competing SC
order, reads asJir.1, so that ferromagnetism is enhanced
where the DOS is largest, i.e. close to Van Hove singularities
or electronic topological transitions.25 As pressure increases,
the band widens and the DOS peaks lower.23 However, the
exchange couplingsJi andJ' are expected to increase, as a
result of a larger overlap of the orbitals in Eq.s8d, so that the
Stoner criterion is satisfied over larger filling ranges. As a
consequence, separate regions of coexistence of SC and FM
are expected to merge, as shown in Fig. 1. As is also shown
in Fig. 1, the ferromagnetic transition temperature is found to

TABLE I. Average values entering Eq.s16d and Eq.s21d, as
analytically evaluated by means of Eq.s13d and Eq.s17d for the
radial functions.

krl4d=10.5 krl3d=7

kr2l4d=125.8 kr2l3d=56
k1/ rl

4d=0.125 k1/ rl
3d=0.166

kr/6−rl
4d=−1.75

k1/6−rl
4d=−0.125

k1/ rs6−rdl
4d

=0
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increase with pressure at a rather large rate, in good qualita-
tive agreement with experiments. Its values go from
130 K to 160 K in the pressure rangeP=0–2 GPa. Thus the
ferromagnetic state appears to be strongly stabilized under
pressure which should have some consequences for the su-
perconducting state.

As mentioned in Sec. III, up to now we have neglected
any explicit pressure effect on the SC coupling parameterg.
This is motivated by a lack of either theoretical or phenom-
enological input for the microscopic mechanism of supercon-
ductivity in the ruthenocuprates, which is expected to be of
an unconventional nature, as is possible for the high-Tc cu-

prates. Quantitatively, this approximation should not affect
our results much, in view of the small pressure effect onTc,
as compared toTm. However, we have numerically studied
the competition of SC and FM, both at zero pressure and for
increasingP, by tentatively assuming a small linear depen-
dence ofg on pressure. Indeed, the effect of a competing FM
phase atP=0 does decreaseTc, compared to theJi=J'=0
case, as already observed by Cuocoet al.11 This tendency is
also confirmed at nonzero pressure.

Since we neglected any explicit dependence of the SC
coupling constantg on pressure, the albeit small increase of
Tc shown in the inset of Fig. 1 must be mainly attributed to
the pressure-induced changes of the kinetic terms in the SC
and SC+FM Hamiltonians, Eqs.s2ad and s2cd, i.e., changes
in the band structure. Although the fine details of the varia-
tions of Tc andTm are related to each other in an inherently
nonlinear way through Eqs.s7d, one expects that a pressure-
induced enhancement of the hopping parameterst, t8, andt'

results in a shift towards the band bottom of the Van Hove
singularity pertaining to the SC subband, accompanied by a
steepening of the DOS, which is indeed recovered in the
tendency of the maxima in theTc curves to move towards
lower chemical potentials with increasing pressuresFig. 1,
insetd.

V. CONCLUSIONS

We have considered the two-band model for the coexist-
ence of superconductivity and ferromagnetism in the ru-
thenocuprates. We have self-consistently solved the equa-
tions for the SCsrespectively, FMd critical temperature in the
presence of FMsrespectively, SCd order, both as a function
of filling shere parametrized by the chemical potentialmd,
and as a function of pressure. We find separate filling ranges
where the coexistence of SC and FM is allowed, merging
into larger ranges, as the Stoner criterion gets more effective

FIG. 1. Superconducting
critical temperatureTc ssolid lines,
and insetd and ferromagnetic
critical temperatureTm sdashed
linesd, as a function of chemical
potentialm, for different pressures
P=0–2 GPa. Lower curves corre-
spond to lower pressures, as indi-
cated by the arrow.

FIG. 2. Fermi lines of the RuO2 layers corresponding to the
maximumTm in Fig. 1, for P=0 andP=2 GPa.
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with increasing pressure. The ferromagnetic transition tem-
perature is found to increase with pressure at a rate distinctly
larger than that of the superconducting temperature, in good
qualitative agreement with recent experiments in the ru-
thenocuprates. Due to the competition between superconduc-
tivity and ferromagnetism, the stronger enhancement of the
magnetic phase results in a suppression of the pressure effect
on Tc.

Our present model does not account for spatial variations
of both order parameters, or of their symmetry ink space,
which has been assumed to be ans wave, for the sake of
simplicity. In particular, ac-axis modulation of the order
parameters may be important in view of the stronger pressure

dependence of the interlayer correlations. A more detailed
study of the pressure dependence of the critical temperatures
would require more reliable estimates of the compressibility
and of the pressure dependence of the charge filling, which
await more experimental work.
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