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A purely electronic mechanism for superconductivity in disordered Fermi systems is given. It is based
on long-time-tail effects in electronic correlations, is strongest in two-dimensional systems, and leads to
spin-triplet even-parity pairing. Estimates are given for the mean-field transition temperature to the su-
perconducting state. The superconducting state is discussed in detail. In particular, the superconduct-
ing gap function, the tunneling density of states in the superconducting phase, and the low-temperature
specific heat are computed. We compare and contrast these results with those for conventional super-
conductors. We also discuss which classes of materials might provide an experimental realization of the

superconducting state discussed here.

I. INTRODUCTION

In recent years there has been substantial interest in
purely electronic mechanisms for superconductivity (SC)
and in unconventional SC states. The reason is in large
part due to high-temperature superconductivity where it
is suspected that models closely related to the single-band
repulsive Hubbard model contain the relevant physics.!
For these systems it is currently unclear what the pairing
mechanism for the SC is and whether they indeed
represent a new type of SC with both a novel SC mecha-
nism and state. Heavy-fermion systems are a better un-
derstood example of systems with unconventional SC. In
some of these the pairing occurs in a spin-triplet state
that is caused by an exchange of magnetic excitations.’
Similarly, in *He the Cooper pairs are in a spin-triplet
state and the effective attraction between helium atoms is,
at least in part, of magnetic nature.?

In a recent work, we have presented an electronic
mechanism for SC in a disordered electronic system.* To
describe this work we first recall some general features of
the effective interaction that leads to a SC instability in a
BCS-like theory. Let us consider the particle-particle
(p-p) vertex, which we denote by K(12,34). The indices
1=(x,,w,), etc., comprise space and Matsubara frequen-
cy. According to the Pauli principle, the total effective
interaction, including the spin degrees of freedom, must
be antisymmetric under interchanges of two particles.
The spin state of the pairs therefore puts restrictions on
the symmetry of the vertex K. If the two quasiparticles
(QP’s) are in a spin singlet, the effective interaction
K(12,34) must be symmetric under interchanges of 1 and
2 or 3 and 4. If the QP’s are in a spin-triplet state, then K
must be antisymmetric. For singlet pairing, one can thus
use a constant model potential. For triplet pairing, the
Pauli principle is usually enforced by means of a
frequency-independent interaction with an odd relative
angular momentum.® The triplet superconductivity that
results from such an odd-parity interaction is strongly
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suppressed by nonmagnetic impurities. This feature is in
contrast to the case of conventional s-wave superconduc-
tivity, and it is believed to be one of the reasons why trip-
let superconductivity is not more prevalent. Alternative-
ly, one can satisfy the antisymmetry requirement by con-
sidering a K which is even under interchange of x; and
X,, and odd under interchange of w, and w,. However,
since the interaction will then be an odd function of fre-
quency, in a three-dimensional system this leads to extra
powers of temperature in the T, equation which also
suppresses the triplet superconducting state.

In the first part of the present paper we review and ex-
plain in detail our previous work* where we showed that
the latter conclusion above can be avoided in the case of
a two-dimensional (2D), disordered system with a strong
QP interaction. In such a system we find a mechanism
for triplet even-parity pairing which is of purely electron-
ic origin. The relevant temperature scale should there-
fore be related to the Fermi temperature. A simple phys-
ical picture of our mechanism is as follows. Consider a
Fermi liquid with a pointlike, static, repulsive interac-
tion. We characterize the interaction with respect to the
transferred momentum and the total spin. The triplet
and singlet interaction amplitudes in the particle-hole
channel we denote by K, and K|, respectively. The sin-
glet amplitude in the p-p (Cooper) channel we denote by
K,.. The symmetry arguments given above show that
there is no triplet amplitude in the p-p channel due to the
Pauli principle. A QP will charge polarize its environ-
ment by means of K, (by repelling the like charges of the
other QP’s), and it will spin polarize it by means of K, (by
repelling unlike spins, the short-ranged nature of the in-
teraction will not allow it to repel like spins because of
the Pauli principle). In a clean Fermi liquid these polar-
ization clouds are short lived. They decay exponentially
with time and therefore essentially stay with the QP
creating them. This gives rise to the renormalization of
the effective mass, spin susceptibility, etc., in Fermi-
liquid theory. In the presence of disorder, however, the
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decay of the polarization clouds is much slower. The
corresponding correlation functions display a long-time
tail and go for large times like ¢t “2/2.7 The polarization
cloud will therefore still be present after the QP that
caused it has diffused away. A second QP will then see
the spin and charge fluctuations left behind by the first
one. It will be attracted by the charge-polarization cloud
regardless of its spin. It will be attracted or repelled by
the spin-polarization cloud if the two QP’s form a relative
spin singlet or spin triplet, respectively. We conclude
that, in the p-p channel, there should be an attractive
triplet interaction amplitude which increases with in-
creasing disorder, K, and K. Notice that, in the triplet
channel, there is no bare interaction, so the net effective
interaction will always be attractive. The singlet ampli-
tude will acquire a repulsive component due to K,, an at-
tractive one due to K,, and, in addition, a renormaliza-
tion of the bare repulsion K. Its net effect will therefore
be repulsive. The attractive triplet interaction will be
particularly effective in 2D. A ¢~ ® long-time tail corre-
sponds to an w® ! singularity in frequency space. For
D =2 we have a=1, and the effect should extend all the
way to zero frequency or temperature. (Actually, the
asymptotic limit T—0 or ®—0 in D =2 is presently not
understood, but the preasymptotic behavior can be
worked out. We will come back to this.) This is a mani-
festation of the strong fluctuations present in a low-
dimensional system. We therefore expect a generic 2D,
disordered Fermi liquid to be an even-parity spin-triplet
superconductor at sufficiently low temperatures.

The argument given above for the SC instability sug-
gests a superconducting state due to the peculiar frequen-
cy dependence and symmetry of the effective interaction.
In the second part of this paper we discuss various
features of this SC state in detail. The generic interesting
feature of the even-parity spin-triplet SC state is that the
zero-temperature gap function [and the single-particle
density of states (DOS)] vanishes continuously as the fre-
quency, o, tends to zero. Among other things, this im-
plies that the experimental tunneling DOS and optical
conductivity are nonzero for ©70. In this sense, the SC
is “gapless,” in contrast to conventional superconductors.
In addition, the SC state will have thermal properties
which vary as a power law rather than exponentially with
temperature.

We stress that many aspects of the SC state discussed
here are independent of the particular pairing potential
which we will derive, and, consequently, many of our re-
sults can be expected to be generic features of an even-
parity spin-triplet SC state.

The plan of this paper is as follows. In Sec. II we first
review the field-theoretic description of disordered in-
teracting electronic systems, and give the Gaussian prop-
agators for the field theory. We then do a one-loop re-
normalization of the theory and show that the combina-
tion of disorder and electron-electron interaction induces
an attractive interaction in the particle-particle (Cooper)
triplet channel. As mentioned above, the induced attrac-
tive interaction naturally separates into a contribution
due to charge fluctuations and into a contribution due to
spin fluctuations. In Sec. III, the mean-field gap equation
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for the even-parity spin-triplet SC state is derived. In
Sec. IV (V), the charge (spin) fluctuation contribution to
the effective potential is considered. We first derive an
expression for the critical temperature, T, for the mean-
field SC phase transition. We then solve the zero-
temperature gap equation and discuss the low-
temperature behavior of the single-particle density of
states and the specific heat. In Sec. VI, we discuss our
results and some open problems related to them. We also
discuss their experimental relevance and suggest some ex-
periments to test our predictions. Let us finally mention
that readers who find the physical argument for the ex-
istence of the triplet pairing given above convincing, and
who are not interested in the technical derivation of the
pairing potential, can skip Secs. I and III A and go direct-
ly to Sec. III B.

II. THE EFFECTIVE INTERACTION

In this section we first review the basic field-theoretic
description of disordered interacting electronic systems,
and give the Gaussian propagator of the field theory. We
then do a one-loop renormalization of the theory and
show that the renormalization process generates an at-
tractive interaction in the particle-particle triplet chan-
nel. Note that, once the pairing potential has been estab-
lished, the field-theoretic method is not needed and con-
ventional SC theory can be used.

A. The model

For an arbitrary Fermi system, the partition function
can be written as®

Z= [DyDvexp(s), (2.1a)
where the functional integration measure is with respect
to anticommuting Grassman fields ¢ and ¢, and S is the
action

s=[lar [axFx gz~ [Farm(n . @b
Here H'(7) is the Hamiltonian in imaginary-time repre-
sentation, B=T"! is the inverse temperature, i(=1,2)
denotes spin labels, and summation over repeated spin in-
dices is implied. Throughout the paper we use units such
that #i=kp =1, except where otherwise stated. Our basic
model is an electron fluid moving in a static random po-
tential, V(x),

H(r)= [ dx |5 —VFx,7)-V¥ix,7)

+[V(x)—p )P (x, ") (x,7)

1 — -
+Efdx dy u(x—y)W'(x, )¢ (y, )

X Py, T (X, 7) . (2.2a)

Here m is the particle mass, p is the chemical poten-
tial, and u(x—y) is the electron-electron interaction po-
tential. We assume that ¥V(x) is & correlated and obeys a
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Gaussian distribution with second moment

1
(V(x)V(y)) 27N S(x—y), (2.2b)
where the angular brackets denote the disorder average,
Ny is the bare density of states per spin at the Fermi en-
ergy, and 7 is the bare elastic mean free time.

All physical (thermodynamic and transport) quantities
can be obtained from Eq. (2.1) by adding appropriate
source terms to the action. The quenched disorder aver-
ages are conveniently performed by means of the replica
trick.” One introduces N replicas of the system

_ N
Z¥= [DyDyexp |3 5° (2.3a)
a=1
with
a T, . V2 a,i
s —g,fdw,, (%) [ipy + 5 —+p—V(x) |4ix)
T Ta, i T ]
=5 3 [dxdyux—y¥ndiy)
nynyng
XYEHy Wiy, (). (2.3b)

Here p,=#T(2n+1), n=0,%1,..., is a fermionic
Matsubara frequency. After calculations, the limit N —0
is considered.

It has been shown how the field theory for (Z¥) can
be mapped onto a nonlinear o-model-like field
theory.!®!! The basic idea is to assume that all of the
relevant physics can be expressed in terms of long-
wavelength and low-frequency fluctuations of the number
density, the spin density, and the single-particle spectral
density. Technically this is achieved by repeatedly mak-
ing long-wavelength approximations and by introducing
composite variables that are related to the above fluctua-
tions.

The Hamiltonian,
field theory is

H[Q], for the composite variable-

N trQZ—trlné “+H,.[0],

H[Q]= (2.4a)
where
e l=i+ |2 A+J—QE@‘°’“‘+iQ.
2m 27 2T

(2.4Y)
Here I is the unit matrix and a caret denotes a matrix
quantity. In the long-wavelength limit, Eq. (2.4a) reduces
to

H[Q]——fdx{Tr VO(x)*—4HG Tr[0Q(x)]}

+H;,[Q] - 2.5)

Here G =4/wo, with o the bare conductivity, is the dis-
order parameter and H is a frequency coupling parameter
whose bare value is 7N /2. Q in Egs. (2.4) and (2.5) is an
infinite matrix whose matrix elements Q2 are 4 X4 ma-
trices (spin quaternions) which depend on replica indices

a,B and on Matsubara frequency indices n,m. Tr in Eq.
(2.5) denotes a trace over all discrete degrees of freedom
while tr in Eq. (2.4) denotes a trace over both discrete and
continuous degrees of freedom. The matrix Q in Eq. (2.5)
is subject to the constraints

02=1, Tr@g=0, @*=C7Q7Cc=Q . (2.6)

The last condition is the hermiticity and charge-
conjugation requirement. The matrix C has elements
7,®0,. Here and in the following we denote by {r,}
(r=0,1,2,3) the quaternion ba51s and by f{o;}
(i=0,1,2,3) the Pauli matrices. Q% =8,n 8apT0® 000,
with @, =27Tn is a bosonic frequency matrix. If we ex-
pand Q in the spin-quaternion basis,

Qnm—E'Q“‘*r ®0; , 2.7)

we can use Eq. (2.6) to derive symmetry properties of
'0%. In Eq. (2.7), r=0,3 and r=1,2 denotes the
diffusion or particle-hole and the Cooperon or particle-
particle degrees of freedom, respectively, while i=0
denotes spin singlet and i=1,2,3 denotes spin triplet.
The diffusion degrees of freedom satisfy

10 =(=YS;iof (r=0,3),

with S0=1, Sl,2,3=_1‘
freedom we have

QB =5,08 (r=1,2).

(2.8a)

For the Cooperon degrees of

(2.8b)

These symmetry relations are a direct consequence of the
commutation properties of the underlying Grassman
fields and reflect the Pauli principle. We will come back
to them later.

The interaction part of the Hamiltonian consist of
three parts, '2

[ dx[0(x)-Q(x)],
(v=s,t,c), (2.9)

Hint[Q]= 2

v

where the K, are the three bare interaction amplitudes
discussed in Sec. I. The “products” Q-Q can be written

nyny

ny +n3,n2+n4

"3"4
X 3 [Tr(r4®0027%,. )

nyny

><'I‘r('r+®(IOQ,‘,";’,,4 )+ (1 —71)],

(2.10a)

@@= X 8
nyny
n3n4

3
X3 3 [Tr(r,90,08% )

a i=1

nytng,n,tn,

><’rr(7-4_69(7i(2;§;4 )

F(ry—o12)], (2.10b)
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[QQ]C= 2 8n1+n2,n3+n4
nny
n3n4
X 2 [Tr(r1800Q, T-800Q, )

a

(2.10c)

+(T+(—>T._)] )

where 7, =(7yti7;)/2. From Eq. (2.10c) we see explicit-
ly that the symmetry given by Eq. (2.8b) (i.e., the Pauli
principle) does not allow for a bare p-p triplet interaction
amplitude (if the bare interaction potential is frequency
independent).

In order to develop a loop expansion, we use the same
parametrization of the matrix Q as before,'?

m=0 m<0
n>0
(1=ag ™" 9 ] @.11)
Qnm_ q+ _(l_q q)1/2 <0 .

This parametrization eliminates the constraints of the o
J

model given by Eq. (2.6). For future reference we note,
however, that the expansion coefficients 7g%® of the ma-
trix g do not obey obvious symmetry relations in contrast

to /0%
B. The Gaussian theory

To obtain the Gaussian theory, we expand Eq. (2.5) in
powers of g using Eq. (2.11),

H[Q]_—_H(2)+H(3)+H(4)+ cee,

where H'® is of order g*. We first concentrate on the
Gaussian part of the effective Hamiltonian:

H(Z) G’f 22 qn(p) M12 34(17):(134(_

Pril2
3,4

(2.12)

(2.13a)

where the basis of Eq. (2.7) has been used for the small ¢’s
also. In Eq. (2.13a), fdp/(27r)d and 1=(n,,a,),

etc. The matrix M in Eq. (2.13a) is

?’3M12,34(P)=Svi51—2,3—4{813824[P2+GH(‘°",—“)nz)]+5ala28ala32ﬂ'TGKvi1 ) (2.13b)
with vy=s, v, , 3=1, §;=1, and §,= — 1. For the Cooperon degrees of freedom,
v M12,34(p)=—Svisl+2,3+4{813824[p2+GH(wn1_wnz)]+8i08a]a28ala32ﬂTGKc} . (2.13¢)
r
The matrix M is easily inverted. The inverse, which )= 8,,1+,,2,,,6(n1—nz)D,,l_,,z(p) (2.15¢)

determines the Gaussian propagators, reads

?'SME}34(P)=Svi51—2,3~4 [813824Dn1 ~n2(P)

a,a,

+— AD' (p)

nl—— "1—"2
(2.14a)

and
PIM 4 (P)=—5, 8142344 [613824Dn1‘-n2(p)

810Dy, —n,(P)Dy,—,(P)
kc
x 1tk fo, +n,P)

(2.14b)

Here we have introduced the diffusion propagator
D,(p)=[p*+GHw,]™! (2.15a)
and the singlet and triplet propagators
Dy(p)=[p*+GH+K, )o,]7".

In Egs. (2.14),

(2.15b)

AD}'=D}'=D,, k.=G2TK, and

nyny

with O(x) the step function. We note that, with unre-
stricted frequency sums, f,(p) diverges logarithmically in
the ultraviolet (UV) for all p and n and in the infrared
(IR) for p,n—0. The UV divergence is due to our un-
physical treatment of the high-frequency behavior and
should be cut off by a large cutoff, N, while the low-
frequency singularity is the usual divergence one obtains
in the p-p channel [for K. <0, Eq. (2.14b) displays the
usual Cooper instability]. These singularities are in-
dependent of dimensionality and any loop expansion and
should not be renormalized. In addition, we are, in gen-
eral, interested only in logarithmic singularities that lead
to infinities and not zero. Consequently, at the end of our
calculations we let f,(p)— « and thereby neglect terms
that are logarithmically small. We must not, however,
neglect the second term in Eq. (2.14b) immediately, since
the calculation will produce additional factors of f,(p)
that appear in the numerator. This renormalization pro-
cedufze is different from that used in the previous litera-
ture.

C. One-loop renormalization

Our strategy is now as follows. We use Eq (2. 12 ) to
obtain the contribution to H[Q] of order g¢°, g¢* etc.
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This leads to a loop or disorder expansion. We can then
use standard techniques to obtain renormalizations of the
coupling constants G, H, K, , .. The calculation proceeds
along the lines of our earlier work'* and is straightfor-
ward. The result shows that, in addition to providing re-
normalizations of the bare coupling constants, the pertur-

I

bation theory generates a new term in the triplet Coop-
eron channel. It is the purpose of this paper to investi-
gate this new disorder-generated term. For complete-
ness, and because we will want to use the results else-
where, we also give the one-loop renormalization of K.
We obtain,

PPMBSP(P)=—S, 81123+4(81302[p*(1+GRG)+GH(w, —w, N1+ GRy)]+8;4.84, a321rTGK,, nyngng) > (2.162)
where R; and Ry determine the renormalizations of G and H which have been given elsewhere,'* and
K& n =K. —-—f (K,D; _, (9)=3K.D; _, (9)+K,D, _, (9)[1=GK |, —a, D}, _,,(q)]
—3K,D,,3_,,2(q)[1—GK,[a)nz—w,,4[Df,,2_,,4|(q)]} (2.16b)
and
K f (—(@n, =@y, ), (@[(K,D; _y, (@)+(K,D; _, (q)]
103, =@, 1Dy (@LK, Dl (@)+(K, DIy (@] - (2.160)

In giving these results we have set the external momen-
tum p equal to zero. Power counting shows that the in-
tegrals in Egs. (2.16b) and (2.16c) go as n'? =272, where n
is some frequency index. This is the long-time-tail behav-
ior mentioned in Sec. I. Finally, we mention that we
have derived 1dentica1 results using a different parame-
trization of 7%, .'°

The frequency dependence of K “%' deserves some com-
ment. K%' (K%°) as given by Egs. (2.16) is not antisym-
metric (symmetric) under interchange of n, and n, or n;
and n,. This does not violate the Pauli principle since
Egs. (2.16) have been derived as couplings in the g formu-
lation of the model only. In the Q formulation, the prop-
er symmetry can be built in by symmetrization (cf.,
below).

As already mentioned, we focus here on K%' in D=2,
Integration gives

—'é n,—ny
Kn nynyn, ngy
1"2"3% 16 || ns—n,
ny;—ny
+K,g1,r —
n3—n,
=Sgct tpr et
- nyn,,n3n, niny,nyng (2173,)

where y,, =K, ,/H, G=GS,/(2m)? with S, the surface
area of a d-dimensional unit sphere, and,

1

8.7(x)=——————x(l_'_y)_1

[((x—=Dn(1+y)—yxInx] .

(2.17b)

The second equality in Eq. (2.17a) gives K’ as a sum of a

charge or singlet fluctuation contribution and a spin or

triplet fluctuation contribution.
For real electronic systems

interacting through

-
screened Coulomb interactions, a compressibility sum
rule fixes ¥, =—1 and, consequently, &y, in Eq. (2.17)

does not exist. To correctly evaluate Eq. (2.16c) for the
long-range case, one should (in D°) replace H + K, by'®

D—1
H+K,——H2__{9/K) =, (2.18)
1+F§ 1+(q /k)
where Fj is a Fermi-liquid parameter and
Kd“=cde2(an /0u) gives the inverse screening length, «,
with ¢, =2, ¢3 =4, and (dn /3u) is the thermodynamic
compressibility. For this case, the singlet contribution to
K*'in two dimensions to leading logarithmic accuracy is

S et GH GH
K"l"z nm 16 F ? w”a—w"z[
|(0,.2—60,,4|
o, —w,|
lw, —a@, |
XF ——Cf~——————| 2 "4| ,
K w"3 w"z
(2.19a)
where
__1 12
F(x)= T x [Inx —7x"/*] (2.19b)
and
K=k(1+F}) . (2.19¢)

III. THE GAP EQUATION

In the first part of this section we discuss some general
features of the saddle-point structure of the field theory



8398 D. BELITZ AND T. R. KIRKPATRICK 46

presented in Sec. II. We point out some dubious points
in Finkelshtein’s treatment!! and we discuss how to prop-
erly solve the problem. We then derive the imaginary
axis gap equation for the triplet even-parity SC state.
The gap equation is then transformed to the real frequen-
cy axis and we comment on the causality and symmetry
properties of the new SC state.

A. Saddle-point solutions of the field theory

Let us first discuss the saddle point (SP) solution of the
field theory given by Eq. (2.4) with Egs. (2.9) and (2.10).
The SP condition is

_8H[Q] _,
&7 Q,,,f(x

It is obvious that the functional derivatives of the first
and the third terms on the right-hand side of Eq. (2.4a)
are proportional to Q. Differentiation of the second term
yields

(3.1

- —I rrBa
——Q—;E?——trln@ l=-27 ,-G,’f,,,(x)

== 5,05,00‘°>ﬂa(x>+0(Q).

Here G'® is the bare Green’s function [cf., Eq. (2.4b)] and
we have used the expansion

G =31G®r,00,

ri

(3.2a)

(3.2b)

We see that the derivative of trInG ~! is the only term in
the SP equation which can provide an inhomogeneity
(viz., the bare Green’s function). Consequently, if either
r#0 or i#0, then the self-energy, which is given by
iQ /21, can be nonzero only if there is a broken symme-
try In that case, 123Q750 describes magnetism, and

1200 describes singlet superconductivity. Assummg
the latter, one indeed recovers BCS-Gorkov theory
from Eq. (3.1). In the absence of a broken symmetry,
only 30 is relevant, and [Q-Q], and [Q-Q]. in Eq.
(2.9) can be neglected. In this case, Eq. (3.1) yields

77'NF0 B
27 0Xnm

2 OGr(zlg(x X)"’ITTK Baﬁnz 8m+n3n+n40Qn3 n, *
34
(3.3a)

In Finkelshtein’s treatment of the SP problem, he
neglects the last or interaction term in Eq. (3.3a). The
Q’s are composite variables for a product of annihilation
and creation operators and the SP value is an expectation
value of these operators. For the Fermi-liquid phase, this

suggests an ansatz
[0 (X)=8,68:084g8, , Q(Py) (3.3b)

|

Hint[Q

nyn, i=1 a

n3ny

aT
fdx Krfltnz 3n48n1+n2 nytng 2 2 TI‘ T+®0; Q

Equation (3.3b) in Eq. (3.3a) gives

—1
p,,>——f +§p+——Q(p,,
27-TK > Q(pn) (3.3c)
Ng -

with £,=p—p?/2m. To illustrate a point, we solve Eq.
(3.3b) by summing over n using ¥, =2N with N as high-
frequency cutoff. We obtain

-1

Q)= J |ipn+&5+5-0000)
_ 27wrTK,i f 1
N2 <o lip,+E,+(i/21)Q(p,)]
(3.4a)
where
K K, (3.4b)

K= Trarrvk N0

We next comment on the structure of Eqgs. (3.4). First,
the renormalization of K, by Eq. (3.4b) is somewhat un-
physical (although it is of no real consequence as we will
see). To understand the meaning of this renormalization,
we note that in the derivation of Eq. (2.4) similar terms
proportional to T7N have been neglected. As a conse-
quence, only terms linear in K, were kept in the action.
Finkelshtein argued that these terms are negligible in the
limit Tr<<1. To be consistent, one should then neglect
the correction in the denominator of Eq. (3.4b) as well.
In order to justify this, one must make the cutoff
sufficiently small that 77N <<1. In general, this can be
done within a long-wavelength theory designed to de-
scribe critical behavior because the precise values of the
bare coupling constants are irrelevant and because cutoffs
can be chosen arbitrarily small without changing the
relevant physics. If one is not satisfied with this argu-
ment, one can go back to the original derivation and re-
tain the neglected terms. We have performed this calcu-
lation and found that the disordered SP value of Q is then
given by Eq. (3.4a) with K| replaced by K;. We conclude
that Finkelshtein’s approximation is unnecessary, and
that the problem discussed above is an artifact. With
K,—K,, one obtains the expected result for the SP in a
disordered Fermi liquid: Eq. (3.4a) has the structure of a
disordered Hartree-Fock theory for the electronic self-
energy.

Now the SP problem for the triplet even-parity SC
state is considered. It leads to the BCS-Gorkov theory
for this SC state. We note that our results could be de-
rived in a number of ways given the pairing potential.
We begin by neglecting normal-state self-energies for sim-
plicity and we consider the triplet even-parity SC state by
replacing H,,[ Q] in Eq. (2.4a) by

T80, Q)5 )T (ot )], (3.5a)
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with K given by and creation operator and that "Q (r=1,2) is related to a
St _1 ot product of two annihilation or two creation operators,
K"x"z»"a'u [K"l"z Sn3ny K"z"p";'u one looks for solutions of the form

—K:;"z”u " K:,z" ngny ] . (35b) anlnz =8p”l,p"2G0(p”1 ) , (37a)

Here we have antisymmetrized the potential for use in 0 =5 op ) (3.7b)

the Q formulation, and K’ are given by Egs. (2.16c), oQnn, ""l'pnzg Pn,? >

(2.17), and (2.19). r r =

Assuming a SP diagonal in the replica indices the SP 'G"l"z 81’" " Pn, Gilp "1) (r=1.2), (3.7¢)
condition yields , ,
; iOn L P Q, (pn) (r= . (3.7d)
0 = 0
0@n,n, = 0Gn,n, » (3.6a)
M aNp T Equations (3.7) in Egs. (3.6) give

and (r=1,2; i=1,2,3),

i Q°(p,,‘)— 0(1’"1) , (3.8a)
r __c T
iinn2 ’ﬂ'N lGnln2

=1
ir(pnl)_ 1TN Gi(pnl)

21rT1'
EK;IIHZ’"J’H nytny,nytn, {Qn:,‘n4
N "am 27Tt %) ,
TN ZK (PnPn,)Q/(Pn) ,  (3.8b)
(3.6b) F
Using that °Q is related to a product of an annihilation where

]

1 A . —1
[Gun = |t @0 (x| ifbut 54520 | |ma) (.80

and
(1) ot

K (p"l’p"l) K"l —ny—Lng,—ny—1 ¢ (3.8d)

Following the same arguments as given below Eq. (3.4), we can replace Eq. (3.8b) by

r( ) 21TTT EK“)(pnl’pn3 )G’(an) . (3.8¢)

(p,,])“

In this paper we restrict ourselves to a triplet even-parity SC state where

Q1#0, Q}=0}= (3.9a)

and
02=0. (3.9b)
More complicated states are possible, but here we consider the above case for simplicity. Defining a gap function A by
Qi =%K, (3.10)
Egs. (3.8) and (3.9) give
[Pa, —i&p+(1/27)Q%p, )]

1
o, )= . (3.11a)
e )= TN, fp[[p"l-l"(l/ZT)Qo(P,,l)]2+§p2+A2(Pnl)}
and
A(py )==—1 2on)
P S Nr p {[pn, +(1/20)Q%p, ) P+£ 2 +Bp, )}
A(p,.)
EK(pn’,pnz)f 2 (3.11b)

([Pn, +(1/21)Q%p, )P +£ 2+ B%p,)}
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In deriving Eqgs. (3.11), we have used the symmetry conditions

Q%—p, )=—0Q%p, ),
A(—p, )=—Alp, ),

(3.12a)

(3.12b)

and we have used that Q° can be taken to be purely real. The symmetry given by Eq. (3.12b) is just Eq. (2.8b) and is a

required symmetry in the even-parity triplet SC state.

Finally, the disorder dependence of the gap equation can be eliminated in the same way as in BCS-Gorkov theory for
even-parity singlet SC (Ref. 17) (where the result is known as Anderson’s theorem'®). We define a gap function, A, by

K(p,,l)=A(p,,1)+i7(p,,l)
with
Alp,)

(3.13a)

_ 1
EY(p,,)) 27TNFTf

It is now easily shown that A satisfies the gap equation

(1) Alpn,)
Ap, )=7T S Kp, .p,.) [d :
pl nzz plpz f §p32+§2+A2(pnl)

(3.14)

Equation (3.14) has the structure of a clean SC gap equa-
tion in the presence of the pairing potential K ‘) Pr,sPn, ).

For later reference, we note that, for PnpPn,> 0, we have

K'py 5Pn) ) =K Py Pn) ) F K Py 5P, (3.15a)
where
GH GH
(1) = il
K" (P ppny) =6 1F | =2 [P, 00,
| Pe, P,
Pn,t Py,
_ 2
<F G? ‘Pnl Pnzl
& |pa, T,
(3.15b)
with F given by Eq. (2.19b),
= +
G pn1 pnz
K(t) s _— = [ —— .
s (Pn,>Pn,) 1657 e —pn, ||’ (3.15¢)

and g, given by Eq. (2.17b).

In Secs. IV and V, we will use Egs. (3.14) and (3.15) to
determine the SC transition temperature. Identical re-
sults can be obtained by examining the stability of the
normal state to the existence of K'*. This further corro-
borates the validity of replacing Eq. (3.8b) by Eq. (3.8¢).

P {[pn, +(1/200Q%p, )P+, +8%p, )}

(3.13b)

B. Real frequency gap equation and causality properties

Using standard techniques, the imaginary frequency
gap equation given by Eq. (3.14) can be transformed to
real frequencies. We will use this equation only at zero
temperature where it reads, for ® >0,

Aw)=- [ "dQ R, Q)F,(Q) . (3.16)
im Y0

Here K'(w,Q) is the real frequency pairing potential
which can be written

R'%0,0)=K"(0,0)+K"(0,Q), (3.17a)
where, for w,Q =0,

R%0,0)=K(—io,—iQ), (3.17b)

R0,Q)=K(—iw,—iQ), (3.17¢)

with —i=exp[—im/2]."° In Eq. (3.16), F, is a retarded
function given by

F.(Q)=F(z=Q+i8), (6—-07), (3.18a)
with F(z) the Gorkov function,
+ o A(Z)
F(z)= df——F7— . (3.18b)
=), S et Az 22
For later use we note that Eq. (3.12b) implies
Alz)=—A(—2z) . (3.19)

We next examine the symmetry and causality proper-
ties of the triplet even-parity SC state. In general, F(z)
will have a spectral representation?’

F(z)=f+°°iiﬂw (3.20a)
—ow T w—2Z
with spectrum

F'(o)= [F(w+i8)-.F(a>-—i8)] . (3.20b)

2i

Causality of the diffusive propagators that lead to R in
Eq. (3.16) should also imply that A(w) is a causal function
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with spectral representation

A= [Trdefle)

(3.20¢)

For the kernel K {9 in the limit ¥, — o, we have checked
the causality of A by direct calculation. Equations (3.19)
and (3.20) imply

F'(0)=F"(—wo),
A"(0)=A"(—w) ,

(3.21a)
F'(0)=—F'(—w),
Alw)=—A(—w),
where F' and A’ are determined by
Fl(o)= Flo+id)+F(w—il) (3.21b)

2

and an analogous expression for A’. Finally, using that
the imaginary axis quantities, F(ip, ) and A(ip, ), are real,
Egs. (3.20) imply that F’, F”, A’, and A" are all purely
imaginary in the triplet even-parity SC state. We also
note that A (and F) satisfies the Kramers-Kronig relations

A(0)=—~ [ *"do' AP : (3.222)
Ty -

o' —o

Mo)=2 [ " dwan(o)P
Ty -

; ) (3.22b)
o'—w
where P denotes the principal part. The symmetry prop-
erties given above also imply that the Gorkov function

for this SC state is an odd function of real or imaginary
time.

1
1+T,(n+m+1)

|n—m]|

IV. THE SINGLET
OR CHARGE FLUCTUATION MECHANISM

In this section we investigate the SC state induced by
the charge fluctuation contribution Kc“)(p,,l,p,,z) to

K “)(p,,],p,,z). In principle, one should treat K" and K”

together to compute physical quantities like T, the tun-
neling DOS, and the specific-heat coefficient. However,
we will eventually find that the singlet or charge fluctua-
tion contribution to K'” is numerically insignificant for
typical parameter values and can be neglected whenever
spin fluctuations are present. Nevertheless, we investi-
gate its effects in detail for several reasons. First, we will
see that it is easier to derive definite numerical values for
observables from this contribution than from the triplet
or spin fluctuation contribution. This is partly due to the
fact that this contribution does not depend on the
Fermi-liquid parameter Fg, and that there is an ultravio-
let length scale given by the screening length, «~!. Final-
ly, the triplet mechanism involves a renormalization pro-
cess whose validity is not clear (cf., Sec. V). The corre-
sponding renormalization process for the singlet mecha-
nism is neglected here for simplicity.

A. T, equation

Here we use the linearized gap equation to determine

T, from K.. With the definition
T,— el 4.1)
¢ KO+F?E ’

the linearized gap equation for T, is given by Eq. (3.14)
with K ¥ — K" and can be written

([ T.(n+m+1)]">~InT,(n+m+1)
c [4

C(ntmAD1+ T n—m P/ n+m+1)]

_ 172
T.ln—m|?

n+m-+1

We compute T, to leading logarithmic accuracy, for
T,—0, by replacing Eq. (4.2) with

- A(m)
> 2m+1

m =0

G . =
Aln)=——2_
(n)~—="—(InT,)

|—_An—m|
n+m+1 [~
4.3)
In the limit T, —0, we can further replace the sum in
Eq. (4.3) by an integral according to 27T 32_,

= f 0 dpPn- Then A is independent of frequency for posi-
tive frequencies. The resulting T, equation is

—In[T,|In—m|?/(n+m+1)]

I

G =\ [ dx [1—x]|
1=—-Z (InT ax |y li=x]
641:'( n “)fo x 1 1+x
=—-% (In2)(IT,) (4.42)
167 c a
or
K(1+F3)? 167
<~ " 27GH °P| Gm2 (4.4b)

The prefactor in Eq. (4.4b) is given by the diffusive energy
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scale Dk?/2m with D =1/GH the thermal diffusion con-

stant. In a two-dimensional system, conductivity and
conductance are the same, and we have
4
G=|—=|R,, (4.52)
m
where
Rg Rg

07 %/e2 41080

is the dimensionless resistance per square. The Einstein
relation allows us to write
2

Tg,

K

kg

2

Ry

with kp the Femi wave number and Ty the Fermi tem-
perature. The T, formula can then be written as

Dr*= (4.5b)

(K/kp)?

2
T.=T, 2 exp | — 47°/In2
a)

Ry

(4.6)

B. The gap equation at T=0

Scaling the frequency and gap with the diffusive energy
scale, Dk‘z,

Q—-QDR*, 4.72)
A—ADR, (4.7b)
leads to a zero-temperature gap equation given by
* A(Q) (1)
Alw)= dQ—K,"( ,Q) . (4.8a)
I, var-are) <

Here K!"(@,Q) is the effective scaled potential due to
charge fluctuations,

- O —ol [Q—wl|?
K(l) ’Q —_— Q+ — l
¢ (@.Q) A @) O+o S Q+w ’
(4.8b)
where
. ) 172
flo=—— 1nx—‘—2’1+ﬂ<1—i) 12‘— (4.8¢)
and
R
A= =3 (4.8d)

We next examine the structure of Egs. (4.8) and point
out some of its important features. First there are two
frequency scales. The first one is

ot=Di’, (4.92)

and it is analogous to the Debye frequency in convention-
al SC. of sets the scale for the frequency and the gap,
and it has been scaled out of the equations by means of
Eq. (4.7). In conventional SC there is a second frequency
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scale related to the critical temperature or the gap at zero
frequency. A second scale, w;, also exists in Eq. (4.8).
As in conventional SC, it separates high and low frequen-
cies and is given by the equation

wy=Aliw]) . (4.9b)

For weak coupling, A << 1, we can determine w3 analyti-
cally. From the imaginary-axis gap equation, Eq. (3.14)
with K C“ ) as a kernel, one finds, by asymptotic analysis,

A(io—0)=Ao Inw In(we?)+0 (o) , (4.9¢)
restoring the frequency scale o}, we have
o} =awte VM7 (4.9d)

From Eq. (4.9¢), the asymptotic solution on the real axis
is obtained by analytic continuation

Alw—0)=—ilo(lnw)*—Aw(3i +7)no+0(w) .
(4.10a)

We have also determined the asymptotic solution of Egs.
(4.8) directly and found the same result. Asymptotic
analysis also yields the high-frequency solution

Alo— o )=c- Y03,  (4.10b)

o
Ino—iT —2
2 nw 12

where c is an undetermined constant.

We have used Egs. (4.10) to construct trial solutions
which serve as input for an iterative numerical solution of
Egs. (4.8). For small A (A=0.2), we found good conver-
gence for almost any trial solution. For A larger than a
critical value )\c* ~(0.2, the iteration failed to converge.
We have found that this is not due to a failure of the
iteration procedure, but rather signalizes the absence of
causal solutions of the gap equation. The mathematical
reason for this is as follows. From Eq. (4.10a) we see that
the reactive and dissipative parts of the gap, A’ and A"/,
respectively, at small frequencies read

A(w—0)=—ilo(lnw)? , (4.11a)

A(o—0)=iTAo Inw . (4.11b)

One easily checks that Eqs. (4.11a) and (4.11b) are indeed
related by Kramers-Kronig relations, Egs. (3.22). The ar-
gument of the square root in Eq. (4.8a) can be written

flo)=o*— A w)=o*+[iA(0)]*—[iA"(0)]?

—2iA"(w)A" (@) . (4.12)

For sufficiently small frequencies |[iA'(w)|>>|iA"(w)l,
and the real part of f(w) is positive. With increasing fre-
quency, the Kramers-Kronig relations will force A’(w) to
decrease and go through zero (there must be anomalous
dispersion in a region where A" is substantially nonzero).
Since |A”(w—0)| >>w, this zero will occur in the region
where |A"(w)| > w if only A is large enough. Therefore,
one will cross the cut of the square root in Eq. (4.8a) if A
is larger than some A). We have been unable to find a
physical solution in the region A >1}.
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with

)_ —

r N GK, 2

- = = == , 5.1b

- 4 Yo H 772 ‘VIOﬁD ( )

— A 1 where y,,=K,/H. The logarithmic singularity in Eq.
(5.1a) at n =m is an artifact of the y,— oo limit and In

5 10 15 20 25 30

104 A
S b OO N®WA OO

FIG. 1. Real and imaginary parts of the gap function A vs
frequency o for the charge fluctuation mechanism induced by
K!". A and o are measured in units of »{, and the coupling
constant is A=0.1.

In Sec. VI, we will come back to possible physical im-
plications of this. For now we ignore this problem and
consider only the case A<A}. The choice A=0.1 pro-
duces a representative result. Figure 1 shows the real and
imaginary parts of A for this coupling. For «—0 and
®— oo, the numerical solution reproduces the analytical
results given in Eqgs. (4.10). We will further discuss this
result in Sec. VI.

V. THE TRIPLET
OR SPIN FLUCTUATION MECHANISM

In this section we investigate the SC state induced by
the triplet or spin fluctuation contribution to
K'py, ,py,), which we denoted by K/(p, ,p, ). As for

the singlet contribution to K ‘¥, we first use the linearized
gap equation to compute T, from K. We expect K"
to, in general, lead to a much higher T, than K. The
reason is that renormalization-group (RG) calculations in
D=2 suggest that the renormalized triplet interaction
amplitude, k,, becomes large as T —0.!""1>14 Because the
spin fluctuation contribution to K!” is proportional to k,,
this, in principle, can lead to a high T,. We then discuss
the SC state induced by K!”, breaking up the discussion
into three steps. First we treat the problem by ignoring
the renormalization of k,. Then the model with k, renor-
malized perturbatively will be considered. Physically this
should be appropriate for moderate temperatures. Final-
ly, we examine the SC state assuming that k, or the mag-
netic susceptibility diverges as a power law as ©—0. The
motivation for this ansatz will be discussed.

A. T, equation

For simplicity we consider the linearized gap equation
in the y,— o limit. We will self-consistently verify that
the renormalized y, is indeed large near T,. In this limit,
Egs. (3.14) and (3.15) give

Yo & Alm)

+m+1
Aln)= 2
=76 2 Jm+1m

n—m

(5.1a)

for n =m should be replaced by In(1+7,). This singular-
ity will be irrelevant for our low-T estimate of T,.

If we replace the sum in Eq. (5.1) by an integral, we see
that A is again independent of frequency for positive fre-
quencies. The resulting condition for criticality is

1220 fodry, _ %o
T 3290 x 64

x+1
x—1

(5.2)

Equation (5.2) seems to imply a threshold value which
the coupling strength y, has to exceed in order for the
system to become superconducting. We have to
remember, however, that so far we have been working
strictly in perturbation theory, so the bare coupling con-
stant y, appears in Eq. (5.2). Since we know that the cou-
pling constants become strongly scale dependent due to
disorder renormalization, we should replace y, in Eq.
(5.2) by its scale-dependent counterpart, y(7"). This will
determine the critical temperature. In Ref. 21 we have
considered the RG flow of y in d =2. We showed that,
for sufficiently small RG length rescaling factors b, the
disorder is not renormalized, g(b)=g,=2R /7, where
80=Yo/V - The regime where this holds can be divided
into two regions, the boundary between which can be
written as g,v,Ilny, =1, where ¥, is the scale-dependent
or renormalized counterpart of y,,. For gyy,Ilny,>>1,
the frequency or temperature rescaling factor H is not re-
normalized, and b is related to the temperature by
b2=T"", where T=T/T, with T, a microscopic tem-
perature scale on the order of the Fermi temperature T.
With the help of the explicit flow equation for y,,'*2! one
can express the condition for the two regions and the y
flow in them as?!

dy _y°
d _y_ 5.3
dx 4 (5.3a)
which holds if
Yo Yo
1 <1 5.3
1—pox /4 " | 1—yox /4 ’ (5.3b)
and
a_ 2
o (5.3¢)
which holds if
Yo Yo oy, (5.3d)
1—yox 1—yox

In Egs. (5.3), x =Inb, and we have used the explicit flow
equations to rewrite the conditions gqy,lny, <<1 (>>1).
In the regime intermediate between Egs. (5.3b) and (5.3d),
the beta function interpolates between Egs. (5.3a) and
(5.3¢).
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At this point, let us mention two important unsolved
problems. (1) The RG flow equations given by Egs. (5.3)
break down for T—0, or at T=0, for b— «. Equations
(5.3) show that there are two intermediate length or tem-
perature scales, while the behavior at still larger scales is
unknown. Indeed, the problem of determining the
correct asymptotic flow is very complicated. We call this
the 2D ground-state problem (in the absence of SC), and
we will come back to it later. (2) It has not been proven
that the field theory, Eq. (2.5), describing disordered elec-
tronic systems is renormalizable. In fact, we have shown
here that the disorder generates a new interaction ampli-
tude, K©', which was not in the bare theory. However,
our use of RG ideas has been very limited. Equations
(3.5) only use the well-established fact that, on intermedi-
ate length scales in d =2, the dominant effect is a rapid
increase of y, with increasing b.!"'>!* On larger scales
the renormalization of the disorder becomes important,
the relationship between b2 and T becomes more compli-
cated, and the question of renormalizability must be ad-
dressed. This means that we cannot trust our results if
the scale b corresponding to our critical temperature is
too close to exp(1/y,).

With b2=T"", we obtain, from Eq. (5.3c),

Yo
(T)=——-20 (5.4)
d 1—(yg/2)InT !

With y,—y(T) in Eq. (5.2), we obtain an equation for T:

Yo
1= 5.5
¥ [1= (o /2)In(T, /T,)] -5
or
2 Yo
T,=Texp | —— [1—— ||, (5.5b)
o€Xp o [ ’.

where y, =64 /7%, With this result the condition given
after Eq. (5.3d) is

2 —
Ry« %yce e (5.6)

The value on the rhs of the inequality (5.6) is quite large.
However, one should keep in mind that the exact flow in
2D is not known and our estimates are rather crude.

If Eq. (5.6) is not satisfied, then Eq. (5.3a) must be used.
In addition, the relationship between x =Inb and T is
more complicated and is determined by ?=[h0 /h(b)b?]
with?!

dh _ 3hy
dx 7 (5.7)
Equations (5.3a) and (5.7) give
3
T,=T, 1—&): exp -8 1—2’1 (5.8a)
4 Yo Ye
with x =x(T,) given by
T
X(T,)=4In=>+3In 1~1v4£x(Tc) . (5.8b)
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Comparing Egs. (5.8) and (5.5), it is clear that T given
by Eq. (5.8a) is much less than that given by Eq. (5.5b).
A discussion of numerical results will be given in Sec. VI.

B. The gap equation at T=0

In the y,— o limit discussed in the previous subsec-
tion, the zero-temperature gap equation is

s A(Q) 0+Q
Mw)=2 [ Sy et ey (5.92)
with
=20
TR (5.9b)

A (or yg) should actually be renormalized just as in the
previous subsection. It is useful, however, to first ignore
this effect and to study Eq. (5.9a) for a constant A.

We first note that Eq. (5.9a) does not have an ultravio-
let scale analogous to the one given in Eq. (4.9a) for the
singlet contribution to K. One expects a scale related
to T, of the previous subsection to appear. Indeed, this
scale can be built into the theory by imposing an UV
cutoff on the order of the Fermi wave number on the
momentum integrals in Egs. (2.16) that leads to K 0 We
ignore this effect here because it only modifies the high-
frequency behavior of the gap function which is physical-
ly not very relevant and depends on details of the model.
Nevertheless, it should be remembered that effects or
structure at the frequency scale

o ~T, (5.10a)
is being neglected. This scale would also appear if a dis-
order renormalized A was used. As in the previous sec-
tion there is, in addition, a second frequency scale, 3,
that separates high- and low-frequency behavior and is
given by
o;=Alio]) . (5.10b)

We now proceed as in the previous section. Asymptotic
analysis for the imaginary axis gap equation yields

Alion—0)=—2AoInwo+0(w) . (5.10¢)
From this we find
wi=wfe V. (5.10d)

The small-frequency solution on the real axis we can
again obtain either by analytically continuing Eq. (5.10c)
or by direct solution of the real-axis gap equation. Either
way we find

Alw—0)=2iloInw+0(w) . (5.11a)
For large frequencies, we find
Alw— % )=C,sin(s Inw)+ C,cos(s Inw)0(0 ™),
(5.11b)

where C, and C, are undetermined constants. s in Eq.
(5.11b) is determined by the transcendental equation
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s=mAtanh (5.11¢)

We note several features of Egs. (5.9) and (5.11). First,
the problem discussed below Eq. (4.10) for Eq. (4.8) also
holds for Eq. (5.9). This implies the existence of a critical
value of A which we denote by A]. We consider only the
case A <A (=0.5). Second, Egq. (5.11c) leads to a com-
plex s for A<2/m*=A] (or yo<y,=64/m*). From Eq.
(5.2) we see that this was to be expected: Because we
have not used a renormalized A, the SC state exists only if
A>2/7?. We further note that, even in the physical re-
gion, A_ <A<A[, the gap function does not decay for
®o— . This unphysical result can be eliminated by us-
in§ an UV cutoff on the momentum integrals that lead to
K!P. As already mentioned, we ignore this problem here.

We have attempted to solve Eq. (5.9) by the same itera-
tive technique we used in the previous section and failed
to find convergence. We believe that this reflects a failure
of the solution technique and that Eq. (5.9a) does have a
physical solution for A7 <A <A}. To verify or argue this
we have solved Eq. (5.9a) with the logarithmic kernel re-
placed by a simpler kernel which has the same high- and
low-frequency limits:

o+

In PR

2200-0)+20w-0). 6.12)
Q )

With Eq. (5.12) in Eq. (5.9a), the integral equation is
equivalent to the differential equation

d*Alw) 4 1dAe) Al
dow® o do o’

4AA(w) -
oV o*— A w)
(5.13)

Equation (5.13) can be easily solved. Analytically the
high- and low-frequency solutions are given by Egs.
(5.11), i.e., the differential equation with the model kernel
is equivalent to the integral equation with the logarithmic
kernel in these limits. For other frequencies we have
solved Eq. (5.13) numerically using a Runge-Kutta
method. For boundary conditions we require Eq. (5.11a)

FIG. 2. Real and imaginary parts of the gap function A vs
frequency  for the spin fluctuation mechanism induced by K*.
A and o are measured in units of @, and the coupling constant
is A=0.375.
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and the Kramers-Kronig relations given by Eq. (3.22) to
be satisfied in the @ —0 limit.

In Fig. 2, we show the real and imaginary parts of A
for a typical value of A=0.375. For ®—0 and o— ,
the exact analytic results given by Egs. (5.11) are
recovered in the numerical solution given in Fig. 2. We
note that, for intermediate frequencies, the approxima-
tion given by Egs. (5.12) violates Egs. (3.22). We have
performed a Kramers-Kronig check and found that the
solution of Eq. (5.13) qualitatively still has the behavior
of a causal function. We will further discuss this result in
Sec. VI.

So far we have ignored the fact that A in Eq. (5.9) is
dramatically renormalized by disorder as w—0 (or as
T—0 at ©=0). Neglecting this effect has two conse-
quences. First, a lower critical disorder parameter, A,
has appeared. This implies that a critical amount of dis-
order is needed to induce the SC at T=0. As we have
shown in the previous subsection this is not correct if re-
normalization effects in A are taken into account, i.e.,
A, =0. Second, low-frequency singularities in A modify
the low-frequency or low-temperature result given by Eq.
(5.11a). Indeed it is the logarithmic singularity in K!”
that leads to the extra logarithmic factors in Eq. (4.10a)
as compared with Eq. (5.11a).

To correctly build in the frequency dependence of A is
difficult. We shall see, however, that scaling or power-
law dependencies are insensitive to the precise way in
which A is renormalized. We first note that the RG equa-
tions given in the previous subsection apply to the =0,
©+0 case if, in these equations, we replace T by w. For
example, Eq. (5.4) gives

Yo
= . 5.14
M) = (T /@) .14
This result, however, breaks down when

[1—(yq/2)InT,/w]—0 and, consequently, cannot be
used as w—0. The precise behavior of y(w—0) is not
known and we previously referred to this as the 2D
ground-state problem. However, all work suggests that
y(w—0) is divergent in the absence of SC. It is therefore
of interest to examine the properties of an even-parity
spin-triplet SC state with (A~y),
c
—0)~— .

y(0—0) it (5.15)
where ¢ is a constant and p is an unknown positive ex-
ponent. The picture that emerges for A or y is as follows.
For high frequencies (w>>T,)A(®) is not appreciably
modified by disorder and is given (for small disorder) by
Eq. (5.9b): with decreasing frequency Eq. (5.16) implies,
forw =T,

2o
Ma>>To)=~ho="7, (5.16a)
Mo<T,) Ao
@=L 3y /2In(T, /@)
Yo, Ty
_xol1+ S n— J (5.16b)
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For very low frequencies, o << T, Eq. (5.15) gives

Mo <<Ty)~— . (5.16¢)
ot

Note that A in Eq. (5.9a) should depend on both exter-
nal, o, and internal, , frequencies: A—A(Q,w). For
our considerations this point is irrelevant. For intermedi-
ate frequencies, Eq. (5.16b) implies that, for decreasing
frequencies, the gap function, A, will resemble the result
discussed in Sec. IV due to the extra logarithmic singular-
ity in A. Alternatively, one expects at low but finite tem-
peratures that K" and K" will lead to similar SC states.
At zero temperature, Eq. (5.16¢) can be used to determine
the low-frequency scaling properties of A, p, and C. One
finds

Alw—0)~w! T+ . (5.17)

VI. DISCUSSION

In this paper we have presented a superconducting
state of 2D systems which is characterized by spin-triplet
pairing and a gap function which has even parity and is
an odd function of complex frequency. In this last sec-
tion we further discuss our results and estimate numerical
values for various observables.

A. Possible values for T,

In Eq. (4.6) we have given T, due to the charge fluctua-
tion mechanism for a truly 2D system. In a real quasi-2D
system, say a thin metal film of thickness d, the DOS per
spin at the Fermi level is Ny =kpdm /2%, the diffusion
constant is D=kg>r/3m?, and the sheet resistance is
Ry=p/d=1/2N;D, when p is the bulk resistivity. The
T, equation for such a system reads

_ (K/kp) o

T ex —47%/In2
c F ﬁD de p

a

O

(6.1)

For thin metal films, typical numbers are R o=1,
Tp=~5X10® K, w/kpd ~1, and ©/kp~1. The resulting
T, is unobservably small. The problem is that the achiev-
able resistance values in thin films are not high enough.
This is different in the inversion layer in a Si metal-
oxide-semiconductor field-effect transistor (MOSFET)
which can be driven through a metal-insulator transi-
tion.?? These systems are truly two dimensional, so Eq.
(4.6) applies. If we take our result at face value, T, /T
will reach a maximum of 6X1073(&/kp)? for
Ry=47%/In2=57=9R,, /(e?/#), where R, =2me?/#
=25.8kQ is the Mott resistance. Several caveats are in
order, however. First, we have restricted ourselves to a
one-loop approximation. Starting at two-loop order, one
would expect to find 7,.-degradation effects of the kind
that occur in conventional superconductors.” These
effects will bring down the maximum T, /T, and shift it
to smaller values of R. Second, the experimentally con-
trollable parameter in a MOSFET is the carrier density
N,. R increases with decreasing N, while T decreases,

s
making the absolute T, quite small where T, /T is maxi-
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mal. Finally, one should keep in mind that estimating T
from many-body theory is notoriously difficult, with the
history of the theory of *He providing an infamous exam-
ple. If we proceed nevertheless, we should be careful not
to assign too high a value to RD, RD_'n' 2w (i.e., Ry
about one-half to one times the Mott number) seems the
largest reasonable choice. A typical carrier density
for this resistance is ** N,=5X10"" cm ™2, which
yields T-=35K, k=1.25X10" cm™!, and
kp=1.25X 10° cm~!. For this carrier concentration, a
reasonable value for the Fermi-liquid parameter FY is
:0.9.16 Then we obtain 7,=15-640 uK for
Ro=m—2m. An observation of superconductivity in this
temperature regime does not appear absolutely hopeless.

We now turn to the spin fluctuation mechanism. From
Eq. (5.5b) we obtain

-1/
— eff
T,=Tye

(6.2a)
with
-1

(6.2b)

2
Aeg= ;ﬁm’ro 1 ﬁm?’zo

-
16

It seems that T, given by Egs. (2.6) can be an appreciable
fraction to T;,. We must keep in mind, however, that all
the caveats mentioned above in connection with the
charge fluctuation mechanism apply here as well. Also, if
Eq. (5.6) is not satisfied we should apply Egs. (5.8) which
yield a much lower T,. We conclude that T, due to the
spin fluctuation mechanism is most likely a very rapidly
varying function of both disorder and y,, (or F§), and
might be observable only in a narrow region in parameter
space. Moderate values of disorder and large values of
¥ 10 Should be most favorable.

B. The gap function, the tunneling density of states,
and the specific heat

We now turn to the solutions of the gap equation
which we found in Secs. IVB and V B. The solution,
A(w), directly determines the single-particle or tunneling
DOS, p(w), via

p(w)=NFReI ¢ ] . (6.3)

[a)Z_AZ(w)]l/Z

Let us first discuss the implications of the upper critical
coupling strength A" which we found in Secs. IV and V.
As discussed after Eq. (4.12) for A>A[, there is a fre-
quency >0 where ImA(w)=0, while ReA(w)>w. This
implies that p(w) vanishes at this frequency. Further-
more, with the choice of Riemann sheets that guarantees
a causal Gorkov function,?* p(w) will become negative
for larger w. We have also considered the possibility that
p(w)=0 for a range of frequencies, but again were unable
to construct a causal solution with this property. It
seems likely that the present theory has indeed no causal
solution for A>A}. We offer two suggestions for what
physically happens at stronger coupling. (1) The triplet
SC state may be unstable against some other collective
state still to be identified, or (2) building the SC self-
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FIG. 3. Single-particle density of states, p, vs frequency  for
the gap function shown in Fig. 1. p is measured in units of Np,
and o in units of ©f.

consistently into the pairing potential may effectively
prevent A from ever being larger than A . In this context
we note that our pairing potential has been constructed
from correlation functions in the normal state, while any
theory of a purely electronic SC mechanism should, in
principle, self-consistently consider the effects of SC on
the pairing mechanism.?® This remains to be investigated
in the future.

For A <A}, our solutions for A(w) determine the tun-
neling DOS via Eq. (6.3). Using Eq. (4.10a) in Eq. (6.3),
we see that the charge fluctuation mechanism leads to a
DOS which vanishes for small frequencies as

NF
{In[D(R*/0)]}?

The numerical solution for all frequencies and A=0.1 is
shown in Fig. 3. Compared to conventional SC, there are
several interesting features to note in Fig. 3. First, there
is no gap, and p(w) vanishes only very slowly as w—0.
We note that experimentally it is common practice to
define a “‘gap energy” as the position of the first peak in
plw). Adopting this convention here one would find

(6.4)

(@)=
plo)=—

~ -4\ 2
Agp=(6X107")Dk" . (6.5)
8 T T
e .
6 .
o °F 7
T 4 s
3— —
2| -
1+ -
% I ) 3

104T

FIG. 4. Specific heat, C, vs temperature T for the density of
states shown in Fig. 3. Cis measured in units of Nrw{, and T in
units of »f.

[a]
FIG. 5. Single-particle density of states, p, vs frequency w for
the gap function shown in Fig. 2. p is measured in units of Ng,
and o in units of wf.

Second, the curvature of the DOS in Fig. 3 is very
different from what one is used to in conventional super-
conductors. In particular, we point out the pronounced
shoulder of the DOS in Fig. 3. The only experimental
tunneling data we are aware of which bear some resem-
blance to Fig. 3 are those by Gurvitch et al. on YBCO.%
We do not know whether this is a coincidence.

In Fig. 4 we show the specific heat as a function of
temperature for A=0.1. We have used the formula, valid
at low temperatures,

_1 r=
CM=—3 J " doplo)o’exp[ —Bo] . (6.6)
Analytically, Egs. (6.4) and (6.6) give
2N
C(T—0)="2F T 6.7)

A [In(DR*/T)P

For the spin fluctuation mechanism, Eq. (5.10c) in Eq.
(6.4) yields, for small frequencies,

_ F
)= (T, /@) €8
T
1.0+ 7]
C
05— —
|
%0 0.25 0.50

T

FIG. 6. Specific heat, C, vs temperature T for the density of
states shown in Fig. 5. C is measured in units of Nyof, and Tin
units of of.
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Figure 5 shows the DOS for all frequencies at A=0.375.
Notice that the result for the spin fluctuation mechanism
is qualitatively similar to that for the charge fluctuation
mechanism, Fig. 3. In Fig. 6, we also show the specific
heat for the spin fluctuation mechanism. Analytically,
we have from Egs. (6.8) and (6.6) for low temperatures

__NF T
C(T—-0)= A In(Ty/T) (6.9)

Finally, we have to remember that the above results for
the spin fluctuation mechanism do not apply for asymp-
totically low frequencies or temperatures because of the
2D ground-state problem. If we adopt the scaling conjec-
ture expressed in Eq. (5.17), we obtain asymptotically

(6.10)
(6.11)

plo—0)x ot
C(T—0) =T+,

ACKNOWLEDGMENTS

This work was supported in part by the NSF under
Grant Nos. DMR-88-19302 and DMR-89-13095. Ac-
knowledgments are made to the donors of the Petroleum
Research Fund, administered by the American Chemical
Society, for partial support of this research. Part of this
work was performed at the Aspen Center for Physics; we
thank the center for hospitality.

IP. W. Anderson, Science 235, 1196 (1987). For a review of re-
cent work see, e.g., High Temperature Superconductivity, edit-
ed by K. S. Bedell, D. Coffey, D. E. Meltzer, D. Pines, and J.
R. Schrieffer (Addison-Wesley, New York, 1990). Supercon-
ductivity in a Hubbard model with disorder has been dis-
cussed by G. T. Zimanyi and E. Abrahams, Phys. Rev. Lett.
64, 2719 (1990).

ZFor a recent review, see, e.g., P. A. Lee, T. M. Rice, J. W.
Serene, L. J. Sham, and J. W. Wilkins, Comments Condens.
Matter Phys. 12, 99 (1986).

3See, e.g., A. J. Leggett, Rev. Mod. Phys. 47, 331 (1975).

4T. R. Kirkpatrick and D. Belitz, Phys. Rev. Lett. 66, 1536
(1991).

SR. Balian and N. R. Werthamer, Phys. Rev. 131, 1553 (1963).

6V. L. Berezinskii, Pisma Zh. Eksp. Teor. Fiz. 20, 628 (1974)
[JETP Lett. 20, 287 (1974)].

’T. R. Kirkpatrick and J. R. Dorfman, Phys. Rev. A 28, 1022
(1983).

8See, e.g., J. W. Negele and H. Orland, Quantum Many-Particle
Systems (Addison-Wesley, New York, 1988).

9See, e.g., G. Grinstein, in Fundamental Problems in Statistical
Mechanics VI, edited by E. G. D. Cohen (North-Holland,
Amsterdam, 1985).

10F. Wegner, Z. Phys. B 35, 207 (1979); K. B. Efetov, A. L. Lar-
kin, and D. E. Khmelnitskii, Zh. Eksp. Teor. Fiz. 79, 1120
(1980) [Sov. Phys. JETP 52, 568 (1981).

11A. M. Finkelshtein, Zh. Eksp. Teor. Fiz. 84, 168 (1983) [Sov.
Phys. JETP 57, 97 (1983)].

12A. M. Finkelshtein, Z. Phys. B 56, 189 (1984); C. Castellani, C.
Di Castro, G. Forgacs, and S. Sorella, Solid State Commun.
52,261 (1984).

13M. Grilli and S. Sorella, Nucl. Phys. B 295, 422 (1988); D. Bel-
itz and T. R. Kirkpatrick, ibid. B 316, 509 (1989).

14T, R. Kirkpatrick and D. Belitz, Phys. Rev. B 41, 11082
(1990).

I5A. M. Polyakov, Phys. Lett. 59 B, 79 (1975).

16D. Pines and P. Nozieres, The Theory of Quantum Liquids
(Addison-Wesley, New York, 1989).

17A. A. Abrikosov, L. P. Gorkov, and I. E. Dzyaloskinski,
Methods of Quantum Field Theory in Statistical Physics
(Dover, New York, 1975).

18p_ W. Anderson, J. Phys. Chem. Solids 11, 26 (1959).

19The result expressed in Eq. (3.17) is what one would expect,
and it is consistent with all causality requirements. However,
in the formal derivation of Eq. (3.17) we have encountered
mathematical difficulties related to the branch cuts of the log-
arithms in the potential which we have been unable to resolve
rigorously.

20See, e.g., D. Forster, Hydrodynamic Fluctuations, Broken
Symmetry, and Correlation Functions (Benjamin, Reading,
MA, 1975).

21T, R. Kirkpatrick and D. Belitz, Phys. Rev. B 45, 3187 (1992).

22T, Ando, A. B. Fowler, and F. Stern, Rev. Mod. Phys. 54, 437
(1982).

23D. Belitz, Phys. Rev. B 35, 1636 (1987); 35, 1651 (1987).

24D, J. Scalapino, J. R. Schrieffer, and J. W. Wilkins, Phys.
Rev. 148, 263 (1966).

25C.-H. Pao and N. E. Bickers, Phys. Rev. B 44, 10270 (1991).

26M. Gurvitch, J. M. Valles, Jr., A. M. Cucolo, R. C. Dynes, J.
P. Garno, L. F. Schneemeyer, and J. V. Waszczak, Phys.
Rev. Lett. 63, 1008 (1989).



