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p-wave andd-wave superconductivity in quasi-two-dimensional metals

P. Monthoux and G. G. Lonzarich
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 0HE, United Kingdom

~Received 22 December 1998!

We compare predictions of the mean-field theory of superconductivity for nearly antiferromagnetic and
nearly ferromagnetic metals in two dimensions. The calculations are based on a parametrization of the effective
interaction arising from the exchange of magnetic fluctuations. The Eliashberg equations for the transition
temperature are solved including the full momentum dependence of the electron self-energy. The results show
that for comparable parametersd-wave singlet pairing in nearly antiferromagnetic metals is generally much
stronger thanp-wave triplet pairing in nearly ferromagnetic metals in quasi-two dimensions. The relevance to
the layered materials, and in particular Sr2RuO4 that exhibitsp-wave triplet pairing, is discussed.
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I. INTRODUCTION

There is growing experimental evidence of anisotro
forms of superconductivity in the quasi-two-dimension
perovskite oxides. Energy gaps ofd-wave character have
been established for some of the copper oxides that h
strongly enhanced antiferromagnetic susceptibilities and h
superconducting transition temperatures~of the order of 100
K!.1–5 On the other hand,p-wave spin-triplet pairing pro-
vides a better understanding of the experimental data in
ruthanate Sr2RuO4 that appears to be close to ordering fe
romagnetically and becomes superconducting only at
temperature~of the order of 1 K!.6–14

Numerous mechanisms have been proposed for an
tropic superconductivity, especially in the cuprates. One
the most extensively investigated theoretically is based o
magnetic interaction arising via the exchange of enhan
antiferromagnetic spin fluctuations.15–19 Though not entirely
without difficulties, this mechanism correctly anticipate
from the beginning thed-wave symmetry of the order param
eter observed in some of the copper oxides. Moreover, w
treated in the mean-field Eliashberg theory with full mome
tum dependence of the electron self-energy, it provided
account of the high transition temperatures in the cuprate
terms of parameters determined independently from norm
state properties alone.

In this paper we include the case where, in contrast to
cuprates, a magnetic interaction between electron quasip
cles arises from the exchange of ferromagnetic instead
antiferromagnetic spin fluctuations in quasi-two-dimensio
~2D! compounds. Our calculations differ from those pre
ously reported20,21 for p-wave triplet pairing in the following
ways:~i! they concern quasi-2D rather than 3D systems,~ii !
they employ a nonparabolic band structure which has po
tial relevance to real compounds, and~iii ! they make use of
the full Green’s function in place of a simple pole appro
mation for the propagator. The latter~iii ! takes a better ac
count of the momentum dependence of the electron s
energy and was found to be important in the nea
antiferromagnetic 2D systems.19 Comparisons of the mean
field Eliashberg equations for nearly ferromagnetic a
nearly antiferromagnetic metals with a single 2D Fermi s
PRB 590163-1829/99/59~22!/14598~8!/$15.00
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face are presented for a range of parameters defining
magnetic interaction in potentially realistic cases. The res
show that the incipient ferromagnets are expected to h
p-wave~spin-triplet! pairing and transition temperatures th
are much lower than in the nearly antiferromagnetic me
for otherwise similar conditions. A physical interpretation
the numerical analyses is given together with a discussio
the possible relevance of the magnetic interaction model
Sr2RuO4. The mean-field analysis is intended as a first s
toward a more complete treatment of superconductivity
highly correlated electron systems. It may also serve a
possible guide to future experiments to test for the existe
of magnetically mediated superconductivity in general.

The outline of the paper goes as follows. In the next s
tion we describe the model and computational method u
in this work. In Sec. III, we describe the results of the n
merical calculations for both ferromagnetically and antife
romagnetically correlated metals. Section IV contains furt
discussion while our conclusions are presented in the fi
section.

II. MODEL

We consider quasiparticles on a two-dimensional squ
lattice. We assume that the dominant scattering mechan
is of magnetic origin and postulate the following low-ener
effective action for the quasiparticles:

Se f f5(
p,a

E
0

b

dtcp,a
† ~t!~]t1ep2m!cp,a~t!

2
g2

6 (
q
E

0

b

dtE
0

b

dt8x~q,t2t8!s~q,t!•s~2q,t8!.

~1!

The spin densitys(q,t) is given by

s~q,t![ (
p,a,g

cp1q,a
† ~t!sa,gcp,g~t!, ~2!

wheres denotes the three Pauli matrices. The quasipart
dispersion relation is
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ep522t@cos~pxa!1 cos~pya!#24t8 cos~pxa!cos~pya!
~3!

with hopping matrix elementst andt8. m denotes the chemi
cal potential,b the inverse temperature,g2 the coupling con-
stant, andcp,s

† and cp,s are Grassmann variables. In th
following we shall measure temperatures, frequencies,
energies in the same units. Having in mind a possible c
nection to Sr2RuO4, we shall model the sheet of the Ferm
surface of that material thought to be the most relevant
superconductivity6,22by choosingt850.45t. With an average
Fermi wave vector ofkF'0.7 Å21 and a lattice constanta
53.86 Å, Luttinger’s theorem gives a dopingn'1.1. In the
following, we shall adopt the valuen51.1. The Fermi sur-
face is shown in Fig. 1.

Previous studies of the dependence of the critical te
perature on the ratiot8/t and doping level23,24 have shown
the relative insensitivity ofTc to small changes in these pa
rameters. Therefore a more realistic description of the Fer
surface sheet of Sr2RuO4 is not expected to alter our conclu
sions. We also note that deviations from the assumed
form of the Fermi-surface sheet is found experimentally
be small.

Our model assumes that the coupling parameterg is con-
stant. Theq dependence in the simplest case arises from
atomic form factor. For tight-binding bands the latter is loc
in space and this leads to a weak dependence ofg on q.
Moreover, near a magnetic instability the dominantq depen-
dence of the interaction is expected to arise fromx(q,v),
rather than that ofg.

The retarded generalized magnetic susceptibilityx(q,v)
that defines the effective interaction, Eq.~1!, is assumed to
take the phenomenological form

x~q,v!5
x0k0

2

k21q̂22 i @v/h~ q̂!#
. ~4!

k andk0 are the inverse correlation lengths~in units ofa21)
with and without strong magnetic correlations, respective
Let

FIG. 1. The Fermi surface fort850.45t and electron densityn
51.1.
d
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q̂6
2 5462@cos~qxa!1 cos~qya!#. ~5!

In the case of ferromagnetic correlations, the parametersq̂2

andh(q̂) are defined as

q̂25q̂2
2 , ~6!

h~ q̂!5Ts fq̂2 , ~7!

where Ts f is a characteristic spin-fluctuation temperatu
We shall also investigate antiferromagnetic correlations
which case these parameters take the form

q̂25q̂1
2 , ~8!

h~ q̂!5Ts fq̂2 . ~9!

The spin-fluctuation propagator on the imaginary a
x(q,inn) is related to the imaginary part of the respon
function Imx(q,v), Eq. ~4!, via the spectral representation

x~q,inn!52E
2`

1`dv

p

Im x~q,v!

inn2v
. ~10!

To getx(q,inn) to decay as 1/nn
2 asnn→`, as it should, we

introduce a cutoffv0 and take Imx(q,v)50 for v>v0. A
natural choice for the cutoff isv05h(q̂)k0

2. We have
checked that our results for the critical temperature are
sensitive to the particular choice ofv0 used.

The two-dimensional Eliashberg equations for the criti
temperatureTc in the Matsubara representation reduce,
the effective action Eq.~1!, to

S~p,ivn!5g2
T

N (
Vn

(
k

x~p2k,ivn2 iVn!G~k,iVn!,

~11!

G~p,ivn!5
1

ivn2~ep2m!2S~p,ivn!
, ~12!

l~T!F~p,ivn!5Fg2/3
2g2G T

N (
Vn

(
k

x~p2k,ivn

2 iVn!uG~k,iVn!u2F~k,iVn!,

l~T!51→T5Tc , ~13!

whereS(p,ivn) is the quasiparticle self-energy,G(p,ivn)
the one-particle Green’s function, andF(p,ivn) the anoma-
lous self-energy.ep is the bare quasiparticle spectrum, E
~3!, m the chemical potential that is adjusted to give an el
tron density ofn51.1, andN the total number of allowed
wave vectors in the Brillouin zone. In Eq.~13!, the prefactor
g2/3 is for triplet pairing while the prefactor2g2 is appro-
priate for singlet pairing. Only the longitudinal spin
fluctuation mode contributes to the pairing amplitude in t
triplet channel and gives rise to an attractive interacti
Both transverse and longitudinal spin-fluctuation modes c
tribute to the pairing amplitude in the singlet channel a
give an interaction which is repulsive in reciprocal spa
with a peak atQ5(p/a,p/a). When Fourier transformed
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14 600 PRB 59P. MONTHOUX AND G. G. LONZARICH
such an potential is repulsive on one sublattice~even sites!
and attractive on the other~odd sites!. All three modes con-
tribute to the quasiparticle self-energy.

The momentum convolutions in Eqs.~11! and ~13! are
carried out with a fast Fourier transform algorithm on
1283128 lattice. The frequency sums in both the self-ene
and linearized gap equations are treated with
renormalization-group technique of Pao and Bickers.25 We
have kept between 8 and 16 Matsubara frequencies at
stage of the renormalization procedure, starting with an
tial temperature T050.4t and cutoff Vc'20t. The
renormalization-group acceleration technique restricts on
a discrete set of temperaturesT0.T1.T2 . . . . Thecritical
temperature at whichl(T)51 in Eq. ~13! is determined by
linear interpolation. The savings in computer time a
memory requirements afforded by this technique allowed
to study a wide range of temperatures and spin-fluctua
spectrum parameters.

III. RESULTS

The dimensionless parameters at our disposal areg2x0 /t,
Ts f /t, k0, and k. It is found experimentally thatTs fk0

2

'const, and we shall use this relation to eliminate one
rameter from the set and pick a representative value of
product Ts fk0

2. A value of Ts f5
2
3 t corresponds to abou

1000 K for a bandwidth of 1 eV while a value ofk0
2'12 is

representative of what one obtains from a Lindhard funct
with 2D parabolic bands for a Fermi momentum of abo
0.7 Å21.

The parameters of the model can in principle be infer
from the electronic structure, the dynamical magnetic s
ceptibility, and the resistivity in the normal state. The res
tivity in particular may be used to estimate the dimensionl
coupling parameterg2x0 /t, the value of which is between 1
and 20 for the simplest random-phase approximation for
magnetic interaction potential.

The results of our numerical calculations of the mea
field critical temperatureTc in the case of a nearly ferromag
netic metal are shown in Figs. 2, 3, and 4 for various val
of the characteristic spin-fluctuation temperatureTs f . We
find an instability for ap-wave gap functionF(p,ivn) trans-
forming as sin(pxa) @or sin(pya), the two being degenerate fo
a square lattice#.

Figures 2~a!, 3~a!, and 4~a! show Tc versus the dimen-
sionless coupling parameterg2x0 /t for several values of the
square of the inverse correlation length parameterk2 while
Figs. 2~b!, 3~b!, and 4~b! show Tc versusk2 for several
values of the coupling parameterg2x0 /t. The parameterk2

can be varied experimentally by applying pressure to
samples. TheTc versusk2 graphs can be interpreted asTc
versus pressure plots, with the critical pressure correspo
ing to the quantum critical point atk250. The critical tem-
perature saturates, in the strong-coupling limit, to a value
aboutTs f/30 for values ofk2 of 0.5 to 1.0. For long corre-
lation lengths,Tc decreases. For fixed coupling consta
g2x0 /t, we find that the Eliashberg renormalization fact
Z(p,ivn)512Im S(p,ivn)/vn increases ask2 decreases
and thus pair-breaking effects tend to cancel the stron
attraction ask→0, leading to the reduction of the transitio
temperature. For short correlation lengths,Tc is reduced as
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well since in that case thep-wave component of the pairing
interaction becomes very small as it is nearly moment
independent for large values ofk2. Figures 2~b!, 3~b!, and
4~b! show that for larger values of the characteristic sp
fluctuation frequencyTs f , the critical temperature is mor
sensitive to changes ink2.

Our results for the mean-field transition temperatureTc to
a dx22y2 superconducting state@F(p,ivn) transforming as
cos(pxa)2 cos(pya)] for antiferromagnetic spin fluctuation
are shown in Fig. 5. Compared with the results diplayed
Fig. 3, one sees that for identical values of the character
spin-fluctuation temperatureTs f , thed-wave transition tem-
perature saturates to a value of aboutTs f/2 for values ofk2

of 0.5–1.0, a factor of 10 or so larger than theirp-wave
counterparts. One also observes from Figs. 3~a! and 5~a! that
Tc saturates much more rapidly to its largest value asg2 is
increased in the antiferromagnetic case than it does for
romagnetic spin fluctuations. One sees from Figs. 3~b! and
5~b! that the transition temperature is much less sensitive
changes ink2 in the d-wave case than it is forp-wave su-
perconductivity. As the inverse correlation lengthk2 is re-
duced, the mean-fieldTc is much more robust for antiferro

FIG. 2. The mean-field critical temperatureTc to the p-wave
superconducting state versusg2x0 /t for k250.25, 0.50, 1.0, 2.0,
3.0, 4.0~a! and versusk2 for g2x0 /t560, 30, 20, 10, 5~b!. The
characteristic spin-fluctuation temperature isTs f50.33t with k0

2

524.
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PRB 59 14 601p-WAVE AND d-WAVE SUPERCONDUCTIVITY IN . . .
magnetic spin fluctuations than for their ferromagne
counterparts, indicating that pair-breaking effects are no
damaging in the former case. The Eliashberg renormaliza
factorZ(p,ipT) is shown in Figs. 6 and 7 versus wave ve
tor p for ferromagnetic and antiferromagnetic spin fluctu
tions fork250.25. The average ofZ(p,ipT) over the Fermi
surface as a function ofk2 is shown in Fig. 8 for the ferro-
magnetic case for several values of the coupling param
g2x0 /t. We point out that even in the ferromagnetic caseZ
is strongly anisotropic around the Fermi surface when
coupling parameter is small@Fig. 6~a!# and becomes more
isotropic in the strong-coupling limit@Fig. 7~a!#. The anisot-
ropy for small-coupling parameter can be understood a
density-of-states effect, since the smaller Fermi velocity n
the (p/a,0) point can account for a larger value ofZ in this
region of the Brillouin zone. These effects should matter l
in the strong-couping limit. On the other hand, for antiferr
magnetic spin fluctuations, the anisotropy ofZ increases as
the coupling parameter is increased@see Figs. 6~b! and 7~b!#.
Finally, as shown in Fig. 8 for nearly ferromagnetic system
Z increases rapidly and tends to diverge as the inverse
relation lengthk→0.

FIG. 3. The mean-field critical temperatureTc to the p-wave
superconducting state versusg2x0 /t for k250.25, 0.50, 1.0, 2.0,
3.0, 4.0~a! and versusk2 for g2x0 /t560, 30, 20, 10, 5~b!. The
characteristic spin-fluctuation temperature isTs f50.67t with k0
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IV. DISCUSSION

The magnetic interaction potential, Eqs.~4! and ~13!, is
attractive everywhere for the ferromagnetic case, but os
lates in space from attractive~odd sites! to repulsive~even
sites! in nearly antiferromagnetic metals. Since the avera
potential in the latter case tends to cancel, it may seem
prising at first sight that pairing is so much more effective
nearly antiferromagnetic than ferromagnetic metals. Par
the explanation lies in the fact that the inner product of
spins of two interacting quasiparticles,s1•s2, that enters the
pairing potential, is on average three times larger in mag
tude for the spin singlet than the spin triplet state for spin1

2

particles~classically the expectation value would of cour
be the same in both cases!. Thus the ferromagnetic interac
tion potential, though everywhere attractive, is for this re
son alone, three times weaker than the antiferromagnetic
tential. One can make this argument more quantitative
solve the Eliashberg equations for the nearly ferromagn
metal assuming only the longitudinal spin-fluctuation mo
contributes to the self-energy, setting the coupling param
g2→g2/3 in Eq. ~11! ~the ‘‘Ising’’ case!. The results of the

FIG. 4. The mean-field critical temperatureTc to the p-wave
superconducting state versusg2x0 /t for k250.25, 0.50, 1.0, 2.0,
3.0, 4.0~a! and versusk2 for g2x0 /t560, 30, 20, 10, 5~b!. The
characteristic spin-fluctuation temperature isTs f51.33t with k0

2

56.
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14 602 PRB 59P. MONTHOUX AND G. G. LONZARICH
calculations for a spin-fluctuation temperatureTs f equal to
two-thirds of the nearest-neighbor hopping energyt are
shown in Fig. 9 and to be compared with the results show
Figs. 3 and 5. While the critical temperatures of the nea
ferromagnetic Ising metal are much higher than those of
the nearly ferromagnetic one for similar conditions, they
not quite match those of the nearly antiferromagnetic ca
Therefore the factor of 3 in the pairing potential is not t
whole story. The extra factor ofq from Landau damping in
Eq. ~7! leads to greater incoherent scattering for a nea
ferromagnetic than antiferromagnetic metal, and hence
reducedTc . We have also solved the Eliashberg equatio
for the nearly ferromagnetic Ising metal without Land
damping@with h(q̂)5Ts fq̂1 , in Eq. ~7!#. The results for the
same value ofTs f are shown in Fig. 10. One might hav
expected that the Ising case without the Landau damp
would lead to transition temperatures for the purely attrac
potential andp-wave pairing that are much higher than fro
the spatially oscillatory potential andd-wave pairing. That
this is not the case, as may be seen by comparing Figs. 5
10, can be understood when one takes into account of
effects of retardation that restricts scattering to states wi

FIG. 5. The mean-field critical temperatureTc to the d-wave
superconducting state versusg2x0 /t for k250.25, 0.50, 1.0, 2.0,
3.0, 4.0~a! and versusk2 for g2x0 /t5 60, 30, 20, 10, 5~b!. The
characteristic spin-fluctuation temperature isTs f50.67t with k0
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a narrow range of wave vectors near the Fermi surface. T
implies that the pair wave function tends to oscillate in spa
with wave vector of the order ofkF and the probability dis-
tribution with wave vector 2kF , i.e., with a wave vector
comparable to that of the magnetic interaction potential
self. Furthermore, the maxima of the probability appear n
the minima of the potential along the square axes, while
the d-wave state, the probability vanishes alltogether alo
the diagonals where the interaction is everywhere repuls
In this case the effect of the repulsive regions is small a
the gain achieved with a purely attractive potential with o
erwise similar properties is not as great as might have
ively been suspected.

Besides this there remains at least one more signific
difference between the ferromagnetic and antiferromagn
cases that may be relevant to pair formation but is not rea
quantified. In the latter case the mass renormalization
much more anisotropic than in the former and is stronges
points on the Fermi surface~the ‘‘hot spots’’! connected by
the antiferromagnetic wave vector. This anisotropy may le
to strong-coupling effects which on the whole are less da
aging to pairing than in the corresponding ferromagne
case where essentially all the points of the Fermi surface
equivalent.

Taken together, these effects confer a very considera

FIG. 6. The Eliashberg renormalization factorZ(p,ipT)51
2Im S(p,ipT)/pT versus wave vectorp for ferromagnetic~a! and
antiferromagnetic spin fluctuations~b! for g2x0 /t55, k250.25
andT50.006 25t. The characteristic spin-fluctuation temperature
Ts f50.67t andk0

2512.
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advantage for pairing to the nearly antiferromagnetic ver
ferromagnetic metals that have otherwise comparable p
erties. Further considerations also lead to an advantag
quasi-2D over 3D metals. The average of the spin-fluctua

FIG. 7. The Eliashberg renormalization factorZ(p,ipT)51
2Im S(p,ipT)/pT versus wave vectorp for ferromagnetic~a! and
antiferromagnetic spin fluctuations~b! for g2x0 /t530, k250.25
andT50.006 25t. The characteristic spin-fluctuation temperature
Ts f50.67t andk0

2512.

FIG. 8. The Eliashberg renormalization factorZ(p,ipT)51
2Im S(p,ipT)/pT averaged over the Fermi surface for ferroma
netic spin fluctuations versusk250.25 for g2x0 /t55, 10, and 30,
and T50.003 125t. The characteristic spin-fluctuation temperatu
is Ts f50.67t andk0

2512.
s
p-
of
n

frequency in the Brillouin zone tends to be larger in 2D th
in 3D. This favors enhanced incoherent scattering, and he
reducedTc . However, it also leads to an enhanced pairi
energy and greater robustness against impurities and th
fects of competing channels of interactions. We expect t
these latter considerations will normally tend to domina
and hence favor quasi-2D over 3D systems, under otherw
similar conditions, and provided that corrections to t
mean-field solutions are not important.

Within the magnetic interaction model in the mean-fie
approximation, thus the highestTc is expected to arise in
quasi-2D metals with highTs f and on the border of a con
tinuous antiferromagnetic transition~when the magnetic cor
relation wave vectork→0 as T→0). Interestingly these
conditions are well satisfied in the copper oxides but mu
less so in the heavy fermion and organic compounds~see,
e.g., Refs. 26 and 27, respectively!. In the heavy fermions
Ts f happens to be low because thef electrons produce nar
row bands, while in the organicsTs f is small because the

-

FIG. 9. The mean-field critical temperatureTc to the p-wave
Ising superconducting state versusg2x0 /t for k250.25, 0.50, 1.0,
2.0, 3.0, 4.0~a! and versusk2 for g2x0 /t560, 30, 20, 10, 5~b!.
The characteristic spin-fluctuation temperature isTs f50.67t with
k0

2512. For the same value of the coupling parameter the effec
mass for Isingp-wave pairing is much lower than for the standa
p-wave state. That explains the more rapid drop ofTc ask→0 in
Fig. 3 than in the above figure.
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14 604 PRB 59P. MONTHOUX AND G. G. LONZARICH
carrier concentration is low. Thus one expects, and ind
one finds, much lowerTc’s in these materials than in th
cuprates.

The calculations also predict that magnetically media
superconductivity should be a general phenomenon occu
on the boundary of a continuous magnetic transition, in b
ferromagnets and antiferromagnets and in quasi-2D and
compounds. This may not be observed in practice, howe
due to pair-breaking effects of impurities and other inter
tion channels not considered here explicitly. In cases w
the magnetic transistion is not abrupt andk can be made
arbitrarily small at low temperatures, the magnetic inter
tion potential may overwhelm these other effects and, at le
in the nearly antiferromagnetic case where the mean-fieldTc
appears to remain finite ask→0, superconductivity may sur
vive in a narrow range of lattice densities near the criti
density where the magnetic order is continuously quench

The magnetic interaction model and the mean-fi
approximation forTc might be expected to apply most su
cessfully in nearly magnetic metals whereTc is small com-
pared to the electronic band width andTs f . The nearly
ferromagnetic quasi-2D metal Sr2RuO4 that orders in a

FIG. 10. The mean-field critical temperatureTc to the p-wave
Ising superconducting state without Landau damping versusg2x0 /t
for k250.25, 0.50, 1.0, 2.0, 3.0, 4.0~a! and versusk2 for g2x0 /t
560, 30, 20, 10, 5~b!. The characteristic spin-fluctuation temper
ture isTs f50.67t with k0

2512.
d

d
ng
h
D
r,
-
n

-
st

l
d.
d

spin-tripletp-wave state only at very low temperatures~be-
low 1.5 K!, 6–14 would therefore seem an ideal candidate
comparison between theory and experiment. The calculat
presented in this paper provide a first step toward suc
comparison. The next will be to build a realistic model
x(q,v) from NMR and neutron-scattering measurements
from the numerical calculations now in progress.28 Prelimi-
nary evidence suggests that Sr2RuO4 may be close both to
ferromagnetism and antiferromagnetism.22 The competition
between these two tendencies, along with the comparati
small magnitude of̂ s1•s2& in the observed spin-triplet stat
and other features as discussed above, may help to acc
for the much lowerTc in this layer perovskite oxide com
pared with that of the cuprates.

We note that our calculations may be expected to br
down when the mass renormalization becomes large at
values of the coupling constant or at smallk near the critical
point for magnetic order. Also it should fail when the supe
conducting coherence length becomes small compared
the average spacing between Cooper pairs, i.e., for s
ciently highTc or in strictly 2D where there is no true long
range order at finite temperature. The latter condition is
readily reached in many of the known quasi-2D systems

Finally, we emphasize that our model for the magne
interaction does not include any possible spin-gap format
For this reason alone, it is not expected to apply near
metal-insulator phase boundary in the cuprates.29

V. CONCLUSIONS

We have contrasted the predictions for the supercond
ing transition temperature for magnetically mediated sup
conductivity for nearly ferromagnetic versus nearly antife
romagnetic metals in quasi-2D. The calculations are ba
on a single Fermi-surface sheet, and a conventional form
the magnetic interaction arising from the exchange of s
fluctuations treated in the mean-field Eliashberg theory. T
dominantq andv dependence of this interaction is assum
to arise from the dynamical wave-vector dependence of
susceptibility, and thus the interaction vertex is taken to b
phenomenological constant. In principle the latter quantit
may be inferred independently from inelastic neutron scat
ing and for example the temperature dependence of the
sistivity in the normal state. The mean-field Eliashbe
theory is expected to break down when, for example,Tc is so
high that the superconducting coherence length beco
small and less than the typical spatial separation of Coo
pairs. It may also fail in the immediate vicinity of the critica
density when magnetic order is quenched continuously
the quasiparticle density of states tends to become sing
Here the electron quasiparticle framework underpinning
mean-field Eliashberg model may break down in an essen
and nontrivial fashion.

Within the range of validity of our calculations we ma
conclude that, for the same set of dimensionless parame
the p-wave triplet pairing in nearly ferromagnetic metals
much less robust than thed-wave singlet pairing in the cor
responding nearly antiferromagnetic metals. For values
Ts f that are typical ofd metals in the layered perovskites, w
predict a maximum ofTc versusk of the order of 100 K in
the latter but typically one or more orders of magnitude le



er

ng
ue
v
-
p

c

te
uc

ha
ti

al
u

se
s
c
f

ha

c

one
ms
o

tic

udy
em
h-

uch
ion
ing
ore
at
ms.

B.
.
ted
the

PRB 59 14 605p-WAVE AND d-WAVE SUPERCONDUCTIVITY IN . . .
than this in the former. The reasons for the dramatic diff
ence are discussed in Sec. IV.

The pair-breaking effects of impurities and of competi
interaction channels can lead to substantially lower val
than the above in real materials. These effects may, howe
be mitigated by reducingk via some external control param
eter such as pressure and hence enhancing the magnetic
ing energy.

The calculations are intriguing in the light of thed-wave
singlet state observed in the cuprates with strongly enhan
antiferromagnetic susceptibilities andTc’s of the order of
100 K, versus thep-wave triplet state found in the ruthana
Sr2RuO4 that is close to ferromagnetic order and has a m
lower Tc ~of the order of 1 K!.

The maximum ofTc versusk in Sr2RuO4 in the triplet
state is not yet known, and may well be higher than t
measured at ambient pressure. A more complete descrip
of Sr2RuO4 must await realistic modeling of the dynamic
susceptibility which may reflect not only ferromagnetic b
also competing antiferromagnetic tendencies. The latter m
be subdominant at ambient pressure but may be highly
sitive to lattice spacing. It would also be interesting to inve
tigate more closely the effect of the additional Fermi-surfa
sheets in Sr2RuO4. An experimental study of the variation o
Tc vs k in this system, that satisfies to a greater extent t
cuprates the conditionTc!Ts f , would provide a vital test of
the theory of magnetically mediated superconductivity. Su
a study would be feasible in Sr2RuO4 if it orders ferromag-
d
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netically at positive pressure,14 and in the isostructural and
isoelectronic compounds Ca2RuO4 and Sr2FeO4 that are ex-
pected to become similar to Sr2RuO4 at very high pressure.

Finally we reiterate that our calculations suggests that
should look for elevated transition temperatures in syste
in which ~i! Ts f is high, i.e., the electron density is not to
low and effective band mass not too high,~ii ! the lattice or
carrier density can be tuned to the vicinity of a magne
critical point in the metallic state,~iii ! the electronic structure
is quasi-2D rather than 3D, and~iv! antiferromagnetism~or
Ising ferromagnetism! is favored over ferromagnetism. A
considerable number of candidate materials for further st
of the predictions of the magnetic pairing model would se
to be available given current material fabrication and hig
pressure technology. The experimental investigation of s
systems, whether or not they prove to yield high transit
temperatures, should help us to improve our understand
of magnetic pairing and perhaps also shed light on the m
exotic models29 for normal and superconducting states th
have been proposed for highly correlated electronic syste
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