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We have studied the effect of spin fluctuations on select properties of high-7, superconductors
with the pairing mechanism left largely unspecified. The specific-heat jump at T, and its slope are
calculated for various characteristic spin-fluctuation spectra. The zero-temperature gap edge and
second critical magnetic field are also considered. Results specific to a marginal Fermi-liquid model
are presented. Finally we consider the effect of spin fluctuations on the isotope effect.

I. INTRODUCTION

There is substantial evidence that magnetic interac-
tions are important in the high-7, superconductors.! !
In both the La-Sr-Cu-O and the Y-Ba-Cu-O systems
there is a transition from a nonsuperconducting insulat-
ing magnetically ordered phase to a metallic supercon-
ducting phase.>~> There is also evidence, at least in the
La-Sr-Cu-O system, that superconductivity and antiferro-
magnetic order may coexist.'?> Additionally, there have
been several theoretical proposals which incorporate the
existence of antiferromagnetic order or spin fluctuations
as the mechanism for pairing.'%!! In this paper we take
the opposite approach and study some of the properties
of a superconductor in which the spin fluctuations (SF)
are suppressing the superconductivity. We have cast the
problem within the framework of Eliashberg theory'® and
therefore we assume that there is some boson exchange
mechanism which is responsible for the superconductivi-
ty. It could, for example, be charge fluctuations as in
some recent models.* 8 We will not specify what that
boson is. However, we do not believe that the supercon-
ductivity in these materials can be described by phonons
alone. Thus, we take the approach that whatever the
pairing exchange mechanism is, its character frequency
will be higher than that of a phonon. As such, we will
consider weak to moderately strong coupling as the real-
istic regime in which to discuss the oxides. For complete-
ness, we have studied a much larger range of coupling
strength.

The marginal Fermi-liquid model (MFL), developed to
describe the copper oxides, has been reviewed by Var-
ma.'* It is closely related to our work although there are
some differences. An essential feature of the MFL model
is that there is coupling to both charge (pair-enhancing)
and spin (pair-breaking) fluctuations. Both the charge-
and spin-fluctuation kernels have the same frequency
dependence, but differ in absolute strength. They also
have some temperature dependence, but this is not very
important near T,. Thus, the MFL model corresponds to
the special case when the characteristic energy associated
with the charge and spin fluctuations is the same, and as
such is a subcase of our calculations.

It should be stressed that, in reality, the superconduct-
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ing transition itself could lead to modifications of the ker-
nels that enter the equations for superconductivity and
that self-consistent modifications may be required, at
lower temperatures, due to the opening up of the super-
conducting gap. These modifications go beyond the
scope of the present work and are not expected to be
dominant.

In Sec. II we present the equations studied and de-
scribe the model spectra employed. In Sec. III we
present numerical results for the specific-heat jump and
the slope of the specific heat at T,. Section IV deals with
the gap ratio and the upper critical field. Section V con-
tains a discussion of the isotope effect and conclusions are
in Sec. VL.

II. FORMALISM

The isotropic Eliashberg equations, written on the
imaginary axis, including spin fluctuations are!® 22
Alio,)Z(iw,)

w Aliow,,)
AT(m—n)—pu*
m:-w[ H ][Az(ia)m)+wfn]l/2
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where
Ne(m =2 [ = LT @R @] 2.3)

0 (@, —w,)?
and a’F(w) and P(w) are the electron-boson (phonon,
charge fluctuation, etc.) and electron-spin-fluctuation
spectral densities, respectively, and iw,=i7T(2n —1),
n €1 are the Matsubara frequencies. In all our work we
have set the Coulomb psuedopotential u* to zero for nu-
merical simplicity.
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For both the boson and spin fluctuations we have em-
ployed Einstein spectral densities of the form

E

(2.4)

with A and A? the mass enhancement parameters for
a’F(w) and P(w), respectively. In order to calculate
thermodynamic quantities we utilize the Bardeen-
Stephen expression for the free-energy difference between
the normal and superconducting states®

F,—F,=N(0)xT
X 3 {[AUie,)+die,)]"?—|6lio,,)])
@y, |

A iw, )+ Hiw, )]

X 11

b

(2.5)

o%iw,)=0,+7T 3 At(m —n)sgno,,
m=—o
with N (0) the single-spin electronic density of states at
the Fermi energy.
The specific-heat jump is readily obtained from the
free-energy difference through the standard thermo-
dynamic relations and is given by

AC _ T d’AF(T)
rTe  vIT. dT?

(2.6)

We also calculate the upper critical field. It is obtained
from the following equations®*

Alio,)Z,(iw,)
T S (A )—p*] Alia,,) 2.7)
= m—n)—p*l—————, .
LD Bl )
. _ 2 e, _2 | gVa
x(oliow,,)) Y fo dq e 7 tan _——_‘E)(iwm){ , (2.8)

where a=1leH ,(T)vf. e is the electronic charge and vj
is the Fermi velocity. In order to avoid any v, depen-

dence, we present results for the reduced upper critical
field defined by

H(T)
dH(T) |
dT ¢

th(t)E

2.9

c

t=T/T, is the reduced temperature.

III. SPECIFIC-HEAT JUMP

We have solved Egs. (2.1) and (2.2) numerically and
used the results to calculate the specific heat given by Eq.
(2.6). In our calculations, we chose a critical temperature
(T?) for a pure system which we hold fixed. We then
chose a value of wy and calculate Af to give us our
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chosen T?. We then added spin fluctuations at some fre-
quency wp, and calculate a A” which will suppress the
critical temperature to 100 K. Two values of 70, 150 and
200 K were used. For both values of T2, the results were
qualitatively the same. We will only show results for
TC°=200 K. In our calculations, we have varied the fre-
quencies of both the pairing and spin-fluctuation spectra.
We use the parameters T /wy and T2 /wp to discuss the
results. It has been shown for materials that are well de-
scribed by the electron-phonon interaction that the pa-
rameter T, /oy, can be used to characterize the supercon-
ducting properties of a material.> Here oy, is the Allen-
Dynes parameter.?® For an Einstein spectra, OL=0g.
Our numerical studies have spanned the range of 0-2 for
both T?/wy and T?/wp. We point out that conventional
phonon materials lie in the range 0=T,/w;,, <0.25 so
that our range of parameters goes way beyond the prob-
able physical region.

In Fig. 1 we display A?, the electron-spin-fluctuation
mass-enhancement factor versus T /wy and TO/wp. We
note that A” rises rapidly for small values of both parame-
ters and then levels off. For Tc0 =200 K, the maximum
value of AP is 1.7 for

T? T)

Dp Wp

2.0.

In Fig. 2 we show AF versus T?/wg;. We note that, for
T/w;=2.0, AF~120, which is way beyond the likely
physical range but is nevertheless included for complete-
ness. If we restrict ourselves to a Af<5.0, we find that
we only need A <1.0 to suppress T, from 200 to 100 K.
For very weak coupling in both the pairing and spin fluc-
tuations, a T, suppression of 50% is achieved with
y¥=~0.05. Thus, even weakly coupled spin fluctuations
can have a dramatic effect upon the critical temperature
of a superconductor. Such weakly coupled. excitations
would be difficult to detect experimentally in the super-
conducting properties.

Figure 3 displays the normalized specific-heat jump
(AC/yT,) with y the Sommerfield constant. For T /wg

(2.0,0.0)

FIG. 1. Electron-spin-fluctuation mass-enhancement factor
AP vs T?/wg and TO/wp for T,/T°=0.5. The surface has a
height of =~0.05 at (0,0) and a maximum value of = 1.7 at (2,2).
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FIG. 2. Electron-boson mass-enhancement factor Af vs
T?/wg. A is determined by choosing an wy and then calculat-
ing A to give T?=200 K. For T?/wy 20.5, AF appears to be
unphysically large.

and T?/wp equal to zero, we obtain the usual BCS value
of 1.43. As T?/wgp increases, (AC/yT,.) increases,
reaches a maximum of ~4.1 for T?/w;=0.4, and then
decreases below the BCS value. As T?/wp increases, the
specific-heat jump is enhanced and, for T /wy =0.4 and
T?/wp=2.0, we find that (AC/yT.)=9.6, which is
much larger than the maximum value obtained without
spin fluctuations.?’ It is interesting to note that, in the
case of paramagnetic impurities, the specific-heat jump is
always suppressed below its pure value.?® Figure 4 shows
the slope of the specific-heat difference at T, normalized

2(2.0,2.0)
AC

Rz

AT

(0.0,0.0)

(2.0,0.0)

FIG. 3. Normalized specific-heat jump (AC/yT,) vs T®/wy
and T /wp for T,/T2=0.5. At (0,0) the height is 1.43, the BCS
value. The maximum of 11.4 occurs at TO/wy=0.4 and
T?/wp=2.0. This is much larger than the maximum value that
can be obtained in a purely attractive system.
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FIG. 4. (1/y)dAC/dT) vs T’/wyp and T?/wp with

T./T2=0.5. At (0,0), we obtain the BCS value of 3.77. The
maximum value of 23 occurs at T2 /w;=0.4 and T?/wp=2.0,
the same place where the maximum of the specific-heat jump
occurs.

by v, (1/y)(dAC/dT) (y is the Sommerfeld value). For
T°/wp=T"/wp=0, we obtain the BCS result of 3.77.
As T°/wg increases, the normalized slope increases,
reaches a maximum, and then decreases. For Tco/a) p=0,
a maximum value of ~21 is attained for T/wy=0.4.
The maximum value obtained was 67.3 for T2 /wy; =0.4
and T?/wp=2.0. The slope of the specific heat behaves
qualitatively like the specific-heat jump. This is not par-
ticularly surprising, as one would expect them to be
correlated with one another in order to satisfy the entro-
py sum rule.

When we compare these results to those obtained for
systems where no dynamic pair-breaking mechanism is
included (u*, a static, repulsive, Coulomb pseudopoten-
tial is included), we find that the results are qualitatively
similar, but there are large quantitative differences. In
the case of both the jump and the slope, other authors®’
find a maxima in these values at T, /wy; =0.2. Note that
the position of these maxima agrees with the values ob-
tained here when we recall that 7, /T°=0.5. However,
the maxima obtained for the jump, with pu*=0.0, is
~3.4. Even in the weak-coupling limit for the spin fluc-
tuations, we obtain a maximum of 4.1. Similarly, the
maximum value for the slope in the purely attractive case
is =14.5, whereas we get a value, again in the weak-
coupling SF regime, of =21. Once again, as for the criti-
cal temperature, we see that even very weakly coupled
spin fluctuations can have a dramatic effect upon the
properties of a superconductor.

In order to measure the normalized jump or slope of
the specific heat, it is necessary to know the value of the
Sommerfeld constant . Due to the large critical temper-
atures and large value of the low-temperature critical
fields, ¥ is not a well-known quantity for the high-T,. su-
perconductors. A quantity which contains information
about both the jump and the slope in the specific heat is
the ratio of the slope to the jump. In particular, we have
calculated (T, /AC)(dAC /dT). This quantity is indepen-
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dent of y. In addition, if we restrict ourselves to values
near T,, one would hope that experimental results for
this quantity would be reasonably insensitive to the de-
tails of the subtraction of the lattice contribution to the
specific heat. Results of our calculations are shown if
Fig. 5. Along the T?/wp=0.0 line we see a sharp rise to
the maximum of =5.2 of T?/w; =0.4 and then a gradu-
al fall as T?/wy, increases further. In this case, the value
does not fall below the BCS value of 2.64 which we ob-
tain for

T, TP _

25 @p

0.0

As we move away from TC0 /wp=0.0, we see a further in-
crease. For both T°/wy and T?/wp 2 0.5, a plateau is
reached at =7.25. As we move further out, a slow in-
crease to 7.6 is observed at

0 0
L. _T. =2.0.

(0F 5 @p

Comparing these results to values obtained for pure sys-
tems, we find that they are larger. Akis and Carbotte?’
report values in the range of 2.64 (BCS) to 5.0. For
u*=0.0, they give a maximum value of 4.6.

We are able to compare these results with experiment.
Akis and Carbotte?® have analyzed specific-heat data of
Junod et al.’® for YBa,Cu;0;, and find a value for
(T./AC)dAC/dT) in the range of 8-14, depending
upon the temperature interval that they use to calculate
the slope. We note that there is evidence that the fluctua-
tion regime in these materials is large,31 which would
tend to sharpen the specific-heat anomaly. As conse-
quence, perhaps the lower bound of their estimate is the
more relevant. Our results would seem to fit with the
lower bound. However, we are only able to achieve these
values in the strong-coupling regime for the pairing
mechanism.

(2.0,2.0)
AC!
“AC

T°

wWE

(0.0,0.0)

(2.0,0.0)

FIG. 5. Ratio of the temperature derivative of the specific
heat to the specific heat at T, vs T?/wgp and T°/wp for
T./T?=0.5. This ratio is independent of y, the coefficient of
the linear term in the normal-state specific heat. We obtain the
BCS result of 2.64 at (0,0) and a maximum of 7.6 at (2,2). At
(0.5,0.5), we obtain 7.25.
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We next consider the MFL model more explicitly. The
coupling to the charge and spin fluctuations can be
represented by a pair-creating spectral density

azF(w)=kp — [tanh % (v, —w) (3.1
and a pair-breaking spectral density
)
P(w)=A, |— |tanh T (0w, —w) . (3.2)

The three parameters of the theory are the coupling
strengths to the charge (A,) and spin (A,) and the cutoff
.. In presenting results, it is useful to introduce a pa-
rameter

Ao
A, tA, ’

i

4 (3.3)

which measures the relative amount of coupling to the
spin and charge fluctuations. For g =1, there is no cou-
pling to the spin fluctuations, and for g =0 there is equal
coupling to spin and charge fluctuations. For fixed values
of g and w,, the remaining parameter A, is fitted to give a
T.=100 K, representative of the oxides. In Fig. 6 we
show results for the jump and the slope of the specific
heat at T, as well as the ratio of the two quantities as a
function of T?/w, for g =0.4, 0.5, and 0.6. We note that

12.0 T T T T T T T T T T T

10.0 -

@
o

AC/yT,
(a/ éZ)AC/ 7To

Normalized Specific Heats
o]
o

((d/at)ac]/Aac
4.0 —
_________ 1
2.0 - -1
i ]
0.0 1 L 1 l L 1 1 l 1 1 1
0.0 0.2 0.4 0.6

To/w. (K/meV)

FIG. 6. The normalized specific-heat jump (AC/yT,) (solid
curve), the slope of the normalized specific heat
(1/y(dAC/dT) (dotted curve), and the slope of the specific-
heat difference normalized to the jump [T.(dAC/dT)/AC)]
(dashed curve) vs T, /o, for the marginal Fermi-liquid model of
Ref. 18. All quantities are evaluated at 7,. In all cases, the
values obtained are greater than the BCS values, but less than
the maximum values obtained with Einstein spectra.
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both the normalized jump and slope rise quite rapidly
with the value of T, /w,. Results terminate when conver-
gence becomes difficult. In contrast, the ratio of slope to
jump (dashed curve) is nearly constant and has a value
around the BCS value of 2.64 in this model. The large
slope-to-jump ratio observed in experiments cannot be
explained in this way.

IV. H,, AND [2A(0) /kp T, |

We now consider our results for the reduced upper
critical field which were obtained by solving Eqgs. (2.7)
and (2.8). Figure 7 shows the reduced upper critical field
versus reduced temperature ¢. For all curves
T°/wp=0.05 and T°=200 K. The curves for
T°/wp=0.05 and the curve for the system with no spin
fluctuations lie on top of one another. Both of these
curves seem to be tending smoothly to the BCS value of
0.73 at zero temperature. The spin fluctuations have no
observable effect upon the reduced upper critical field in
the weak-coupling regime. This is in marked contrast to
both the critical temperature and the specific heat. As
TC0 /wp is increased, the curves start deviating markedly
from BCS. The last curve shown is nearly linear over a
large temperature range and starts bending over only
around the reduced temperature ¢t ~0.1. In Fig. 8 we
show £,,(0) versus T2 /wp. We observe that it starts off
slightly below 0.73, dips, and then rises, reaching a value
of ~0.88 for T?/wp=2.0. This type of behavior is simi-
lar to the behavior seen by Schossmann et al.3? as a func-
tion of T°/wy. They obtain a maximum value near 1.5
for T°/wr=1.5. Our maximum value is smaller than

1.0 T T T l 1 T T [ T T 1 I 1 T T l T ] T
F N\ T.’/wp= 0.05
- N e T°/we= 0.5 E
F s\ ———T.°/wp= 1.0 -
08 1N\ ——T/we=15
r N < \‘\.b_ ''''''' T, °°/Qp= 2.0 -1
- S N\ - -—--T,°/wp= 5.0 -
L 7T . \\\.\\ 4
NN N
0.6 |- RN —
L \\\\\ _
hcz(t) i \\\ b
L ) 4
0.4 - —
- 4
0.2 —
L B
o'o 11 1 l 11 1 l 11 1 | L1 1 I L1 1

00 02 04 06 08 10
t

FIG. 7. Reduced upper critical field vs reduced temperature
for T,/T°=0.66. For all curves T?/wgr=0.05. The curve for
T?/wp=0.05 is almost indistinguishable from the curve one
would obtain with no spin fluctuations which we do not show.
The trend for increasing T /wp is shown clearly in Fig. 8.
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FIG. 8. The zero-temperature reduced critical field vs T?/wp
for T, /T2=0.5. This type of behavior is qualitatively similar to
that of a purely attractive system as a function of T?/wy. For
T?/wp=0, we agree with the BCS result of 0.73.
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this, although our curve is still increasing.
Figure 9 shows the ratio of [2A(0)/kgT.] versus

T?/wp. This quantity was also computed for
T?/wp=0.05. The curve starts off slightly above the
5.00 T T T L} ' T L) T T I T T T T I T T T T
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FIG. 9. The zero-temperature gap ratio vs T¢/wp for
T2/T2=0.5 and T?/wg=0.05. The values obtained are all well
below the maximum values that can be obtained in a purely at-
tractive system.

3.50



43 SPIN-FLUCTUATION EFFECTS ON SUPERCONDUCTIVITY

BCS value of 3.53, exhibits a small dip, and then rises.
The values obtained for these parameters are all well
below the maximum possible value of approximately 13
that can be obtained in the extreme strong-coupling re-
gime with no pair-breaking mechanism.3* For compar-
ison with conventional phonon superconductors, we re-
mind the reader that Pb has an energy gap ratio of 4.5.

V. ISOTOPE EFFECT

We now focus our attention upon the isotope effect
that we would expect in such systems if we assume that
the pairing interaction is due only to phonons. As we
have already stated, we do not believe that phonons alone
are responsible for the superconductivity in the high-T.
superconductors. Indeed, our results for the isotope
effect will demand that, if the scenario that we discussed
is to be applicable, the pairing mechanism cannot be pho-
nons alone. It could be mainly charge fluctuations, for
example.

We have performed numerical as well as analytical cal-
culations of the isotope effect 3, which is given by

_dIn(T,)

dIn(M) ’

where M is the ionic mass. In all of the results below, we
have assumed that the a*F (w) kernal is due to phonons
alone. Numerical results are shown in Fig. 10. This
curve was calculated for T?/w;=0.05, and T2=200 K.
We see that B is everywhere larger than 1, the BCS re-
sult. The peak occurs at T°/wp=0.28. We can gain
more insight into this result by considering the Rainer-
Culetto formula for the isotope effect®*

(5.1

0.70

‘lll‘llrl‘lllTj’Tlll

T

0.65
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FIG. 10. B, the isotope effect coefficient, vs TP /wp for
T?/wg=0.05 and T,/T2=0.5. Itis everywhere greater than or
equal to §, the BCS value.

Bt = fowdwR (w)a?F(w) . (5.2)
R (w) is defined as

R(w)=—L oT.
©TRT, | 8a?F (w)

d OT,

o————— | . (5.3)
do 8a’F(w)
For Einstein spectral densities 8 is simply equal to
AR (wg), where A is the weighting factor of the
electron-boson spectral density, i.e.,

Q*F(0)= A8(wg—o) .

We need to know the functional derivative of the critical
temperature with respect to the electron-phonon spectral
density in order to see why the isotope effect is larger
than . In Fig. 11 we show the functional derivative
[8T, /8a’F(w)] for two cases: a 200-K superconductor
with no spin-fluctuations, and the same system with its
critical temperature suppressed to 100 K by spin fluctua-
tions. In both cases T?/wg=0.05, and for the second
case T2/wp=0.05. Both curves are everywhere positive
definite, and the curve with spin fluctuations is every-
where larger than the curve for the pure system. In both
cases, the electron-phonon spectral density is the same
and it is sufficient to look simply at R (wj) to see how
changes.

There are various factors contributing to the change in
B when we add the spin fluctuations to the system. There

0'5 T T T T T T T T T T T T T ]
[/ ]
04| ]
-
~~ —
3 0.3r
N’
= L
a -
3
“© N
~ %R N el
X |
e} ‘ pure system n
........... paramagnons -
0.1 ]
0.0 i PR SR S NN WY S SO [N SRR N S N 1
0.0 20.0 40.0 60.0
w/Te

FIG. 11. Functional derivative of the critical temperature
with respect to the electron-boson spectral density vs w/T..
For both curves T?/wg;=0.05, and for the system with spin
fluctuations, TC/wp=0.05 and T, /T%=0.5. The derivative for
the purely attractive system is smaller and shifted to slightly
lower /T, than the derivative for the system with the spin
fluctuations.
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is a suppression of T, which tends to cause 3 to increase.
In addition to this effect, there is a change in the func-
tional derivative. One must remember that the function-
al derivative is plotted versus w/T,, and hence the
relevant data is at w/7,=20.0 for T,=200 K, and
®/T,=40.0 for T,=100 K. One can see that both the
functional derivative and its derivative with respect to
frequency are smaller for the system with spin fluctua-
tions. However, both of them have been reduced by less
than 1 which, in combination with the factor of 2 coming
from the T, suppression, leads to an enhanced isotope
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effect.

We can solve Egs. (2.1) and (2.2) for the critical tem-
perature using a square-well model®® for both the pairing
and spin-fluctuation spectra. In such a model we assume
that wg p >>T, and approximate

AEE(m)=AEP0)0(wp, pyy— @, |) - (5.4)
We mean by wpy, the spin-fluctuation analogue of the
Debye frequency. Solving for T, in this approximation,
one gets

(1+A7(0)—A%(0)In(1. 130, )+ AF(0)In(1. 130,)

T.=exp |— (0)

and using (5.1), one obtains for the isotope effect
APR(0)

2 A7(0)

From Fig. 1 we see that, for small T®/wp, Af is quite
small, and hence 8 does not deviate significantly from 1,
as is shown in Fig. 10.

One can also solve for T, in the limit of AP" going to

infinity. In this limit, it has been found that T, is given
to a good approximation using a one-gap model*®

Ay, ifn=1

=1

(5.6)

Aliw, )= 0, otherwise * 5.7)
Using this model, Egs. (2.1) and (2.2) give
Aol 1+AT(0)]=7T[A7(0)+A7(1)]4, . (5.8)

This can be solved for T, in the limit of w; <<wp << T,
to give
(}\‘ph ) 1 /Zw
T,=—"_-25_1 (5.9)
V2 1+2A
This gives B=1. Figure 10 shows 8 approaching + for
large T2 /wp.

VI. CONCLUSIONS

Spin fluctuations can have a large effect on the value of
the specific-heat jump at T,, on its slope, and, conse-
quently, the normalized slope-to-jump ratio which can be

’ (5.5)

as large as 7.68 for the parameter space surveyed. This
value is larger than the maximum established by Akis
and Carbotte for a pure boson-exchange mechanism
which is 4.6 when the Coulomb pseudopotential u*=0.
It is large enough to explain the lower bound presently
established in specific-heat experiments. The value of 7.6,
however, is only obtained when the average boson energy
in the pairing channel is small. Other quantities con-
sidered were the ratio of the gap to critical temperature
and the second critical magnetic field #,,. Results for the
specific heat were also obtained in the marginal Fermi-
liquid model which, in some sense, is a subcase of the
work presented here. In this case it was found, for the
parameter space considered, that the jump and slope are
always above the corresponding BCS value and rapidly
increasing with the ratio of T, to cutoff w, in the fluctua-
tion spectrum. The ratio of slope to jump was, however,
found to be reasonably constant and nearly equal to the
BCS value.

Finally, it was found that spin fluctuations can increase
the value of the isotope coefficient 8. In a phonon model
for the pairing, spin fluctuations increase 3 above 1.
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