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%'e show that, independent of the choice of values for the carrier concentration n and specific
heat in the normal state, existing experiments on the superconducting properties of polycrystalline

Yaa2Cu30q. y are consistent with calculations carried out in the clean limit. We 6nd, for a wide

choice of n, a substantial exchange enhancement of the Pauli susceptibility. For n &5x102'
cm, long-wavelength spin fluctuations, with a characteristic temperature, TsF 600 K, can give

rise to a strong-coupling superconducting transition to a triplet Balian-Werthamer phase. On the
other hand, if n & 10 2 cm antiferromagnetic spin fluctuations must be invoked if the pairing is

of magnetic origin.

In the search for the physical origin of superconductivi-
ty in the high-temperature superconductors, ' an attrac-
tive interaction between electrons resulting from the virtu-
al exchange of antiferromagnetic spin fluctuations has
emerged as one of the leading possibilities. Heavy-
electron systems are, at present, the only known systems
where this mechanism has been shown to be responsible
for superconductivity. 4 The possibility that the high-
temperature superconductors are part of the heavy-
electron family has been discussed by Pethick and Pines.
They argue that, because the carrier concentration is low
in the high-temperature superconductors, the characteris-
tic spin-fluctuation temperatures will be much larger than
those found in the heavy-electron systems, with a concom-
itant increase in the superconducting transition tempera-
ture.

In this Communication we consider the evidence for
spin-fluctuation-induced superconductivity which is pro-
vided by experimentss s on polycrystalline samples of
YBazCu30s9, if one makes the assumption that the be-
havior of these samples can be interpreted as resulting
from quasiparticles which form, in first approximation, a
three-dimensional (3D) one-component Fermi liquid in
both the normal and superconducting states.

The relevant quasiparticle properties are then the densi-
ty of states at the Fermi surface W(0), the Fermi velocity
up, and the Landau parameters F$ and Fi. Rather than
extracting the density of states, N(0) (3/n )y(T, ),
from the specific-heat jump at the superconducting transi-
tion, hC„, by assuming that the coupling parameter

wc,
1.43y(?;)?;

takes its weak-coupling 8ardeen-Cooper-Schrieffer
(BCS) value of unity, we use the measurement of the tem-
perature dependence of the London penetration depth,
k(T) (Ref. 5), to obtain the product 1V(0)us2. For a given
choice of carrier concentration, one can then determine

X(0), uF, and u.
In Leggett's treatment of a superconducting Fermi

liquid, s the London penetration depth is given by

Fs
A, (0)/Ag(T) [p, (T)/p]/I+ [p, (T)/pj, (2)

where p, (T), the noninteracting superfluid density, is to a
good degree of approximation for the strong-coupling su-
perconductors' given by

p,'(T)/p = [1 —po(T)/p] = ll —(T/T, ) 'j (3)

where hacs(T) is the weak-coupling BCS value for the
gap, with Aacs(0) 1.76kT, . This, in fact, is just the
model successfully applied by Padamsee, Neighbor, and

for a clean superconductor with an isotropic gap, where
p„(T) is the noninteracting normal fluid density. The pa-
rameter Fi is the dimensionless measure of the strength of
the backflow field which describes the quasiparticle
current-current coupling; for a crystal with a spherical
Fermi surface, it defines the dynamic mass, rn„ found in

the absence of backflow, through the relation rn /m,
(1+Fsi/3). The dynamic mass m, is measured directly

by A, (0), the zero-temperature penetration depth, which is

given by
2 2mac 3c

4rrne 4ne N(0) uF2(1+F i/3)

Here n is the quasiparticle density and we introduce the
explicit dependence of the penetration depth on the prod-
uct, %(0)ug, in the second form for X(0). In the clean
limit kl (0) A, (0). In Fig. 1 we present two possible fits
to the penetration depth data of Harshman eral ;in.
Table I we list the resulting values of N(0)uF.

To explore the consistency of these results with mea-
surements of the other superconducting parameters, eve

make the following simple ansatz,

h(T) a hacs(T)
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FIG. 1. The temperature dependence of the penetration

depth with FI 0, the dashed line, and F'1 1.38, the sohd line.
The experimental points are from Ref. 5.
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Shiffman" to study the properties of Pd-x at. % In and
other strong-coupling superconductors. Near T, Eq. (5)
is exact; however, at lower temperatures, to the extent a is
temperature dependent, ' it is an approximation. On
combining Eqs. (1) and (5) we can calculate the coher-
ence length, g(0) in the clean limit,

0.91up ugN(0)
z~(O)

'
T,~C„

and from this we can obtain a number of properties of the
superconductor. These include the upper critical field,
H, 2(0) 4g/2a'g (0), and its slope near T„H,'2—H, 2(0)/0.69T„with eo hc/2e. $(0) and the mea-
sured value of A, (0) yield the Ginzburg-Landau parameter
EoL A, (0)/g(0); this in turn yields the thermodynamic
critical field H, (0) H, 2(0)/ J2Kot. and the lower criti-
cal field H, i (0) H,2(0)lnEot. /2E(t, . These supercon-
ducting properties are likewise given in Table I.

A physical quantity of interest in connection with spin-
fluctuation-induced superconductivity is the Pauli suscep-
tibility, Xp, which in Fermi-liquid theory is given by

X, -~jfN(0)/(I+FII),

where pa is the Bohr magneton. To extract Xp from the
susceptibility, Z«ut 3.9&10 emu/mol, measured by
Cheong et al , it is necessa. ry to consider corrections com-
ing from core electron and quasiparticle diamagnetism.
The latter, the Landau-Peieris term, turns out to be negli-

gible, since when account is taken of Fermi-liquid effects,
XLi —

3 (I+FtI)(m/m ) X~, and for all choices of car-
rier density (see Table II) gives rise to corrections -19b.
The core correction used by Cheong ar al. is —1.7 x 10
emu/mol, so that Xp 5.6 x 10 emu/mol.

To determine the exchange enhancement parameter, F$
and N(0), we consider three possible values for n:
3.5x10 ' cm 3, 4.5X102' cm 3, and 10 cm . These
densities span a range of values obtained from simple
counting arguments and Hall measurements assuming a
one-band equivalent isotropic model. The resulting values
of the thermal effective mass, m, y, F$, a, and h(0) are
given in Table II. There one sees a considerable range of
quasiparticle masses and exchange enhancements con-
sistent with the measured values of the superconducting
parameters displayed in Table I. If the quasiparticle den-
sity of states is -8 mJ/mol K, then F$ is sufficiently neg-
ative that the coupling of electrons to ferromagnetic spin
fluctuations can be shown to give rise to a superconducting
transition temperature close to that observed. This result
follows from a calculation of the transition temperature
using the Patton-Zaringhalam method for a charged sys-
tern, '3

s/(1+xI)

where AII Ffl(1+F$). In Table II we give the T,
values computed using the cutoff, aTF (1+F$)TF

TsF. In most applications of this method' for calculat-
ing T„aTF& TsF, and as such the T, values we find
should be viewed as upper bounds. What we would con-
clude from this analysis is that triplet pairing resulting
from the exchange of ferromagnetic spin fluctuations is a
potential candidate for the high-T, superconductor
YBa2CusOs. s. Since the measurements of )1L,(T) provide
no evidence for nodes in the energy gap, the resulting
phase would be the Balian-Werthamer'" (BW) triplet
phase. Given the size of the strong-coupling corrections
one might have expected the Anderson-Brinkman-Morel
(ABM) state to be stabilized as in liquid 3He (Ref. 15).
However, as in the heavy-fermion superconductors, naive
arguments, that ignore band structure, crystal symmetry,
etc. , can give the wrong phase. We further note that for
this choice of N(0), the strong-coupling parameter, a is
large, so large indeed as to rule out a phonon mechanism,
if one adopts the limiting values of d,C,/yT, computed by
Blezius and Carbotte's using the Eliashberg equations.

On the other hand, for y(T, ) values in excess of 20
mJ/molK, corresponding to rr-10 cm, the ex-
change enhancement, while substantial, is not sufficient

TABLE l. Self~nsistent parameters of the snpercondncting state, with A,(0) 1365 A.

FI/3 g(0)
H.&(0)

(T)
H.'2(r. )
(T K.)

H, (o)
(T)

H„(o)
(G)

N(0) vg
(104' cm'g ')

0
0.46
Expt.

14.4
12

94.7
114

1.3-3.0'

1.16
1.39

0.50
0.34

'References 2 and 7.
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TABLE II. Dependence of the properties of the normal and superconducting state on the density of
carriers.

lip

(10" cm ') F(/3 m'/m (mJ/mol K')
Tc
(K)

TsF
(K)

3.5
3.5

4.5
10
10

0
0.46
0
0.46
0
0.46

2.32.
3.38
3.0
4.38
6.6
9.7

5.7
8.3
8.0

11.7
23
34

—0.86
—0.8
—0.8
—0.71
-0.43
-0.18

5.1

3.5
3.6
2.5
1.3
0.86

3.98
3.31
3.34
2.76
1.97
1.63

205
88

122
13.6

590
590
770
770

1700
1700

(10)=0.22, 0.29, 0.37,1+ 3 FtI

where the three values of this ratio come from the FIt's
given in the first four rows of Table II. In neutron scatter-
ing this limiting vaiue should be observed for a&ave vec-
tors, q (1/g(0)=0.08 A. '. As q increases the wave-
vector-dependent susceptibility Xaw(q) reaches a max-
imum around q 0.4 A ', since Xaw(q) approaches

for ferromagnetic spin fluctuations, i.e., paramagnons, to
produos high-temperature superconductivity. This regime
of parameter space would be consistent with antiferro-
magnetic spin fluctuations, whose coupling to quasiparti-
cles can both enhance the effective mass and give rise to
superconductivity. " The presence of strong antiferromag-
netic correlations in this system would also tend to
suppress the p-wave pairing interaction, g~. To see how
this works qualitatively we write

I'2kr qdq
g

kp 2kF2
1 —

U,'x(q), (9)

where UqX(q) is the spin-Suctuation exchange interaction
and (1-q2/2k/) is the l 1 Legendre polynomial. If Xv
exhibits antiferromagnetic tendencies it will be peaked at
finite q. This would tend to suppress a p-wave state and
favor, for example, d-wave pairing, in which case one
would expect to find nodes in the energy gap. For the p-
wave state to be strongly favored X(q) should be peaked
for small q. The suppression of antiferromagnetic correla-
tions away from a half-filled band and the appearance of a
ferromagnetic metal phase in the large-U Hubbard model
was first proposed by Nagaoka. ' This tendency toward a
ferromagnetic metal phase is possible in 2D and even
more likely in 3D when the system moves away from half
filling. This behavior was also seen in the two-band model
recently proposed by Prelovsek' where moving away
from half filling occurs by doping with holes on the oxygen
sites.

While the nodal structure of the energy gap as deter-
mined by )I,(T) can distinguish between the BW phase
and a d-state pairing phase, the electromagnetic response
and sound attenuation in the BW phase will be those of a
s-wave singlet state. However, the latter two phases differ
in their magnetic properties. The

long-wavelength static
Pauli susceptibility, Raw, is, for T« T„given by

yaw 3 (1+F$)

Xp(q), as q increases while Xp(q) falls off with increasing

We have assumed that YBa2Cu30s. 9 is an isotropic,
one-component 3D system. Given the important role
which dimensionality plays in band structure' and in
various theories3 ~0 it is desirable to have an experimental
measure of it. In the theory of layered superconductors '

the dimensionality parameter t can be obtained from the
layer spacing d and the measured slopes of the upper criti-
cal field in the parallel, H,'2(T, ;II), and perpendicular,
H,'q(T, ;J ), directions, '

4c~
tred T, [H,'2(T„II)]

If t «1 the system is 2D and single-particle hopping be-
tween the layers is much smaller than the coherent
Josephson tunneling; while for t-l, the system resembles
a 3D anisotropic system. From the measurements of
Worthington, Gallagher, and Dinger 2 on single-crystal
YBa2Cu30s9, using d 11.65 A, where d is the distance
between identical Cu-0 layers, we find that t =0.6; thus
this system is far from being a layered superconductor. A
consequence of this large value of t is that Suctuations
above T, will be 3D over a wide temperature range, as has
been observed in the conductivity measurements of Frei-
tas, Tsuei, and Plaskett. 23 A possible way to reconcile the
2D band structure with the 3D suprconducting properties
has been proposed by Tesanovic, ~ who suggest that both
2D single-particle propagation and a strong Josephson in-
terlayer coupling are present.

Given the importance of the strong-coupling correc-
tions, the anisotropy obsemed by Worthington etal. '2

may not originate solely in an anisotropy in the effective
tnas, or more generally, in the density of states, since any
strong-coupling corrections will also be anisotropic. For
example, if the strong-coupling corrections to H,'2 (T,;L )
are smaller than to H,'2(T„II) a large mass anisotropy
would be needed to explain the data, while the BW phase
would be favored over the ABM phase, since the gap in
the perpendicular direction would then be closer to the
weak-coupling value than that in the plane.

%e no~ turn to the question of whether the use of the
clean limit is justified for YBa2Cu3069. From the poly-
crystalline data the resistivity extrapolated to T 0 is
—10 p 0 cm which gives a mean free path, l, that lies be-
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tween 20 A (n 10 cm ) and 55 A (n 3.&&10 '

cm 3). Clearly the clean limit analysis is valid for low
densities and only marginally valid for higher densities.
An analysis of the data that does not assume a clean limit
has been carried out by Quader and Salamon, who
reach similar conclusions about the importance of ex-
change enhancement and strong-coupling txlrrections, but
who calculate smaller values of T,.

Our use of an isotropic one-component 3D Fermi-liquid
model for the normal state is more difficult to justify, in
light of the substantial resistivity anisotropy found by
Tozer etal 2s .However, until realistic band-structure
strllctllre calculations are combined with appropriate all
isotropic Fermi-liquid and Ginzburg-Landau theories, and
one has a complete range of single-crystal measurements,
including the anisotropic spin susceptibility, an isotropic
one-component model to treat polycrystalline samples
provides a useful framework for a systematic analysis of
experimental data.

To test the Fermi-liquid model we have proposed, it
would be useful to have measurements of A, (T), Xt,
H,'2(T), hC„etc., as functions of the oxygen content
ranging for example from YBa2Cu30s 5-YBa2CulOq.
This would tell us if the spin-ffuctuation pairing mecha-
nism we are proposing correlates with the susceptibility
enhancement. Measurements of these properties as func-
tions of pressure would likewise be instructive. Finally, a
similar analysis is being carried out on SrMoped La2Cu04
and will be reported in a subsequent communication.

We would like to thank S. Brown, G. Gruner, P. Pre-
lovsek, K. F. Quader, M. Salamon, R. Silver, Z. Tesano-
vic, and J. D. Thompson for useful conversations and the
Aspen Center for Physics for its hospitality during the
preparation of this manuscript. This work was supported
in part by National Science Foundation Grant No. DMR
85-21041 and National Science Foundation (Material
Research Laboratory) Grant No. DMR86-12860.

' J. G. Bednorz and K. A. Miiller, Z. Phys. B 64, 189 (1986).
zM. K. Wu et a/ , Phys. .Rev. Lett. 58, 908 (1987); R. J. Cava

et ai., ibid 58, 167.6 (1987).
lV. J. Emery, Phys. Rev. Lett. 5$, 2794 (1987); J.. E. Hirsch,

ibid 59, 228., (1987); M. ennui, S. Doniach, P. J. Hirschfeld,
and A. E. Ruckenstein, Phys. Rev. B 3'7, 2320 (1988).

4C. J. Pethick and D. Pines, in Nove1 Supereomfuetivity„
Proceedings of the International %'orkshop on Novel Mecha-
nisms of Superconductivity, Berkeley, 1987, edited by S. A.
Wolf and V. Z. Kresin (Plenum, New York, 1987).

50. R. Harschrnan, 6. Aeppli, S. Batlogg, R. J. Cava, E. J. An-
saldo, J. H. Brewer, %'. Hardy, S. R. Kreitzman, G. M. Luke,
D. R. Noakes, and M. Scabs (unpublished).

6T. Penney, M. %, Shafer, 8. L. Olsen, and T. S. Plaskett, Adv.
Cer. Mater 2, 577 (.1987); N. P. Ong, Z. Z. Wang, J. Clay-
hold, J. M. Tarascon, L. H. Green, and %. R. McKinnon,
Ref. 4; S. W. Chcong, S. E. Browtl, J. R. Cooper, Z. Flsk,
R. S. Kook, D. E. Peterson, J. D. Thompson, G. L %elis,
E. Zirngieble, and G. Gruner, Phys. Rev. B36, 3913 (1987).

7T. P. Orlando et al , Phys. Rev. B.35, 7249 (1987).
SS. E. Inderhees, M. 8. Salamon, T. A. Fried, mann, and D. M.

Glllsbcf (llllpllbllshed) .
9A. J. Leggett, Phys. Rev. 140, A1869 (1965).
'OJ. Rammer (unpublished).
11H. Padamsee, J. E. Neighbor, and C. A. SMfman, J. L

Temp. Phys. 12, 387 (1973).
~20. Rainer and Q. Bergmann, J. Lo~ Temp. Phys. 14, 501

(1974).

l3B. patton and A. Zaringhalam, Phys. Lett. 55A, 329 (1975);
C. J. pethick, D. pines, K. F. Quader, K. S. Bedell, and G. E.
Brown, Phys. Rev. Lett. 57, 1955 (1986).

~4R. Sahan and N. R. %erthamer, Phys. Rev. 131, 1553
(1963).

'sA. J. Leggett, Rev. Mod. Phys. 4'7, 331 (1975).
lsJ. Blezius and J.P. Carbotte (unpublished).
'7Y. Nagaoka, Phys. Rev. 147, 392 (1966).
'sP. Prelovsek (unpubhshed).
~~L F. Mattheiss and D. R. Hamann, Solid State Commun, 63,

395 (1987); S. Massidda, J. Yu, A. J. Freeman, snd D. D.
Koelling, Phys. Lett. A 122, 198 (1987).

2 P. A. Lee and N. Read, Phys. Rev. Lett. 58, 2691 (1987);
P. %. Anderson, 6. Saskaran, Z, Zou, and T. Hsu, ibid. 5$,
2790 (1987); J. Ruvalds, Phys. Rev. B 35, 8869 (19S7);
J. Frledel, J.Phys. (Paris) 48, 1787 (1987).

2~L N. Sulaevskii, in High-Temperature Superconductivity,
edited by V. L. Ginzburg and D. A. Kirzhnits (Consultants
Bureau, New York, 1982); R. A. Klemm, Ph.D. thesis, Har-
vard University, 1974 (unpublished).

22T. K. Worthington, W. J. Gallagher, and T. R. Dinger, Phys.
Rev. Lett. 59, 1160 (1987).

~3P. P. Freitas, C. C. Tsuei, and T. S. Plaskett, Phys. Rev. 8 36,
833 (1987).

24Z. Tesanovic (unpublished).
2sK. F. Quader and M. B.Salamon (unpubhshed).
2~8. %. Tozer, A. %'. Kleinsasser, T. Penny, D. Kaiser, and

F. Holtzberg, Phys. Rev. Lett. 59, 1768 (1987).


