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We analyze the effects of fluctuations on the gap and critical temperature of a superconductor. The

model Hamiltonian chosen is one of the simplest:

the U-negative Hubbard model. A diagrammatic

self-consistent approach is used, and a second-order self-energy is calculated in order to take into ac-
count local fluctuations. Our results show a decrease of the superconductor gap and critical temperature
with respect to the mean-field solution. The ratio 2A /kz T, is not modified, however, by the local fluc-
tuations if the self-energy matrix in a site representation extends only to the lattice nearest neighbors. In
this approximation, the superconductor gap is found to be constant along the Fermi surface. Further
nearest-neighbor interactions introduce a superconductor gap that changes along this surface.

I. INTRODUCTION

The appearance of high-T, superconductors'? has
renewed the general interest in superconductivity. The
mechanism leading to the Cooper pair formation™>
(electron-phonon or electron-electron interactions), and
the role played by magnetism in these compounds are not
yet clear. In a phenomenological approach, different
model Hamiltonians have been proposed.>’ The aim of
this work is to explore one of the simplest of these phe-
nomenological Hamiltonians (the U-negative Hubbard
model), analyzing the electronic properties beyond the
mean-field approximation. The interest of this analysis is
suggested by the strong electron-electron (e-e) coupling
shown by these high-T, superconductors. In particular,
the coherence length is rather small in these materials,
£~10-20 A, and comparable to the e-e distance. One
may expect that in these conditions, corrections to the
mean-field solution could be non-negligible, and that
quantum fluctuations may play a role in the supercon-
ducting properties of the materials.

We have chosen to analyze the U-negative Hubbard
Hamiltonian, but a more general case could be discussed
following the same ideas developed below. In particular,
we argue that our results have a more general validity
and can be extended to other, more complex, Hamiltoni-
ans.

In Sec. II, we begin by reviewing the mean-field solu-
tion of this Hamiltonian, introducing, subsequently,
correlation effects through the inclusion of the second-
order self-energy, calculated using a self-consistent per-
turbative approach. In Sec. III we analyze the effects of
fluctuations on the gap and critical temperature, using a
local approximation for the proper self-energy. The rath-
er cumbersome calculation of the second-order self-
energy has been included in Appendix A.

Finally, we have checked the correctness of our self-
consistent perturbative approach, by evaluating the total
energy of the superconductor up to O(U?), as given by
our calculation. It is shown in Appendix B that this ex-
pression coincides exactly with the second-order expan-
sion of the energy calculated in Ref. 15.

II. SECOND-ORDER PERTURBATIVE
SOLUTION OF THE U-NEGATIVE
HUBBARD SUPERCONDUCTOR

We start from the U-negative Hubbard Hamiltonian:
A=3(eg—plhi,+ 3 1852, + S, ()

i,o i#j,o

where indices i and j run over all atomic positions of the
system. The hopping parameters are #; =t for nearest
neighbor and zero otherwise, and we take U = —|U|. As
we will be interested in working with a variable number
of particles, the usual term depending on the chemical
potential, g, is included. A very complete and up to date
review on the problematic of this Hamiltonian can be
found in Ref. 8.

The superconducting solution of Hamiltonian (1) has
been obtained using a mean-field approximation.® Our
purpose in this paper is to go beyond, including correla-
tion effects up to second order in a self-consistent pertur-
bation theory. We will concentrate in studying the trends
of the superconductor gap A and the critical temperature
T,, as the effects of fluctuations are included. Moreover,
we will only consider the situation in which A is much
less than the bandwidth. Therefore, our results will not
be valid, in principle, in the strong-coupling regime.

It is convenient to make a change in Hamiltonian (1),
from a localized basis to a Bloch one (the one which diag-
onalizes the one-electron part of the Hamiltonian):

ﬁ = 2(6}*#)@1{0@]‘”
k,o

U ~ /\T 3
N Xz +q,TCk,TCk’—q,lck’,l'
kk'.q

(2)

As is well known, the mean-field solution of Hamiltonian
(2) can be obtained from first-order self-consistent pertur-
bation theory.!®!! In order to introduce the formalism
that will be used throughout the paper, we review, briefly,
this mean-field solution. Using the Nambu formal-
ism,!!' 13 we introduce the following 2 X 2 Matsubara ma-
trix propagator:
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G(k,7)
Flx,r)

F(k,7)

Gk, )= G'(k,7)

(3)

where

G(k,7)=G(k,7)=—( T [e (1L (O], @
F(k,7)=G(k,7)=—(T [ ()R _ ()], (5
Flk, 1 =G, (k,r)=— (T, [e", (el (0], ©
G'(k,7)=Gp(k,7)=—( P [eL  (Pe_ (0],

which correspond, respectively, to propagation of elec-
trons, annihilation and creation of electron pairs, and
propagation of holes.

In Fig. 1 is shown the graphical convention used to
represent the Matsubara frequency-dependent propaga-
tors, corresponding to the ones defined in Egs. (4)-(7).
These four propagators are not wholly independent;
F(k,0,)=F'(k,0,),and G'(k,0,)=—G(—k,—w,).

In self-consistent perturbation theory one solves the
matrix Dyson equation to any desired order of the per-
turbation

6=6"+6""%¢G , ®

where the proper self-energy matrix $, is calculated using
the full matrix propagator G, which is then determined in
a self-consistent way.!°"'2, G'® represents the unper-
turbed propagators and has therefore the off-diagonal ele-
ments equal to zero.

To first order in the mteractlon we have two coupled
equations for G (k,»,) and Fi(k, ,) [see Figs. 2(a) and

2(b)]. These equations can be written in the following
algebraic form:
(iw, —+p)G(k,o,)=1+2%2,,G(k,0,)
+3,F(k0,), ©)
Al t
G (k, iwn) = |k, iwn F (k, iwn) = [Kiwn
At '
Yy Y
Ff(—k’/iwn):—: [(.,iwn G‘(F,iwn )= i(.)iun
Al Vi
FIG. 1. Graphical convention used to represent the propa-

gators G(k,w, ), F(k,w, ), Fl(k,w,), and G'(k,w, ).
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(io, +€,—pF(k0,)=2,G6k,o0,)
+3,,Fl(k,,) . (10)

The diagonal self-energy [see Fig. 2(c)], can be dealt with
as a simple renormalization of the diagonal level:

€, +Hartree term—u=¢, . (1D

The off-diagonal self-energy Z,, will provide the gap
equation and can be calculated from the diagram
represented in Fig. 2(d):

1ul

2== NB :

zF"(k Q @, —V,) . (12)

Equations (9), (10), and (12) have the self-consistent solu-
tion:

and
2 2
Uy Uy
= , 14
Gkow,)= ‘o, —E, | io, +E, (14)
1 - 1 . 1
F'(k,0,) Uy Kiﬂ’n —E, e, +E, (15)
where
E,=VE+A?, (16)
2 2 1 ’ék
=l—vi=— 1+ —
uk 1 Uk 2 Ek N (17)
A
U V=" . (18)
kVk 2E,

Ly

m @ Z“) v,

(c) (d)

FIG. 2. Diagrams contributing to the first-order proper
self-energy. Double and single lines represent, respectively,
dressed and undressed propagators. (a) Dyson equation for the
propagator G(k,w,). (b) Dyson equation for F Y(kw,). (©
First-order diagonal self-energy. (d) First-order nondiagonal
self-energy.
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FIG. 3. Different contributions to the second-order proper
self-energy (see the text).

We will discuss further the gap equation [that can be
obtained straightforwardly from Egs. (12) and (13)], and
its solution in Sec. ITI.

Let us explore now the possibility of going beyond this
mean-field solution, by calculating higher-order terms in
the diagrammatic expansion of the proper self-energy. In
this paper we will consider the effect of second-order
corrections.

In Fig. 3 these second-order diagrams of the proper
self-energy are drawn. Diagrams in Figs. 3(a) and 3(b)
are the ones contributing to the diagonal self-energy
3(3(k,w,) and in Figs. 3(c) and 3(d) to the nondiagonal
self-energy ={2(k,w,). Other second-order diagrams,
like the one represented in Fig. 3(e), can be ruled out be-
cause they are taken into account when using dressed
propagators.

The exact expressions of these four diagrams are given
in Appendix A. We are interested, however, in a situa-
tion where A << B (B being the bandwidth), and the fol-
lowing approximations can be made in this limit.

First, we neglect dynamical corrections in the evalua-
tion of the gap and critical temperature, taking the limit
®,—0 in the calculation of the self-energy diagrams.
Obviously, this would not be correct in the strong-
coupling regime where dynamical corrections should be
included.

Within this approximation, the diagram in Fig. 3(a),

A. MARTIN-RODERO AND F. FLORES 45

which is the only one that survives in the normal phase,
tends to a constant value (zero in the half-filled band
case), and plays a negligible role in the gap and critical
temperature, simply renormalizing the level €,. On the
other hand, the remaining three diagrams tend to a
nonzero constant value. We can see, however, that the
diagram of Fig. 3(b), which contains two anomalous
propagators (anomalous in the sense of being absent in
the normal phase), F and FT, must be of order ~A2 For
the same reason the dlagram in Fig. 3(c) is of order ~A°>.
It is clear, therefore, that the leading correction in the
limit of the small gap parameter, A, is given by the dia-
gram represented in Fig. 3(d), contributing to the nondi-
agonal self-energy, and which is obviously of order ~A.
It must be remembered that this neglect of terms of order
greater than the leading one is the usual procedure for
obtaining, for instance, the gap equation in the mean-field
approximation.

We are left, then, with the diagram in Fig. 3(d). There-
fore, we approximate the full off-diagonal self-energy
3{2(k,w,) by this diagram. Details of the evaluation of
the temperature-dependent ={3 are given in the Appen-
dix.

Let us comment that a self-consistent second-order
solution to the Dyson equation (8) can be obtained using
as an ansatz, expressions for the dressed propagators G
and F' formally identical to the BCS ones, Eqgs. (14) and
(15), the only difference being the appearance of a k
dependence on the gap due, obviously, to the k depen-
dence of Em(k ®,). Therefore, we will use Eqgs.

(14)-(18) for the evaluatlon of the diagram with the sub-
stitution of A for A(k). It is important to stress that this
procedure does not imply our “forcing” the self-
consistent solution for the propagators G and F T to be
BCS-like. As a matter of fact, the inclusion of a self-
energy will always give a self-consistent expression for G
and F' formally similar to the one given by Egs. (14)-(18)
[with the above substitution of A by A(k)], provided we
can neglect the frequency dependence of =?(k,w,). As
commented above, approximating =?)(k,w, ) by its value
at w,=0 is reasonable, as we are only interested in
evaluating the gap parameters and the critical tempera-
ture, and we are in a regime where A, T, <<B.

Equation (A17) in the Appendix gives our final results
for ={2(R,», =0) (the second-order self-energy matrix
elements in a site representation, R being any vector of
the direct lattice), as a function of A(k), the supercon-
ducting gap, a quantity depending itself on 23

We will use the following shorthand notation:

32(R,0,=0)=Z2(R), (19)

22k, 0,=0)==3(k) . (20)

Both expressions are related by

23 (k)= 2F(R)e™® . @1
R

We can write, now, the self-consistent equation for
A(k) as
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Alk)=—3,(k), (22)

where 2,,(k) represents the sum of the first- and second-
order contributions:

3 ,(k)=2Pk)+=P(k) . 23)

For our purposes it is more convenient to express the
self-consistent condition, Eq. (22), using the site represen-
tation. Then writing A(k) as

A(k)=Ay+ 3 A(R)e’*R | (24)
R#0

we have the following self-consistent equations:
— A=) +3P(R=0), (25)
—AR)=ZF(RF0) . (26)

Equations (25) and (26) provide a system with an
infinite number of equations which must be trunctated in
some way. For instance, retaining only Eq. (25) is
equivalent to taking a local approximation for the self-
energy, giving a gap with no k dependence. A better ap-
proximation and, probably, a very reasonable one in most
situations, will involve using nearest neighbors in Eq.
(26). For instance, for the two-dimensional (2D) square
lattice, we will have

3,=2+2B(R=0)
+223)(R)[cos(k,a)+cos(k,a)] . 27
were R, =nearest-neighbor vector, and a is the lattice

constant. Accordingly, we introduce the following A(k)
function:

A(k)=Ay+2A,[cos(k,a)+cos(k,a)] (28)
and write down the following equations of consistency:

—Ay=3+32(R=0), 29

—A,=33%(R)) . (30)

III. THE SUPERCONDUCTOR GAP
AND THE CRITICAL TEMPERATURE

We will discuss now the main results of our calcula-
tion. Let us consider first the mean-field solution, intro-
duced in Sec. II.

The self-consistent Eq. (13) leads us to the well-known
gap equation:

|U| fw tanh(V w2 +A2/2k, T)p(co)
V o+ A2

where p(w) is the unperturbed electronic density of

do, (31

states. The superconductor gap at T =0 is then easily
obtained from
|U| plo)
1=— do (32)
f o V2 + A2

while the critical temperature T, is given by

13011

» tanh(|o|/2kp T, )p(
|U'f anh(jo) o PO e (33)

From Eqgs. (32) and (33) one can derive the well-known
ratio

2A
kB Tc

~3.53 (34)

irrespective of the detailed form of p(w). (Notice that
this is due to the fact that both integrals diverge in the
same way if A and kzT, go to zero, keeping
2A/kpT,=3.53.)

Let us turn now our attention to the effects of fluctua-
tions on the gap and critical temperature, as introduced
by our second-order calculation.

First, we will analyze the simplest case, approximating

3(3(k) by its local part:

32(k)~32(R=0) . (35)
From Eq. (A17) in Appendix A, we have

S 2(R=0)
» tanh(V@?+ A +A2/2kBT)p(a))
NB_— f ma
Vo +A?
(36)
where B is defined as
w . pleyples)
=2 " de, [ “dey—— . 37
=2’ def “deriom

Then, the self-consistent Eq. (25) gives the following
gap equation:

1= IU’[ fw tanh(V o?+ A2 +A2/2kp Tp(w)

Vo do, (38)
@

where U'=U +BU>

The term 3{3(R=0) in Eq. (25) has the opposite sign
to the first-order term, ={}. As a result, A is smaller than
the mean-field gap. Thus, we conclude that the second-
order correction tends to decrease the superconductor
gap. This effect is analogous to the decrease of the corre-
lation gap in the U-positive Hubbard model when fluc-
tuations are included, as should be expected, due to the
mapping between the U >0 and U <0 models at half
filling.'*

The same can be said of T, which decreases too. The
ratio 2A/kyT, is not changed, however. This is under-
stood by realizing that, whatever the form of p(w) and
g (w), the integrals appearing in Eq. (38) give the same
value for the case T =0 as for the case T=T,, A=0, if
we take in both cases 2A /ky T, =3.53.

Let us comment now briefly on the effect of a nondiag-
onal nearest-neighbor self-energy in the self-consistent
equations [see Egs. (29) and (30)]. Let us consider, for the
sake of simplicity, the case of the 2D square lattice dis-
cussed in Sec. II. Then, the energy dispersion for the
electron band, with nearest-neighbor interactions, yields
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€(k)=¢y+2t[cos(k,a)+cos(k,a)] . (39)

This equation shows that [cos(k,a)+cos(k,a)] is a
constant at the Fermi surface. Then, we conclude that in
the approximation we are considering [see Eq. (28)]

€r— €

A(k)=Ay+A, (40)
€ being the Fermi energy.

As a result of this, with the inclusion of nearest-
neighbor terms in the self-energy, the superconductor gap
is still a constant and independent of k. Moreover, fol-
lowing the argument given for the on-site approximation,
it is easy to show that also in this case 2A/kp T, ~3.53,
although A and kz T, are reduced somehow by the local-
field effects associated with the nearest-neighbor self-
energy. The inclusion of further terms in the site expan-
sion of 3{3(k), beyond nearest neighbor will introduce
some k dependence on the gap. One hopes these correc-
tions to be negligible for a 3D system, but maybe they
ought to be considered for a detailed calculation in the
2D case.

In order to analyze more specifically the previous re-
sults for the gap and the critical temperature, we present
here some analytical and numerical results for a very sim-
ple case. To this end, we consider the most simple depen-
dence for the unperturbed density of states:

1/B if ol <B/2

0 otherwise , (@1)

plo)=

where B is the bandwidth. We place the Fermi level at
»=0, and approximate the second-order self-energy by
its local part.

Then, Eq. (38) can be easily solved for the cases T =0,
A#0,and T=T,, A=0. For T =0, we find

2

In . (42)

B
A

A comment should be made on the parameters of the
model, B and U. Though it has no physical meaning to
attempt any direct comparison between our results for A
and T,, and those of the actual systems, some fitting can
be made for B and U, in order to get values of A and T,
not too far from the ones found in experiments for the
high-T, materials.

From Eq. (42), we have

A~Be BV 43)
with

|U'|=|U|[1—21n(2)|U|/B], (44)
whereas the mean-field value is

A~Be B/IU (45)

Obviously, as |U’| <|U|, there is a decrease in the gap.
For T =T, and A=0, we have
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| U] Be? Be?
I=—"In|—F— |—2In(2) | | 1 , (46
B | kpT,m n\ g (I | @O
where v is the Euler constant. This equation yields
4 -
kT, ~%—Be B/IUI @7)
T

So, the critical temperature enhancement with respect
to its mean-field value:

Y
kBTC:%Be—B/'U' (48)

is exactly the same as for the gap. Therefore, within this
approximation, the ratio
2A 21

kBTc :e—723.53 (49)

is not changed with respect to its mean-field value, as it
was discussed above.

For an estimation of the order of magnitude of this de-
crease, let us take B =2 eV and U =0.40 eV. We find
from Egs. (43) and (45)

ZAMF20‘0267 eV N (50)
27, ~0.0040 eV , (51)

where 2A ., and 2Ayg represents, respectively, the gap
calculated with correlation effects included, and in the
mean-field approximation. Due to Eq. (47), there is an
equivalent decrease T,.

IV. CONCLUSIONS

These results show the important effect that local fluc-
tuations introduce in the superconductor gap and critical
temperature, although the ratio 2A /ky T, is not changed
with the self-energy matrix elements extending only up to
nearest neighbors. It should be mentioned, however, that
we cannot exclude that further interactions, with Z{2(R)
extending up to second or third neighbors [or what could
be even more important, the inclusion of electron-
electron interactions in Hamiltonian (1) between different
sites’], might introduce a gap variation along the Fermi
surface. Work along these lines is in progress in our labo-
ratory.
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APPENDIX A: CALCULATION OF THE
SECOND-ORDER SELF-ENERGY

The most compact way of evaluating self-energy
corrections in the superconducting phase is using the full
matrix notation of Nambu [see Egs. (3)—(7)]. To this end,
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is convenient to write down the Hamiltonian (2) as a
function of the Nambu matrix propagators. (A similar
procedure can be found in Ref. 11 for the case of the su-
perconductor phase of the electron gas.)

Defining the matrix field operator:

W+ 3 (e—wPi(7
K

where the matrix 73 is

1 1

3= 1 —1 (A3)

and 7 is simply the identity matrix.

It is worth noticing the difference between vertex with
spin 1, characterized by a matrix factor +(73+7,), and
the ones with spin |, for which the factor is L(7;—7).

Written in this form, we can apply the Feynman-
Dyson perturbation theory on the interaction term
to calculate the matrix propagator:

Gk, 7)=— (D [$(n)50)]) . (A4)

The only change in the usual Feynman rules is that
each vertex coupling an electron line to an interaction
line includes a factor 1(73+7,) for spin up and 1(7;—7,)
for spin down, as mentioned above.

To)¢k

13013
. q,
U= (A1)
—kl
we can write the Hamiltonian as
—-M + L7 ) (A2)
N > [¢k+q7(7’3 To)¢k][¢k —q2\T37 7o ¢k] s

k,k',q

[

Using these rules we can evaluate Sm(k,wn ), the
second-order matrix self-energy. In Figs. 3(a) and 3(b)
are represented the diagrams contributing to the diagonal
matrix element, ={2(k,w, ), and in Figs. 3(c) and 3(d) the
ones contributing to 3{3(k,w,). The other two matrix
elements, 33(k,0,) and 2(2)(1:,(0,, ), are related to

2k, 0, )and 2‘2)(k,w,,)

3P (k,0,)=—23(—k,—0,),

(AS)
32k, 0,)=22(k,0,) .

As commented in Sec. II, diagrams like the one drawn
in Fig. 3(e) do not contribute to the self-energy when us-
ing a self-consistent perturbation theory because they are
included when using dressed propagators.

Representing by 2(1213,,,2(1212,,,21“, and 212 »» Tespec-
tively, the four diagrams of Figs. 3(a), 3(b), 3(b), and 3(d)
we have the following expressions:

2
32, (kw,)=— 7\% S S Gk—qw,—v,)GK +q0,+v,)G (K,0,) , (A6)
q.k’' v, w
U 2
=2, (ko,)= B S 3 Flk—qo G'(k—q—q,0,—v,—V,)F(k—q,0,—V,) , (A7)
9,9 vn,v;
U 2
35 . k0,)=— NB > 3 Fl(k—q,0,—v, ) F(k'+q,0, +v, Fl(k,0,), (A8)
q,k’ v”,a):l
U 2
=2, (k,0,)= NB S S Gk—q,0,—v,)Fl(k—q—q,0,—v,—v,)G'(k—q,0,—V,) (A9)
9,9 vn,v;‘

where 0, and w, represents fermionic discrete frequencies whereas v, and v/, are bosonic ones. The Green functions

G, F, Fqr and G’ are defined in Eqgs. (4)—(7).

In Sec. II it is argued that the nondiagonal self-energy 212 »(k,0,) gives the leading term ( ~ A) for the obtainment cf
the gap and critical temperature. We proceed, then, to obtain the explicit expression of the full temperature-dependent

=, (k,»,). We have

R0 =5 |+ p> %%')[uﬁ_qvﬁ_qaumn,zzk_q o Ex—grErq)
+(uf_qui—q toi-vi-g B0, Ey_q g Ev—gEx—g)] » (A10)
where we have made the following abbreviations:
A(i(D,,,El,Ez,E3)E f(El,E2>E3) f(‘EI’_Ez»_Eﬁ f(E\,—E,,—Ej;) _ f(”ElrEz»Es) (A1)

io,+E,+E,+E, iw,—E,—E,

_E3 iwn+E1'—E2—

E3 iwn—E1+E2+E3 ’
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(E,,—E,,E;) (—E,,—E,,E;)
Blio,,E ,Ey Ey)= ,f DAt L f St et M (A12)
iw,+E,—E,+E; io,—E,—E,+E;
and
SELEy) Ey)=np(Enp(Ey)npg(Ey)+np(—E )ng(—E,)ng(—E3) , (A13)
where ng is the Fermi distribution function.
For the discussion made in the paper, it is convenient to calculate this self-energy in a site representation:
SR i, )= % S 3@k, iw, )e kR | (Al4)
k

where R is any vector of the direct lattice. Then, from Eqgs.

tional symmetry of our system, we have
—i(k,+k,+kyR

10U0? Ak, )e
2N ok, Ey

212(R l(t) )=

1

(A10), (A11), and (A12), and making use of the transla-

[uﬁlvf(SA(ia),,,Ek],Ekz,Eka)+(uf(2u12(3 +v12(2v,2(3 )B(iw,,Ey ,Ey,Ey )] .

(A15)

Now, this last expression can be simplified a great deal, as we are only interested in the limit of low temperature

and small gap (both much smaller than the bandwidth).

First, we note that for very low temperatures, most of the Fermi factors appearing in Eq. (A15) [through Egs. (A11)
and (A12)], can be taken as either 1 or 0. A special caution must be followed when dealing with the term A(k,)/Ey

and its corresponding Fermi factors, because the logarithmic divergence that can arise from this term must be taken

into account in a proper way.

(kl )tanh(BEkl /2)
e

U2
2N3kk22 Ey

SP(R,0,)~ —iR 2

1

where B=1/kpT.

v
k2 k3

With this caution, we can take B =0 in Eq. (A15), and rewrite the remaining term as

1 1
ia)n+Ek1+Ek2+Ek3 iwn—Ekl_Ekz_Ek3 ’

(A16)

We can simplify further the above expression, taking inside the parentheses E, ~ l?k'_ | (remember that A << band-

width). Moreover, as we are interested in the region where @, —0, we will neglect the frequency dependence in Eq.

(A8), setting w, =0.
Then, converting the summations into integrals:

A(k,)tanh( /3Ek /2)e
33 (R,0,=0)=

—ikR

—ik;R 1

dk
(27 f : V& T Ak

fdkzuizeglkzkfdkﬂﬁ}e

|8, |+ &, | + [, |

(A17)

where 7 is the dimension of the lattice. This is our final result.

APPENDIX B: CALCULATION OF THE
GROUND-STATE ENERGY

In this appendix we calculate the ground-state energy
of the superconductor, as given by our self-consistent
perturbative method.

It is shown that it coincides, up to O( U?), with an in-
dependent calculation,'® consisting of a perturbative ex-
pansion of the free energy.

Finally, we rederive the gap equation obtained previ-
ously in Sec. III, minimizing the ground-state energy
with respect to the gap parameter.

We first derive an exact expression for the ground-
state energy of the Hubbard superconductor as a func-
tion of the one-particle Green functions. As we will

work at T=0, it will be more convenient to use the
Green functions as defined in the T=0 formalism, in-
stead of the Matsubara ones. We have

G(k,1)=G,;(k,t)=—i{ T[2 (102 [,(®]) , (B1)
F(k,t =G y(k, )= —i{T[2),(1)¢ _,,(0)]) , (B2)
Fl(k,t)=G,,(k,t)=—i{(T[e T (e (1), (B3)

G’(k,t)=G22(k,t)=—i(T[6 _kl(t)c 0] . (B4)

The obtainment of the 7=0 Green functions is
straightforward from the Matsubara ones. The prescrip-
tion in this case is trivial: substitute iw, —w+in for the
electron part of the spectrum and iw,—w—in for the
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hole part.!

Now, from the Hubbard Hamiltonian, Eq. (2), the fol-
lowing exact result can be derived (see, for instance, Ref.
16):

1 0+ €
<ﬁ)=%§ ﬁdw 3

Gl k,w), (BS)

where the contour integral must be taken in the up-
perhalf part of the complex plane.

The subindex ¢ on GJ(k,w) indicates that causal
Green functions must be used. It would be more con-
venient, however, to write down this expression as a
function of the Nambu Green functions, Egs. (B1)-(B4),
we are using to describe the superconducting phase, in-
stead of the causal ones. We have

|

13015
Gl(k,0)=G(k,0) , (B6)
Gl(k,0)=—Gypl—k, —0) . (B7)
Then, it is easy to write Eq. (B5) as
1 O+ €
<ﬁ>_2m,95dw - Gu(ko)
1 — O+ €
+2m_45dw > Gnlke), (B8)

where the contours of integration of the first and second
integrals are to be taken in the upper and lower complex
half-planes, respectively.

We can modify this expression, making use of the
Dyson equations for G;; and G,,, and write Eq. (B8) in
a more useful form for our purposes:

(I?)=—2%ﬁdm[ekGll(k,w)—l—%zu(k,w)G“(k,w)—i—%zlz(k,m)Gzl(k,m)]

+ ZL ﬁdw[Eszz(k,w)—%Ezz(k,w)Gzz(k,a))—%EZI(k,w)Glz(k,w)] . (Bg)
i
Again, the contour must be taken in the upper and lower complex half-plane, respectively.
Equation (B9) can be written in a more compact form, making use of the full matrix notation:
(ﬁ)=2—1745dwTr[(ek?o+%§"r‘3)@], (B10)
T

taking the precaution, on evaluating the trace, of integrating the first element in the upper complex half-plane and
second one on the lower. The matrices 73 and 7, are defined in Appendix A.

We pass now to evaluate the expression of the energy, up to O(U?), substituting in Eq. (B9) the second-order self-
energies, calculated from Egs. (A6)-(A9). The explicit form of these self-energies is

v’ ul wi. uid vi_ ul, wi
32, (ko)= | & —4 = — + —=td — |, (B11)
tha N qu 0—Ey_q—Ey—Ep q+in  o+E_g+E +Ey, q—in

2 2
2 (ko)=— U s Uk—qYk—q¥k—g—q¥k—qVk—q Uk—qYk—qYk—q—q¥k—qVk—¢ (B12)
e N|& |0o—Ex—q—Ex_q—Ex_q_q+in  0+E_q+E_q¢+Ex_qq—in |’
2

3, (ko) U s “k—q”k—q“k'”k'“k%qvk'fq_uk—q”k—q“k’”k’“k%q”k’fq ’ (B13)

N a.k w_Ek—q_Ek_Ek'+q+17’ w+Ek—q+Ek+Ek'+q_l7’

v’ up_qu v Vi_g vE_ gty Dy up_ o
z(lzzzb(k’w): =13 |- k—q"k—q—q'"k—q—q' "k—q : —97k-q-q" k-q-q' "k-q' (B14)

N| & | 0—E q—E ¢q—Ey q ¢+in " 0+E, q+E,_g+E,_ q—i7

Now substituting in Eq. (B9) and neglecting terms of order greater than O(U?), we have

2
1 A )

N < 2E,

U

2,,2 2,2
(Uku k'—q —ukvkuk'_qvk',__q)(vk'uk+q —ukrvk'uk+qvk+q)
N 2

Ex+Ey+Ey +Ep 4

n’+

’

2 N
(H)=23 evi+—
k 4

k,k',q

(B15)

the contribution of the diagram in Fig. 3(a) (£3,). The
term containing %,V Uy _qUy_qUVx ity qlkiq IS PToO-
duced by the diagram in Fig. 3(b) (2{3,). Obviously,
these two terms will not contribute to the gap equa-
tion in the limit of small gap parameter. The re-
maining two terms, containing the factor
—ukvkukf_qvk,_qvﬁ,uﬁ+q, are equal and come from the
diagrams in Fig. 3() (3{7,), and 3(d) (2{}),). Both

where n is the number of electrons per site. This is the
same expression found in Ref. 15 for the expansion of
the energy up to O(U?).

The second-order term of Eq. (B15) presents some
features of interest related to the discussion of Secs. II
and III. It can be decomposed into four different contri-
butions coming from the four terms of the numerator.
The one containing the term viu ﬁ'_qv tu +q comes from
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terms contribute in O(A?) to the energy and give the
leading second-order correction when deriving the gap
equation.

It may seem surprising that the self-energy diagram,
E(lzlfb(k,co) [see Fig. 3(b)] that we have neglected when
deriving the gap equation in Secs. II and III, because it
was of order ~AZ, must be included in order to obtain
the correct energy and, hence, the correct gap equation
when obtained from the energy.

There is no contradiction in this. In Sec. II, the gap

equation was obtained from the self-consistent condition
Ak)=3,(k,0=0)==)+ 33 (k,0=0) . (B16)

In this expression all terms of order greater than the
leading one ( ~A) must be neglected in the limit of small

N

s "

(A)=23 i+
K

We are interested in retaining only the terms that will
contribute to the gap equation in the limit A—0. Then,
we approximate the second-order term of the above
equation by

2 U VUV UEu 2,
v kg kg (B19)
N vkaq &+ &+ & |+ &
Now, from the condition
d(H)
=0 B20
Y (B20)
we have
1 UA /I e
2A +2 +28 =0,
% 2E, N % 2E, N % 2E,
(B21)
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A.

However, when calculating the gap equation from the
energy, the diagonal self-energy 2(1213,,~A2 must be in-
cluded in order to obtain an expression for the energy
correct in order A2,

To illustrate this point, we will derive the gap equa-
tion from the expression of the energy, using the same
approximations as those in Sec. III. First, we approxi-
mate the four self-energies, 2(1213,,, 2(1213,,, 2(1223[,, and 2(1223,,,
by their local value:

1

V-~ 3 2k 0),

2 B17
N 2 2 (B17)

i,j=1,2, a=a,b .

When doing this, the expression of the energy is not
exactly that of Eq. (B15). Instead we have

2,2 2.2
(Viug —upvuqvg NVt g — UV Ugvy)

(B18)
Ex+Ey+E+Eg
T
where
viul,
S G (B22)
N @g & |+ %]
Finally, we have the following gap equation:
lz—&_l—ﬁé N (B23)

where U'=U +BU? For the case of a half-filled band
and a constant unperturbed density of states we have
B=2In2/B as in Eq. (44).
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