PHYSICAL REVIEW B

VOLUME 49, NUMBER 9

1 MARCH 1994-1

Strong-coupling corrections to the Bardeen-Cooper-Schrieffer ratios for a d-wave superconductor
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We have calculated, for a d-wave superconductor, the strong-coupling corrections to the Bardeen-
Cooper-Schrieffer (BCS) ratios: AC(T.)/yT,,2A,/T.,yT?/HX0),h.(0) as well as the ratios for the nor-
malized slope in the specific-heat jump at T, and London penetration depth. We have used a step-
function approximation for the gap function and considered an Einstein spectral density for the bosons.
We have obtained terms up to O(T?/w}) (here T, /wp is the strong-coupling parameter and wy is the
Einstein energy). While our results are approximate for the strong-coupling cases, the weak-coupling re-
sults are exact. These weak-coupling ratios are no longer universal and depend on the d-wave con-
sidered. Our formulas are also applicable for some extended s-wave superconductors which have a basis

function with a zero average over the Fermi surface.

I. INTRODUCTION

It is now commonly believed' > that some heavy-
fermion superconductors (e.g., UPt;) are d-wave super-
conductors. There has been some evidence that the
high-temperature oxide superconductors are also d-wave
superconductors.®”® In the present study, we calculate
the strong-coupling corrections to the Bardeen-Cooper-
Schrieffer (BCS) ratios'® such as 2A,/T., AC(T,)/yT.,
yT2?/HZX(0), etc., for a d-wave superconductor. These ra-
tios are universal in the BCS theory of an isotropic
strong-coupling superconductor and have been studied
extensively.!! "1®* Among these studies, the imaginary-
axis approach of Marsiglio and Carbotte!® is especially
convenient. These authors showed quite amazingly that
even for a strong-coupling isotropic superconductor,
universal formulas for all these ratios with only a single
strong-coupling parameter T,/w; (where o, is the
Allen-Dynes expression for the average phonon energy)
can be obtained by fitting the derived analytic expressions
[up to O (T2 /w?,) terms] to the experimental and numeri-
cal data. For a d-wave superconductor, these ratios are
no longer universal even in the weak-coupling limit. One
expects that in addition to the variable T, /w,, the vari-
ous ratios will also depend on the d wave considered.
More recently, Millis, Sachdev, and Varma'!® and Willi-
ams and Carbotte?® have calculated some of the proper-
ties of a d-wave superconductor stabilized by antiferro-
magnetic spin fluctuations. In this model the anisotropy
is kept only in the numerator of the Eliashberg equations.
Schachinger and Carbotte?! have studied the dependence
of the jump in the specific heat and the slope in the
specific heat at T, on the strong-coupling ratio T,/wg
(wg is the Einstein frequency for the boson mode), by
solving the corresponding Eliashberg equations for a d-
wave superconductor. They found large strong-coupling
corrections to these two quantities. One of their interest-
ing results is the nonmonotonic dependence of the slope
in the specific heat at 7, on the strong-coupling
ratioT, /oy, which is qualitatively different from that of
an isotropic superconductor.

0163-1829/94/49(9)/6143(10)/$06.00 49

In the present study, we follow the imaginary-axis ap-
proach!® with the step-function approximation to the
gap. For brevity, we have used a simple Einstein spec-
trum for the boson responsible for the superconductivity.
Our objective is to understand the general dependence of
these ratios on the strong-coupling variable T, /wg and
on the character of the d wave. We have obtained
corrections up to O(T, /wg)* terms. The reader should
note that implied in our use of the Eliashberg equations is
the assumption that the system in its normal state has
settled into a Fermi-liquid phase. This may not neces-
sarily be the case. If not, the correct procedure to follow
would depend on the nature of this new state and the usu-
al small parameter T, /Ty (where T is the Fermi energy)
would need to be replaced by something else. In Sec. II
we consider first the specific-heat jump and the slope at
T,. In Sec. III the correction to the gap-T, ratio is stud-
ied. More ratios are calculated in Sec. IV. Conclusions
are given in Sec. V.

II. STRONG-COUPLING CORRECTION
TO AC(T.)/yT.

We begin with the Eliashberg equations written on the
imaginary-frequency axis (kz =#=1),

Afw,)Z (w,)
T2<k (m —n) X Om) > M
=—7 (m—n ,
-\ [}, + 8} (w,,)]"?
_ 7T Dy
Zulo) =14 " 3t Rl

(2)

where A (w, ) are the gaps and Z,(w,) are the renormal-
ization factors defined at the Matsubara frequencies

o, =7T(2n+1), n=0,+1,%2,.... (3)

( -+ ) stands for the average taken over the Fermi sur-
face Sg, i.e.,
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Further, Ay (m —n) has the form

}\.kkr(m

with 7, as the basis function of the d wave and A(m —n)
depending on the spectral density 4 (v) through the rela-
tion

—n)=—mMmAm —n), (5)

o  2vA(v)dv

Am —n)= I rTp—ci (6)
The basis function 7, satisfies the conditions

(m)=0, (7

(n2)=1. 8)

It may be mentioned that some extended s-wave bases
also satisfy Egs. (7) and (8).

To make the analytic calculation possible, we follow
the step-function approximation'*

Aonk if |wn| <CO0,

Adw,)= 9)

0 otherwise.
Here o, represents the maximum boson frequency in the
system. We restrict our spectra to those in which the im-
portant boson frequencies are much higher than T, and
much less than @, This allows an expansion in the
strong-coupling parameter T /v, which becomes T /wg
when an Einstein spectral density is used.

For T near T, using Egs. (5), (7), and (9), Eq. (2) be-
comes

zk(w,,)=1+%T—nk2Mm —n)o,,

a; A} 3as  A§
loa> 8 lo,* |’
(10)
with a; and a5 defined as
J
AF
W:—7TT§<[[(¢)%"+A£(CO,,)]l/2—|a)m|} Z (o,

Here N(0) is the density of single-particle states at the
Fermi level in the normal phase; ZY(w,,) is the renor-
malization factor for the normal state. From Appendix
A, we have Z,(0,)=ZY(w,)=1. With the help of Egs.
(9) and (11), Eq. (21) becomes

1\/'A(I(;) == 3[a4Co(TIAG— $a4C3(TIAG] 22)
with
C,(T)= _76(3) ) 03
8(wT)?
128(7T)*

) —ZN(w
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={(n,), (11)
a;={ninln|) . (12)

a; will be needed later. After some lengthy calculations
as shown in Appendix A, for an Einstein spectral density
Eg. (1) becomes

1=F(T)+G(TA{+J(T)A, (13)
where
=Ae+(3—eu’+(e— P, (14)
Aoy
G(N)=———={1-(1+y,eu’
2y (7 T)
+Hy (3 —6e)—1]ut}, (15)
Aa 3
J=—25_ 11— |22 41,
voAmT) 871
3y 3
+ ——(e+2 TOF 2 [t
2y,

where € and u are defined as

1.13w
—In 1.137 —In E (17)
u T
SR (18)
Of
and
=4 =0.4754 , (19)
V177603
128
=1.327.
Y, = 93E(5) 3 (20)
Here &(n) is the Riemann zeta function. In the deriva-

tion of Egs. (13)-(16), O((T/coE)6) and higher-order
terms have been neglected.??

To calculate the specific-heat jump, we use the
Bardeen-Stephen formula for the free energy,”

>. o
[

where higher-order terms have been neglected. Using
Eq. (13), we obtain that

AYT)= 4,5+ 4,5%, 25)
with
A\ =T,|dA}/dT | =T.F' /G, (26)

|, |

)
" 0} + A w,,)]?

Azz%TfldzAg/dech

2
c

=— F"/2F —
G ( /

S=1-T/T, . (28)

G'/G+F'J/G?) , (27)



49 STRONG-COUPLING CORRECTIONS TO THE BARDEEN-. .. 6145

With the help of Eq. (25), Eq. (22) can be rewritten as
Fg— FN——E;()—)( a,C438?+[2a,C94,4,+a,C5 43
—4a,C43/318%) .
(29)
Here the superscript O means that it is calculated at 7.

From Eq. (29), the normalized specific-heat jump near T,
becomes

T d?
AC(T T.=— e
(T,)/vT, T, a1?
=f—q(1—-T/T,), (30)
with
J
1.43
f=
ay

The normalized slope of the specific heat at T,

. dTA(T )/AC(T,)=q/f ,

can be calculated from Egs. (26), (27), (31), and (32); we obtain

g=212—x) |1+

2—x

4(5 39e2—24.36e+34.87)y +10.64e>+3.2¢ —

,7-28 85¢—9.43+(5.81—3. 90£)X(T /e

f=(yT3)“‘N(0)a4ch% , 31

_3N(0)
yT?

3 6C°A3-——a4C°A2 20,C%4, 4,

(32)

The quantity A, defined in Eq. (26) can be calculated
from Egs. (14) and (15) as

A= {(1+[2+y)e—8/3lu2+Sgu*}, (33)
204
with
=y (y;+2)e2—(Ly +2)e+ Ly, + 8 . (34)
Then the normalized specific-heat jump at T,

f=AC(T,)/yT,,is calculated from Eq. (31) as

+(8.7e2—23.5¢ +22.3)7%( T, /o )*] . (35)

)

27.73

2—x

Here y, which is d-wave dependent, is defined as

X—ﬁ——o 681— 37)

Y2 o a;

From Egq. (35) we note that the d-wave dependence of the
jump at 7T, appears only in the prefactor. Then the
specific-heat jumps at T, for different d waves will be pro-
portional to each other. On the other hand, the slope of
the specific heat at T,, g, has a complex dependence on
the d wave. The corresponding weak-coupling values are
obtained by putting T. /o =0, i.e.,

f]wc=l.43/a4 N

glwe=2(2—x)=2(2—0.681a¢/a?).

2 and |wc

flwc=1.43/a, was obtained by Pokrovskii,
denotes the weak-coupling limit.

To illustrate the dependence of these ratios on the
strong-coupling parameter T,/wg and the d wave, we

consider the following two examples.

A. d-wave superconductor

The basis function is given by n, =V'15/4sin%0 cos2¢
(i.e., l? 2 I? 2), We consider a spherical Fermi surface.
Then the varlous moments are easily calculated as

(T, /og)| . (36)

r

a;=%, ag=5.62, and a;=as;=0. The other averages
which will be needed later on are a,; =0.287, ay; =0.956,
and (|m,|)=5.253.

B. Extended s-wave superconductor

For concreteness we consider, as a possibility, an or-
ganic superconductor consisting of one-dimensional (1D)
chains. A possible choice of 7, is V2 cosk,, and k, is the
momentum in the direction perpendicular to the chains
as in the work of the Suzumura and Schulz.?® The aver-
age becomes (7} )=7""! f 0@k, my. The various values of
the average are calculated as a4=1.5, a4=2.5,
a;=as=0, a,; =0.150, a,; =0.355, and (|5, |)=0.9.

In Figs. 1 and 2, we have plotted f and g as a function
of the strong-coupling parameter T, /wg for the d-wave
(solid curve) and the extended s-wave (dashed curve) su-
perconductors described above. One notes that f in-
creases monotonically from the weak-coupling values
0.67 for the d wave and 0.96 for the extended s wave,
which are similar to that of an isotropic superconductor'®
and agree qualitatively with the numerical calculation of
Schachinger and Carbotte.?! The results for the slope g
are very interesting in that they start from the weak-
coupling values 2.33 for the d wave and 2.5 for the ex-
tended s wave, and then increase initially and show a
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FIG. 1. Normalized specific-heat jump at T,

f=AC(T,)/yT,, as a function of the strong-coupling parame-
ter T, /wg. The solid curve is for a d-wave superconductor with
a basis function 7, =V"15/4sin?0cos2¢ (~k2—%2), and the
dashed curve is for the extended s-wave superconductor with a
basis V2 cosk, in the case of an organic superconductor. For
details about the two bases, see Sec. II.

maximum. This feature is qualitatively different from
that of an isotropic superconductor.'® Our results agree
with the numerical calculation of Ref. 21.

III. STRONG-COUPLING CORRECTION
TO THE GAP-T, RATIO

At zero temperature, we have the well-known replace-
ment®® 0, >0, 0,,—o’, 2rT3,, — [ 2 _do; then, Egs.
(1) and (2) can be rewritten, by using Eq. (9), as

—_— 1 ® ’ ’ ’
Zyw)=1=5~ [ " do' Mo’ —0)n0

Mk /
i R
2
Lpe o, Tebo ),
2o [ oo i)

(39)

For an Einstein spectral density, 4 (v)= A8(v—wg);
J

24,

4‘° T T T 7T [ T T T T l T T T T l T T L
4
3.0 _
4
> 20 |
.\
1.0 —
0.0 1 1 1 1 I 1 1 11 l | N T l 1 1 1 1
0.0 0.05 0.10 0.15 0.20

Te/ we

FIG. 2. Normalized slope in the specific-heat jump at T, as a
function of the strong-coupling parameter T,/wyz for the d-
wave (solid curve) and extended s-wave (dashed curve) super-
conductors.

then, A(o’ — ) defined in Eq. (16) becomes
2
©
Mo'—w)=A £

ot —0)?’

with
A=24/og . (41)
Using Eqgs. (38)-(40), an equation for A is derived in Ap-
pendix B; it reads
1 ZK[IHZQE /Ao—azl
+ Hayn2og /Ag—ay —ay/2)(Ag/og )}
+Hagdn2wg /Ag—ag—Tag/12)(Ag/wg)*] . (42)

Here a; and a; are defined in Egs. (11) and (12), respec-
tively, and T, is determined from Eq. (13) with A;=0,
ie.,

AMe+(E—eu?+(e—2ut]=1, (43)

where € and u are defined in Eqgs. (17) and (18), respec-
tively. The gap-T. ratio can be solved from Eqgs. (42) and
(43) by repeated iterations and the result is

=3.53exp(—ay )1 tasln(wg /b; T (T, /og )+ A5(T, /og)*], (44)
c
where
2
a3=172+ . asexp(—2ay;) , (45)
—2a
(ag/2—aya,+ay)3.532/8)e Y +47%/3
by= 1 exp 4 2104 T Ay , 46)

BEWE a,
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Ay=1[me— )+ BB, P+ LBIBs+ LBIBm (e — 4) (2 —e)+ LBirla (4 —¢)

+3Bilage+ay)—ay—Tas/12]1— BB, ,

with
Bi=1.76e ¥, (48)
/32=a4a+a4a2, —Qy "(14/2 . (49)

From Eq. (44) one notes that the weak-coupling value
of the ratio 24,/7T, for a d-wave superconductor is given
by

2A0/T,|wc=3.53¢ %,

which is always less than 3.53 for an isotropic supercon-
ductor. The dependence of 2A,/7T, on the d wave
(through a,, ag a,;, and ay) is quite complicated. In
Fig. 3, we have plotted 2A,/T, as a function of the
strong-coupling parameter T, /wy for the d wave and ex-

tended s wave described in Sec. II. We note that in both
]

(47)

cases 2A,/T, increases monotonically as the coupling
strength is increased. The degree of enhancement of
2A,/T, is comparable with that for an isotropic super-
conductor. !

IV. MORE STRONG-COUPLING CORRECTIONS

In this section, we calculate three other ratios for a d-
wave superconductor.

A. yT2/HX0)

To determine the correction to ¥y T2/H*(0), H,.(0) as
the critical magnetic field at zero temperature, we first
calculate the free-energy difference between the normal
and superconducting phases. At T =0, Eq. (21) becomes

_AF _ [ 240 A202\1/24 20 2 A2, 2\—1/2_
Ties= <fo dof(?+ A2 2+ o o+ A2n2) 2 —20]
a a
== 83| 1= Bo/wp P+ (Do o) | (50)
where we have used the fact that Z{(w,)=Z,(w,)=1 (see Appendix B) and Eq. (11). From Eq. (50), H,(0) can be ob-
tained as
H_ (0)=[47N(0)]'"2Aj[1—Ltay( Ay /g P+ k(ag—al/8)(Ay/0g)*] . (51)

Therefore, with Egs. (51) and (44), y T2/H*(0) becomes

v 0.168¢*° |1—a,in | —Z— |(T. /oy )+ AT, Joy)* 52
=0. e —ayln (0] s
HCZ(O) 4 b,T, c/OF \1, /O (52)
5'0 T T lfjfrI T T T T T T T T l T T T 030 T T T I T T T 1 I B T T T ] T T T

- : [ ]

' - - -

I ] 025 - .

- :

~ ~ -

o = L ~ i

3 Foal N _

N -E;: B DN .

- \ .

s ~ .*

~
i ~ ]
0.15 }— \\
i ~. |
- _‘1 i \ ]
20 11 | 1 [ 11 1 1 LJ 1 1 1 [ 1 1 1 1 010 C 1 1 1 1 l 1 1 1 1 I 11 1 1 ‘ 1 1 1 1
0.0 0.05 0.10 0.15 0.20 0.0 0.05 0.10 0.15 0.20
Te/we Te/we

FIG. 3. Ratio 2A,/T, vs T, /wg for the d-wave (solid curve)
and extended s-wave (dashed curve) superconductors.

FIG. 4. Ratio yT2/HX0) vs T./wg for the d-wave (solid
curve) and extended s-wave (dashed curve) superconductors.
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with
a,=2a; , (53)
) 2a,lnb, +(3.53/16)a,e )
4 =€xp 22, , (54)
o ’ 1 1
E —4a
A,=3a%|In BT, —24;— ¢ aﬁ—zai (3.53/2)% ¥ (55)

Here one notes that in the weak-coupling limit

yT2/H2(0)|wc=0.168 exp(2a,;)

for a d-wave superconductor which is always larger than that for an isotropic superconductor, 0.168. In Fig. 4 we have
plotted ¥ T2/H*(0) versus the strong-coupling parameter T, /oy for the d-wave and the extended s-wave superconduc-

tors described in Sec. II.

B. Critical magnetic field

The zero-temperature critical magnetic field H,.(0) is given in Eq. (51) and its value for T near T, can be obtained

from Eq. (22) as

H, (T)=V4rN (0)[a,C,(T)A{—4asC5(T)A§]/? . (56)
T.|H(T, )| can be calculated by using Egs. (25) and (56); we have
H,(0) — wg
h(0)=————=0.576\ae ¥ |1—asln (T./wp+ A(T. /o) | , (57)
c TC|HCI(TC)I ‘/ 4 S b5T c E 5 c E
with
as=(y,+2)m*—a,, (58)
1 172 —(3.532/32)ae ¥ —a,in(1.13b;)
bs= exp 5 , (59)
1.13 (y1+2)7°—a,
(092 1 3 OF 1
As=1}—Sgm*—1, |a;ln biT. —ga‘,ﬂ%]— Eaﬁ%aﬂn ﬁ —E(aé—aﬁ/S)B‘}—A3 , (60)
and 0-70TTTIIIIIIIIIII

I, =0e+y,e—8/3)m .

Here Sg, a3, b;, A5, and B, are defined in Egs. (34), (45),
(46), (47), and (48), respectively.

From Eq. (56), one notes that in the weak-coupling
limit,

h(0)|we=0.576V age 7',

which could be either larger or smaller than the value of
0.576 for an isotropic superconductor. In Fig. 5 we have
shown £.(0) against T, /oy for the d wave and extended
s wave used in previous sections. One notes the mono-
tonically decreasing of A,.(0) as the coupling strength is
increased.

C. London limit penetration depth

To calculate the London penetration depth A, (T), let
us look at the response of the system to a static magnetic
field, represented by the vector potential A,

0.60
S
s
=
0.50
0.40 YR S SN T NSRS SN S T NN N N A A N B
0.0 0.05 0.10 0.15 0.20
Te/we

FIG. 5. Ratio h.(0)=H_(0)/T.|H,(T,)| vs T, /wg for the d-
wave (solid curve) and extended s-wave superconductors.
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. c
Ji= ";EKU 4; .

J

The kernel K;; can be calculated in terms of the single-
particle Green’s functions using standard many-body
theory.? It reads

Alw,)
[0 +ANw,) %’

3n,e*T
(4
4 K0 e 2 [ 4R,

(61)

where n, is the density of electrons and 73,- is the unit vec-
tor along the ith axis. Using Egs. (9) and (61), we have

’

Y,=A72=A2 2T [do g2 dom
T 2T Y T (@ AP

(62)
with A; '=[47n,e2/mc]'/2. From Eq. (62), we have
Y,(0)
T|Y/(T,)|
—_ % 8 )2 2
—6|a—ﬁil{1—(2£+yls—?)1r (T, /og)
+[(2e+y,e— 2P =S 1n! T, /og)*}
(63)

where Eq. (33) has been used and the a,; are defined as
a,; =(ntk?) . (64)

a,; =3 and a,; =1 for the d wave described are in
2k, 7 2k, 7

Sec. II. Then [¥,(0)/T,|Y{"(T,)|]lwc=2% and [Y5(0)/
T.|Y5(T)|llwc=3%. As the ratios for transverse and lon-
gitudinal directions are proportional to each other, we
only show the result for ¥,(0)/T.|Y(T.)| in Fig. 6.

V. CONCLUSIONS

We have calculated, for a d-wave superconductor, the
strong-coupling corrections to the Bardeen-Cooper-
Schrieffer (BCS) ratios f=AC(T,)/yT., 2A,/T.,
yT2?/HX(0), and h,(0) as well as the ratios for the nor-
malized slope in the specific-heat jump at T,
g =T.d/dT)A(T,)/AC(T,), and London penetration
depth. We have used a step-function approximation for
the gap function and considered an Einstein spectral den-
sity for the bosons. We have obtained terms up to
O(T?/w%). In the weak-coupling limit, our results are
exact and our formula for AC(T,)/y T, agrees with the
earlier works and the formulas for other ratios are new.
These weak-coupling ratios are no longer universal and
depend on the d wave considered. Furthermore, in the
weak-coupling limit, AC(T,)/yT, and 2A,/T, for a d-
wave superconductor are always less than that for an iso-
tropic superconductor, while y T2 /HZ2(0) for a d-wave su-
perconductor is always larger than that for an isotropic
one. Among the strong-coupling ratios, the d-wave
dependence appears in the prefactor for the specific-heat
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FIG. 6. Ratio Y,(0)/T.|Y.(T,)| (with Y, =A{2 and A, as the
transverse London penetration depth for a field perpendicular
to the symmetry axis of the order parameter) vs T, /wy for the
d-wave superconductor.

jump at T, and London penetration depth, and is com-
plex for other ratios. The magnitudes of the strong-
coupling corrections of these ratios are comparable with
that for an isotropic superconductor. An nonmonotonic
dependence of the slope in the specific heat is obtained,
which agrees with the recent numerical results. Our for-
mulas are also applicable to some extended s-wave super-
conductors having a basis function satisfying (7, ) =0
and (n2)=1. These ratios for the strong-coupling
correction have been illustrated as a function of the
strong-coupling parameter T, /wy, for a d-wave supercon-
ductor and for an extended s-wave superconductor.
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APPENDIX A:
GAP EQUATION FOR TNEAR T,

We consider a d-wave system with a;=as;=0; then,
Eq. (10) becomes

Zw,)=1. (A1)
Using Egs. (5), (8), (9), (11), and (A1), Eq. (1) becomes
1 a, A} 3ag A}
1=7oT S AMm —n) —_—— —_—
2z on] 2 TanlP T8 Tap "
(A2)

We will follow Marsiglio and Carbotte!® closely. We first
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write A(m —n) of Eq. (16) as and
2vA(v) 20, @y 1, la,
Alm —n) dv =— . (A17)
f w? +a? wf,, +a? YET 2T 2ar
402 o Here 9¥(x) is the digamma function and ¥'™)(x) are the
*TT-_’;'? + - I R polygamma functions. To remain consistent, we need the
(0, +ay) terms in P; and Q; up to O(T/v)*. For brevity, let us
(A3) consider an Einstein spectral density, i.e.,
with A(v)=A8(v—wy) (A18)
2 24 2
a;=w, +v°.
RO TV A% Then Eq. (AS) becomes
Using (A3), Eq. (A2) becomes
1=f0 dv2vA(W[(P;+Q,)—L1a(P,+0,)A} 1=Aw% |P,+Q,— P2+Q2 A2+ S P+ QAL |
where
- where the v appeared in P; and Q; has been replaced by
P=3 221TT1 __21_2 , (A6) @g. As small n values are dominant, we chose'® n =1.
m=0 Om = Wytay Then we can rewrite Eq. (A17) as
®© 2 .
o=3 2% 24w" (A7) e (A20)
oo 0% 73 (0%, +al)
(wé+7T2T2)1/2
P; and Q; (i =1,2,3) are calculated as y=————— (A21)
27T
1
Py = a? Fos A8 14 expand P; and Q, up to the O(T, /wg)* term, we first
) ] expand them up to term of order y ~* and then to the
Py=-5Cy(T)——F,, (A9) term O(T,/wg)*. The expansions of F,, F,, and F; are
a, a, obtained as
_ 8 2
Py=5—5Cy(T) (+-%F, (A10) RIS B EL S PR Y (A22)
n n n u 3 15
Q*miF-FiF (A11) i 8
g2 |30 T2 F,/a,=— 2——ut|, (A23
24, a, 2= 3" )
1 1 Si
0, =40’ | +——F, F |, (A12) oyt
M 16a; °  8a; Fy=— (A24)
2C,(T) 3 5 7 i
—4,.2 2 3 i .
= ZF-2242|+ | &F ith
T e T ey e e T
(A13) u=uT/0f . (A25)
with Using Eqgs. (A22)-(A24) in Egs. (A8)-(A13) and (A19),
we obtain Egs. (13)-(16).
=%[1/J(y+ +y(y_)]—9(L), (A14)
(N — gy
= 2(2 p¥ vyl (A15) APPENDIX B:
GAP EQUATION AT ZERO TEMPERATURE
3 ——7 [P0 )+9P ], (A16) . .
2127w T) Substituting Eq. (40) into Eq. (38), we have
Zy(0)=1— 2T [ o a)'< e > (B1)
k 20 Vw0l Ho' —0)?  \(0?+AWE)2]

Then the normal-state renormalization factor Z{ («

) is equal to 1. To carry out the integration, we make the expansion
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g — o 200’ 4’0" 800" (B2)

w%+(w'—a))2 w12+02 w12+a2 (a.)'2+02)2 ((z)'2+(12)3 ’
with

a’=wt+o?. (B3)
Using Eq. (B2), Eq. (B1) becomes

Z (0)=1-20%m (A4, + 4,))", (B4)
where

- o' 1 1 Al 2a 6
A= [Tdo'—e— = + |In 1(+0@a 9, (BS)
0 Vi(e?+A2 (@?+a?? 2> 2 Aol
- 2 14 2
dy=[Tdor—22e" 1 19,5, (B6)
0 '\/w'2+ A(Z)’rli’ (0" +a”) 3a
with Egs. (B5), (B6), and (B3), Eq. (B4) becomes
AL A3 2wk +0?)?
Zo)=l————= oy | In—————1 | —ay |, (B7)
k\@ (w% +w2)2 3 AO 3/

where a; and a;; are defined in Sec. II. We consider the cases of a;=a3; =0; then,

Z, (w)=1. (B8)

In fact, for ;70 and @370, Z,(0)=1+0(Ay/0g)*~1. Therefore Z,(w)=1 can be taken as a general result. With

Eq. (B2), Eq. (39) can be rewritten (using @ =0) as

A0=km}5Ao( nﬁ,A3)’ , (B9)
where
0 da)' 1
A= e —
’ f° 0 +of 1V o+ A2l
_ 1 1 op+V o} —Ajni
20 Vo~ | 05—V b Ak
Ao |2 Ao | A, |°
= 12 81 % Onk l_% % onk 51_% +0 —0 (Blo)
(o) WDf (2 25

Substituting Eq. (B10) into Eq. (B9), we obtain Eq. (42).
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