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The calculations of the superconducting transition temperature, including the lowest-order vertex
corrections, are carried out for three models: the BCS-type instantaneous interaction, a retarded
isotropic interaction described by the Eliashberg spectral function o®F () and a spin-fluctuation
interaction with four é-function peaks in the corners of a square Brillouin zone. In the isotropic
case the effect of higher-order self-energy diagrams is to suppress the critical temperature calculated
within the mean-field approximation when the characteristic energy of the boson responsible for the
pairing is not small compared to the Fermi energy. In the case of the model with sharp peaks in the
momentum space the vertex correction can lead to an increase of Tt..

I. INTRODUCTION

In spite of the fact that the mechanism of high-
temperature superconductivity remains unclear, there
are several questions regarding the calculations of T, that
can be addressed, regardless of the symmetry of the or-
der parameter. Firstly, how large is a typical energy of
the bosons that mediate pairing compared to the T..
Secondly, how are the other energy scales, such as the
Fermi energy Er, the bandwidth and the coupling con-
stants, related to the T.. Thirdly, how does the geometry
of the electronic spectra (and/or the anisotropy of the
electron-boson interaction) affect the relation between
the T, and the energy scale of the pairing bosons. In the
conventional electron-phonon superconductors the main
energy scales satisfy the inequalities T, < wp < Ep,
where wp is a typical phonon energy. The BCS theory,
which is quantitatively accurate when 7, < wp, gives
T. ~ 1.14wpe~*/* + O(Awp/EF),' where X is the cou-
pling constant, and therefore Er drops out of the prob-
lem with a high accuracy. However, if wp/EFr is not
small, as has been suggested for fullerenes,? the question
is what is precisely the sign and the magnitude of the
correction to the BCS formula for 7,. The same prob-
lems remain in the strong-coupling regime T, /wp ~ 10%,
in which case the Eliashberg equations®* predict the su-
perconducting transition temperature with the accuracy
O(wp/EF).

For the nonphononic mechanism of superconductivity
in electron gas, a detailed numerical study by Rietschel
and Sham,® who included the full momentum and fre-
quency dependence in the Eliashberg-type equations, in-
dicated that the vertex corrections must have an impor-
tant effect on T.. Subsequent calculations by Grabowski
and Sham® indeed found that T. decreases drastically
when the vertex corrections are included in the calcula-
tions. On the other hand, the effect of vertex corrections
at a Van Hove singularity leads to modest changes of T, in
a k-averaging approximation for the Green’s functions.”

In recent calculations of the T, for antiferromagnetic
spin-fluctuation mediated pairing in copper-oxides,871°
Eliashberg-type equations, which take into account the
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momentum dependence of the spin-fluctuation spectral
density and of the electronic dispersion over the entire
Brillouin zone, were used. These calculations showed
that taking into account the full momentum depen-
dence results in a T,, which is substantially different
from the one obtained by keeping all electronic mo-
menta near the Fermi surface.®!! The full self-consistent
calculations,'®3 which take into account the effect of
pairing correlations on spin-susceptibility calculated in
the random-phase approximation (RPA), show that the
pairing is strongly affected below 7.. The question
remains,’ how important are the vertex corrections in
the spin-fluctuation theories, in spite of the fact that
the spectral weight for the spin-susceptibility used in
Refs. 8-10 peaks at an energy that is much smaller than
the bandwidth (see Ref. 9 and the references therein).
Since the spectral function has a nonzero weight at ener-
gies that are not small compared to the bandwidth, the
sign and the magnitude of the contribution to the T, aris-
ing from the vertex corrections has to be examined quan-
titatively. Recent quantum Monte Carlo simulations for
the two-dimensional Hubbard model’* indicate that the
single spin-fluctuation exchange underestimates the ef-
fective particle-particle interaction, and that high-order
vertex corrections are required.

In the present paper we examine the effect of vertex
corrections for several models. In Sec. II the effect of
higher-order diagrams on the 7. equation is studied for
the BCS-type interaction. It is found that 7. decreases
with increasing Awp/EF and above some critical value
of this parameter the solution of the T. equation does
not exist. In Sec. III the numerical calculations of T, us-
ing the strong-coupling equations with the lowest-order
vertex correction are carried out. In the isotropic case
the T. decreases with increasing value of the ratio be-
tween the characteristic boson energy and EF, as in the
BCS case. However, for a highly anisotropic model of
spin-fluctuation-induced pairing, which is analogous to
the models used previously for copper oxides, there is a
possibility of the enhancement of T, by vertex corrections
in a certain range of values for the chemical potential p.
The last section gives a summary and conclusions.
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II. BCS-INSTANTANEOUS INTERACTION
AND T.-EQUATION

We consider first the Hamiltonian

— t
H= E €pCpoCpo
pPo
P1+P3=Ps+pP4

t t
+ thpzypqucpla-cp,a'cpsd’cpca (1)
P10,pP20’',pso’,psc

with the BCS-type interaction®
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In Eq. (2) V is the interaction constant, § is the step
function, w, is the half width of the energy shell around
the Fermi surface in which the interaction is nonzero,
and €p is the electron energy. The diagrams with one
and two interaction lines in the particle-particle channel
for a general two-body (or a boson mediated) interac-
tion are shown in Fig. 1. One can easily obtain from
these diagrams the diagrams for the irreducible pairing
self-energy! near T, by joining together the two incoming
lines, as indicated by a dashed line in Fig. 1, and by in-
terpreting the resulting line as the anomalous Gor’kov’s
Green’s function. Clearly, the pairing self-energy dia-
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FIG. 1. The lowest-order diagrams for a general BCS type
interaction. A dashed line indicates how to generate the cor-
responding graph for the anomalous self-energy. In the text
we explain which of the diagrams (a)—(d) contribute for the
interaction given by Eq. (2). The diagram (e) is of the order
of A*w2/E% in three-dimensional case and is omitted in our
consideration (see Ref. 15).
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gram generated in this way from the one in Fig. 1(b) is
not irreducible and must be left out. The diagrams in
Figs. 1(c) and 1(d) involve interaction between particles
with parallel spins and are not present for the interaction
given by Eq. (2). It is clear that this method could be
generalized to include the corrections to the irreducible
pairing self-energy near T, from diagrams with more than
two interaction lines, such as the crossed diagram in Fig.
1(e). Using the standard Gor’kov’s form for the anoma-
lous Green’s function (dashed line in Fig. 1) at T,

$p(iwn)
F n) = , 3
(€py iwn) 2re (3)
where ¢, is the pairing self-energy and iw,, = inT(2n—1)

is a fermion Matsubara frequency, one obtains in this way
the equation for ¢, near T, which includes the effect of
vertex corrections

w,.)——TZZ[ ,,(0)+6V""]M (4)

2+e

Here

Vo (0) = —VO(we —

lep|)0(we — lep']) (5)

and the correction term 6Vp"p" is due to diagrams with
two and more crossed interaction lines. As usual, one can
introduce the order parameter

By =T33 V(022 00m) (6)

)
wi +é,

which does not depend on Matsubara frequency iw,.
Equations (4) and (6) imply the following equation for
p

(o
_TZZ w:l,p+€)
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The usual BCS equation for T, is obtained by retaining
only the first term in Eq. (7). In the following we assume
that A = N(0)V, where N(0) is the electronic density of

states at the Fermi level, is less than 1 so that 6VP"”,'."
is small and could be approximated by the contribu-
tion from two crossed interaction lines.’® Then the term
O(|6V, o |2 ) in Eq. (7) could be ignored, and using the
bare reen s functions for the normal propagators in the
second diagram in Fig. 1(a), G(&p,iwn) = (twn — €)1,
one gets
' 1
6‘/;'::;:" = Evp,p’(o)z Zo(“’c — lepy )B(we — |epy |)
Py
y tanh(ep, /2T) — tanh(e,; /2T)

Wnin' + €, — €p;

, (8)
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where p+p’ = p1+p’; and iv,, = inT2n is a boson Mat-
subara frequency. It is easy to see that Egs. (4), (7), and
(8) imply A, = Aé(w.—|€p|), and upon carrying the sums
in the second term in (7) one finds that only Re(SV;"I’:’

contributes. It is important to note that Re&V:z’;," is al-
ways positive and therefore the second term in Eq. (7)
has the sign opposite to the first term. As a result, JVP’;’,?’
will cause a reduction of T.. The equation for the criti-

cal temperature can be written in the following form (see
Appendix A)

1= A(T.) — A== A(T.)?k(T.) (9)
Er
where
A(T) = ,\/wc %€ tanh < (10)
- o € 2T’

and k(T) is a universal function of w./7T defined in the
Appendix A. k(T) as a function of T/TECS, where TBCS
is the solution of the BCS equation A(T2€S) = 1 is shown
in Fig. 2 for several values of A. The interesting feature
of k(T) is a very slow change near T2°S and a rapid
variation in the vicinity of 7 = 0. From Eq. (9) it is
clear that for a fixed A the critical temperature is a de-
creasing function of w./Ep. This is illustrated in Fig. 3
for various values of A. At small w./EF the rate of de-
crease in T, /TS does not depend much on A. However,
when w./EF is not very small compared to 1, T./T2CS
decreases more rapidly with increasing A. The equation
for T,, Eq. (9), is quadratic in A(T.) and it is easy to see
that for a fixed )\ the solution exists only for values of
w./EF smaller than some critical value (w./EF).. More-
over, there are two solutions (the lower ones are given by
the dashed lines in Fig. 3), which approach each other as
w./EF is increased and eventually coincide at (w./EF)c.

T
0.5 T N
0.0 T T T 1
0.00 0.25 0.50 0.75 1.00
T/T BCS

FIG. 2. The function x(T') for different X’s. Curve (1) is
for A = 0.1, curve (2) is for A = 0.2, curve (3) is for A = 0.3,
and curve (4) is for A = 0.5. The dot-dashed line gives the
analytic limit of £(T) when A — 0. The computing time for
T/T. < 0.25 with A = 0.1 became prohibitively long, and the
dashed line just indicates that the curve continues down to
the analytic result at T — 0.
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FIG. 3. The superconducting critical temperatures calcu-
lated from Eq. (9) for different values of A\. Curve (1) is for
A = 0.1, curve (2) is for A = 0.2, curve (3) is for A = 0.3,
curve (4) is for A = 0.5. The dashed lines give the lower of
the two solutions of Eq. (9). The dot-dashed line gives the
analytic limit of the critical temperature when A — 0.

The larger of the two solutions is the physical T.. It
is necessary to emphasize that although the correction
to the BCS term, A(T.), in Eq. (9) is of the order of
Aw./EF, the correction to T, is much larger due to expo-
nential dependence of T, on the correction term, which
is implied by Egs. (9) and (10).

One could argue that the effect of vertex corrections
on the superconducting transition temperature might not
be qualitatively correct within the BCS treatment, since
the changes in the normal (i.e., diagonal) self-energy
due to vertex corrections with a retarded interaction
(e.g., areduction in the renormalization function'®) could
have an important effect. In the BCS treatment only the
modifications of the pairing self-energy are present. In
the next section we address the problem of modifying the
usual Eliashberg theory of superconducting 7. (Ref. 3) to
include the effect of vertex corrections.

III. ELIASHBERG EQUATIONS FOR T.
AND HIGHER-ORDER ELECTRON
SELF-ENERGY DIAGRAMS

In this section we use the Nambu formalism of the
strong-coupling theory'®* to obtain the T. equation,
which includes the effect of the lowest-order vertex cor-
rection. The (2 X 2)-matrix irreducible electron self-
energy could be written as

Bk, iwn) = En(k, iwn) + Sa(k,iw,) , (11)
where
B (k,iw,) = iw, [1 — Zn(k)] 7o + xn (k)73 (12)

is the normal part and

Sa(k,iw,) = Zn (k) [An(k)F1 + An (k)72 (13)
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is the anomalous part. Here, Z,(k) is the renormaliza-
tion function, x, (k) is the shift of the chemical potential,
A, (k) and A, (k) are the real and the imaginary parts of
the gap function (renormalized pairing self-energy), and
%0, 71, T2, T3 are the Pauli matrices.3416 The diagrams for
$(k, iwn,) are shown in Fig. 4, where the solid lines de-
note the dressed (2 x 2)-matrix electron Green’s function
é(k, iw,) and the wavy lines denote the dressed boson
(phonon or spin-fluctuation) propagators. At tempera-
tures T = T, the pairing self-energy becomes vanishingly
small, and one can retain only the terms that are lin-
ear in the pairing self-energy. Then, the normal and the
anomalous part of G(k,iw,) = Gn(k,iw,) + F(k,iw,)
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FIG. 4. The lowest-order skeleton dia-
grams for the electron self-energy. The
order of magnitude of the diagram
with two crossed boson lines is A\%w? /EF in
the three-dimensional isotropic case and

2,2 In(Ef/w.)/Er in two-dimensional
isotropic case. Here A is the coupling con-
stant defined as twice the first inverse
moment of the boson spectral function, and
we is the characteristic frequency of bo-
son spectral function (it is assumed that
we K EF). The order of magnitude of the
skeleton diagrams with three boson lines is

3w3/E% in three-dimensional isotropic case
and AZw? /EFr in two-dimensional isotropic
case.

iwn+0 + En (k)‘f’3

(iwn)? — [En(K)]?’

A (k)71 + A (k)2
(iwn)? — [Ea (k)2 °

respectively. Here, &,(k) is the renormalized electronic
spectrum

En(k) = Zn (k)" ex + X (K)] - (16)

The usual approximation for the electron self-energy in
the case of interaction with phonons and/or spin fluctua-
tions is to keep only the contribution of the first diagram

Nk, iw,) = Z,(k)™?! (14)

F(k,iw,) = Z,(k)™!

(15)

could be written as in Fig. 4,

£ (k, zwn)——T;Z{ Pl(‘k kkf':::n)) }{ 7 }G(k w,,){ } av)

In Eq. (17), the upper line in all curly brackets corresponds to the electron-phonon interaction and the lower line to
the electron-spin-fluctuation interaction. The phonon propagator D can be written in the form

2Q

@) =0 .

D(q,ivy) =N 0)_/ dQB(q,)

where B(q, ) is the phonon spectral weight. The spin-fluctuation propagator P, is defined through a summation of
an infinite series of diagrams involving the irreducible particle-hole interaction,'” and could be expressed in terms of
the spin susceptibility x,(q,w)

2 +o0
I 8 ']
U Xo(@ivm) = -0 o X (D)

P, (qa sz) = o

—oo Wy — W (19)
where U is the interaction constant.!” As is well known, the accuracy of the approximation $(k, iwﬂ) = 3O (k, iw,) in
the case of electrons interacting with phonons in a th.ree-dlmenswnal system is O(w2/EF), where w, is a typical phonon
energy;'®1? in a quasi-two-dimensional case the accuracy is O[(w?/Er) In(Ep/w,)].2° Similar estimates apply to the
effective electron spin-fluctuation interaction, with w. a typical spin-fluctuation energy, when x,(q,w) is isotropic,?!
and since in that case the spin-fluctuation spectral function tails off up to 8 Ep, the approximation is highly suspect.

The second diagram in Fig. 4 represents the first-order vertex correction in the electron-phonon problem. Also,
it is possible to sum certain infinite subsets of diagrams involving the irreducible particle-hole interaction U, and
cast the result in the form of a diagram with crossing spin-fluctuation lines.?! However, the diagrammatic rules with
spin-fluctuation propagators have to be augmented by introducing an additional multiplicative factor a,, which takes
into account all relevant combinations of ladders and strings of bubbles with the irreducible particle-hole interaction,
as well as the definition (19) of the spin-fluctuation propagator (see Sec. IIIB). The contribution of the self-energy
diagram with two crossed boson lines for both cases can be written as
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&N (2) . _ m2 D(k - k', iVn_nl)D(k — k”, il/nﬁnn)
¥ (k1 zwn) =T Z Z { aaPs (k _ kl’ iyn—n’)Ps (k _ kl/’ il/’n—n”)

nln” klkll
s . ] % A i T N . T
X { Iy } G(K ,ivn) { 'fi } Gk + k" —k,iVn 4ni—n) { ?2 }G(k”,ll/nu) { %2 } . (20)

In this case (two crossed spin-fluctuation lines) a, = 1/3. It is important to note that the second-order diagram
) (k, iwy) is related to an intermediate electron propagator G(k’,iw,s) through the kernel that depends not only
on n —n’ [as in the case of £(1)(k,iw,), Eq. (17)] but also on n.

A. Isotropic electron-phonon interaction

We consider first the case of isotropic electron-phonon interaction for two- and three- dimensional electron gas.
It will be assumed that the q dependence of the spectral weight B(q,(?) is negligible, and we replace B(q,?) by
the Eliashberg function o?F(2). In the case of isotropic interaction the renormalization function Z,(k) and the
shift of the chemical potential x,(k) depend on k via €;. We assume a symmetric band —Er < €, < Ep, with
€x = —k*/2m + EF, in which case x,(k) ~ O(w2/E%) and could be ignored within the accuracy O(w?/EF). One
then obtains from (17) and (20) the following equations for the self-energies

~ Er N
£ (iwn) =T S An - ') / der s Ci(ent s iwnt s
n’ "EF

. T2 Er Er Er
2@ (e, iwn) = 1B Z An —n)A(n — n")/E deg /E depnr /E degn
P Il —LF —LF —LF

XM(k, km; kl, k")’7A'3G(€k', iwn: )7’:361'(6krfr ) iwnl+nll-n)+3é(6kll, iwnn)fg , (21)
where A(m) is defined in the usual way
* 2Q
_ 2

All momenta k() in Egs. (21) are functions of the corresponding energies €,y and the function M (k,k"; k', k") is
determined by the dimensionality of the system

m., g1 on Qu 1/2k (3D)
M(k,k sk k ) = H(QM - Qm)/m dQ x { k%‘ﬂ'*zZQX(k,k’”,Q)_lX(k',k",Q)_l (2D) ) (23)

Here Qp = min(k + k"', k' + k"), Qm = max(|k — k"’|, |k’ — k"]), and X (k, k', Q)% = [Q? — (k — K')?][(k + k)% — Q7]
is biquadratic and symmetric under the exchange of any pair of variables. As in the BCS case (see Appendix A), the
function M (k,k"'; k', k") is approximated by its value near the Fermi surface

1 (3D)
3n2In[8Er/ Y/ |P(ek, €k, €xrr€xn)|]  (2D),

M(k, k" k' k") = { (24)
with P(e1,€2,€3,€4) = (€1+€2—€3—€4) (€1 — €3+ €3 —€4) (€7 —€2 — €3+ €4). Although in the present case—in contrast to
the BCS-type interaction—not all momenta are near the Fermi surface, this approximation could be justified for the
same reasons as in the normal state.2? One can see that after such an approximation 2(2)(ek,iwn) does not depend
on € in three dimensions (3D). In two dimensions (2D) the dependence on ¢ is only through logarithms that have a
reducing prefactor T/EFr (see Appendix B). After equating the coefficients of various Pauli matrices on both sides of
the equation for 2(1)(2'(»,,) +3@ (twn), which is implied by Egs. (21), one finds the strong-coupling equations corrected
by the second-order diagram

T
Z, =1+ = E A(n —n')A(n,n')spsnian , (25)
|wn| Y

An

Zply, = WTZ [A(n = n")B(n,n') + C(n,n)]|an —— (26)

|wn| .

The equation for A, is the same as the equation for A,, and could be suppressed. The factors a, =
(2/m) arctan(Ep/Z,|w,|) result from integrations over €’s in Egs. (21) and s, = sgn(w,). In 3D the matrices
A(n,n'), B(n,n’), and C(n,n’) are
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2
A(n, nl) =1- E ; A n-— TL )sn '4n!—nSn"" Al 4n! —nQn! , (27)
B(n,n')=1- ﬂ Z/\(n — 1) 8pr fnt —nSp Grt i —n G (28)
’ 2EF —
C(n n E /\(n n")A(n ”)snl_n“-}-nsn"an'—n"—}—na'n” . (29)

The second term in matrix A(n,n’) is due to a vertex cor-
rection contribution to the diagonal (i.e., normal) part of
the self-energy. Since near T it is sufficient to keep the
diagrams for the pairing self-energy in which the anoma-
lous Green’s function F' (k,iw,) appears only once, there
are only three vertex correction diagrams that contribute.
The second term in matrix B(n,n') corresponds to the
sum of the contributions from the second-order graph
when the anomalous function F'(k,iw,) is taken for the
first electron line or the third electron line in a diagram
with two crossed boson lines. The matrix C(n,n’) corre-
sponds to the contribution from the second-order graph
when the anomalous function F'(k,iwy,) is taken for the
middle line in such a diagram. We note that the usual
Eliashberg equations are obtained from Egs. (25)—(29) by
taking the limit Ep — oo.

The solutions of the T, equations for the Einstein
model o?F () = AQg/26(Q — QE), with Qg = 10 meV,
are shown in Fig. 5. As in the case of the BCS model,
Sec. II, the critical temperature T, decreases with in-
creasing Qg/Ep. However, in the strong-coupling case
the T, is suppressed at a slower rate, presumably due

1

a’F(Q) = A

The relative changes of T, calculated from Egs. (25) and
(26) compared to TZ calculated from the usual Eliash-
berg equations at different ratios @1, /EF and @/EF are
shown in Fig. 6. Here, @), is the logarithmically averaged
frequency and @ is the average frequency,

g fems  G2F(Q)
lnwl,, = XA dQ_Q— InQ (31)

&= / " iR (@) / / " 400?F(Q) . (32)
1] 1]

Note that the area under spectral function (30) increases
logarithmically with increasing wmax, but the average
frequency is approximately proportional to wmax (for
wo € Wmax One can find @ ® Wmax/In(Wmax/wo) and
@in = wp). We choose A = 1, wo= 10 meV, wyax= 500
meV and the cut off in the sums over Matsubara frequen-
cies is S5wmax. For these values of parameters @),= 9.43
meV, = 111.8 meV, and TZ= 37.2 K.

Q%B(wo -Q)+ %H(Q - UO)O(wmax - Q)} / |:1 -

—

to a reduction of the renormalization function Z, by the
lowest-order vertex correction. This effect is absent in the
BCS case. To illustrate the effect of the lowest-order ver-
tex correction on 7, for a realistic spectrum o?F(f2) we
solved Eqgs. (25) and (26) for Pb.?® The maximum energy
of the spectrum is Qmax = 11.1 meV, and the electron-
phonon coupling parameter A = 2 [* dQ2a®F(Q)/Q is
equal to 1.55. It is easy to include the usual Coulomb
graph into the theory and describe it in terms of the
pseudopotential u*.3* We have chosen p* = 0.136 for
the cutoff of 55 meV in the sums over Matsubara fre-
quencies so that the T, is 7.2 K for Ep — oo (the usual
case). The results (full squares in Fig. 5) are very simi-
lar to the results obtained for the Einstein model. It is
interesting to note that for Er = 9.47 eV, which is the
free-electron-gas value for the Fermi energy in Pb,?* the
correction to T is about 0.2%.

Finally in this subsection we consider the correction
to the critical temperature for the spectrum which, like
the spin-fluctuation spectrum in an isotropic system, is
linear in © at small energies and has a long 1/Q-tail at
high energies. Namely, we take

2Wmax

o ] . (30)

B. Highly anisotropic electron-boson interaction

As an example of a highly anisotropic electron-boson
interaction, we consider a model of a spin-fluctuation me-
diated superconductivity, which is analogous to the mod-
els proposed to explain the superconductivity in copper-
oxides.?%:26:10 To evaluate the second-order correction
graph for the self-energy due to the exchange of spin-
fluctuations, we use a model in which the irreducible
particle-hole interaction is taken to have a contact form
and magnitude U.'7 The first-order graph can be ob-
tained in the usual way (see Fig. 6) by combining the
contribution from the strings of bubbles and ladders.!”
In evaluating the contribution from these diagrams in the
superconducting state we use Gor’kov’s diagrammatic
method! due to the appearance of different boson lines
in the normal and the anomalous channel: the line that
corresponds to the ladders (t), the line with odd num-
bers of bubbles (I;), and the line with even numbers of
bubbles (l). After making the usual approximation for
these lines?! one gets the expression for the self-energy



FIG. 5. The relative changes of the superconducting crit-
ical temperature calculated from Egs. (25) and (26), which
include the lowest-order vertex correction, compared to the
temperature T2 calculated from the usual Eliashberg equa-
tions for different spectral functions o?F(f2). Curves (1)
and (2) are for the Einstein model with Qg = 10 meV
and A = 0.5, u* = 0.0, TF = 4.57 K for curve (1), and
A =10, p* = 0.0, TZ = 13.28 K for curve (2). For these
two curves w, is Qg. Curve (3) is for the spectral function of
Pb: A= 1.55, "= 0.136, Qmax= 11.1 meV, and TE= 7.19 K.
For this curve w, is @max. Curves (4) and (5) are for the spec-
tral function given by Eq. (30) with A= 1.0, u*= 0.0, TP =
15.3 K. For curve (4) w. = @ and for curve (5) w. = @n (see
the text).
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b) ! !
N, Ty

c)
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that could be written in the Nambu notation [the lower
line in curly brackets in Eq. (17)]. It is possible to sum
several infinite series of diagrams for the normal and the
anomalous self-energy and cast them into the form of di-
agrams with two crossing spin-fluctuation lines. All pos-
sible diagrams of this type are shown in Fig. 7. With the
same approximations for the propagators ¢, l;, and I, as
in the first order graph, one can write the contribution of
all diagrams in Fig. 7 in the form given by Eq. (20) with
as = 1/3. In numerical calculations we will treat a, as
a free parameter (< 1/3), which will allow us to control
the relative contribution of the second-order graph.

We consider a model of electrons moving on a square
lattice with a dispersion

ex = —2t[cos(kya) + cos(kya)] — (33)

where a is the lattice constant, ¢ is the hopping matrix
element, and p is the chemical potential. The wave vec-
tor k runs through the first Brillouin zone (—7/a < k, <
m/a, —mw/a < k, < w/a). For the spin-susceptibility we
adopt a model that gives very sharp peaks in the momen-
tum space at the four corners of the Brillouin zone,?®

. o 2Q
Xs(Q W) = Xr/ dQP(Q)m
r
azz (¢ — Qz)?+T2 (g — Q)2 +12°
(34)
FIG. 6. (a) The random-

phase-approximation
mation of the diagrams contri-
buting to the interaction aris-
ing from the exchange of trans-
verse spin-fluctuation (line t)
and from the exchange of lon-
gitudinal spin-fluctuation with
odd (line !/;) and even (line [2)
numbers of bubbles. (b) The
contribution to the normal ir-
reducible self-energy from the
first-order spin-fluctuation ex-
change. The third diagram
is subtracted to prevent dou-
ble counting, since it is a part
! of both t and l;. (c) The
contribution to the anomalous
self-energy from the first-order
spin-fluctuation exchange.

sum-
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FIG. 7. (a) The second-order spin-
fluctuation contribution to the normal
self-energy near T.. (b) The second-order
spin-fluctuation contribution to the anoma-
lous self-energy near T.. Some diagrams ap-
pear twice, since the exchange between dif-
ferent boson lines gives topologically distinct
diagrams, which have the same contribution.

Here P(f2) is the spectral function analogous to the
Eliashberg function in the isotropic case. For convenience
P(R) is normalized such that [;° dQP(Q) = 1. The sum
over Q = (7 /a,+tn/a) is the sum over the positions of
four peaks in the spin susceptibility at the corners of the
square Brillouin zone. We will assume that the four peaks
are sharp enough so that in a product of spin susceptibil-
ity with any other smooth function of momentum only
the values of this function at the corners of the Brillouin
zone are taken into account. Formally this is expressed
by replacing the sharp peaks with é functions, i.e., by
taking the limit I' — 0. We note that this is purely
a formal device, since this limit corresponds physically
to an infinite antiferromagnetic correlation length. The
é-function approximation will, however, simplify several
integrations over momenta which appear in the expres-
sions for the contributions of the first- and the second-
order graph to the self-energy. It should be noted that
this model of four § peaks in the corners of a square
Brillouin zone implies the ¢x and w dependence of the
normal-state self-energy Y(ex,w), which is qualitatively
different from the one found in the isotropic case.?”

The self-consistent equations for the superconducting
critical temperature based on the first-order self-energy
graph take the form

1
Zn(k) =1+ % S i ST (n = n')Gri(k + Q)snsnr
ni o Q

(35)

Za(K)An(K) = —7T 3 i 3 A(n —n)
n' Q

X Gt (K + Q)ALl(:j&) : (36)
where
Galk) = 20 1l (37)
and
A(n—n) = 2g? /o ” dnp(n)y’z._—i—{ﬁ . (38)

Here g2 = U%xr. Note that A\,(n — n’) has the units of
energy. In the following we neglect the difference between
the renormalized spectrum é,(k) and ex. It is assumed
that this approximation is not critical for the present
study of the effect of higher-order self-energy diagrams
on T..28
The sign in Eq. (36) can be changed by the appropriate
choice of the symmetry of the order parameter
A, (k) = AZ(k)[cos(kza) + acos(kya)] , (39)
where a = +1. For both a = 1 (extended s wave) and
a = —1 (d wave) the T, equations are the same. We
assume that Z,(k) and AZ(k) depend on momentum
through ex. Thus, the momentum dependence enters
Egs. (35) and (36) only through ex or ex+q = —ex — 2u.
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Because of the periodicity of the electronic spectrum,

—€ex — 2 m is odd
€x m is even ,

€xk+mQ = { (40)
it is clear that the functions Z,,(k+Q) and A,(k+Q) are
given by the equations that have the same form as Egs.
(35) and (36), except that all the functions on the right-
hand side depend on k (instead of k+Q). In the following
the sums over Q are omitted and Q = (7/a,n/a).

It is interesting to compare Egs. (35) and (36) with
Eliashberg equations in the isotropic case. The main
difference is in the presence of temperature dependent
factors G, (k) coming from the Green’s functions after
integration over the momenta. In order to get more in-
sight one can take the BCS limit by using the square-well
model?® to approximate the kernel:

A(n —n') = AM(we — |wn|)8(we — |wnr|)-

In the isotropic case for w. > w7, this approximation
leads to the BCS formula T, = (2y/m)wee~/*. In the
case of four § peaks in the corners of the Brillouin zone
the square-well approximation

A(n = 1) = A,0(we — |wn|)0(we — |wnr|)

in Egs. (35) and (36) gives the following T, equation for
We > T,:

TA, 7
tanh =1. 41

2u . 2T, (41)
There are two important implications of this equation.
First, the solution does not exist for arbitrary A,. The
inequality A; > 2|u|/m must be satisfied. Second, for
J

Q

w

P(Q) = | —50(wo — Q) + %0((1 — w)0(Wmax — Q):I I:ln Wmax o1
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200 1 ' :
1
2
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4
9
~ 100 5 =
E—.‘Q
50 H ~
|
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0 4 12 16

8 2
g%/t

FIG. 8. The calculations of T, from Egs. (35) and (36) for
different g and p with the spectral function given by Eq. (42).
The value of t is 100 meV, wo = 0.08¢, and wmax = 4t. Curve
(1) is for p = —0.1t, curve (2) is for p = —0.2¢, curve (3) is
for p = —0.3t, curve (4) is for p = —0.4t, and curve (5) is for
p = —0.5¢.

As > |p| the superconducting critical temperature is pro-
portional to the interaction constant: T, ~ 7}, /4.

The results of a numerical solution of Egs. (35) and
(36) for the critical temperature are shown in Fig. 8 for
different values of g and . The numerical procedure
used to calculate T, is the same as in the preceding sub-
section and is based on finding the highest temperature at
which the maximum eigenvalue of the kernel in the sym-
metrized form of Eq. (36) is one® (for details see Ref. 28).
The spectral function P(f2) is taken to have the following
form:

1

o 5 (42)

Thus, P(2) increases linearly for 0 < @ < wq and decreases as 1/ for wg < @ < wmax- The cutoff in the sums over
Matsubara frequencies is 5wmax. In this subsection all energy variables are in units of ¢, where 8t is the bandwidth.
We take t = 100 meV. The interesting feature of the dependence of T, on g and p is the existence of lower thresholds
for the values of g at each given u, as predicted by the square-well model. However, while at large g the square-well
model predicts a linear increase of 7. with g2 [see Eq. (38)], the rate of increase in T. obtained from numerical
solutions of self-consistent Eqs. (35) and (36) decreases with increasing gZ.

After including the second-order graph, the T, equations take the form:

Za(k) = 1+ 25 372y (n = 1) A (k, K + Q)G (K + Q)8 (43)

‘wnl

An' (k + Q)

|wn

Zn(k)An(k) = =7T Y | As(n — ') Bons (K, k + Q)G (k + Q)

An’ (k)

|wn]

+Cnn’ (kv k)G‘n' (k) (44)

b

where
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A (kK k + Q) = 1= 0a,nT Y A, (n")Grinr (k + Q)Grrynr (K)
2~"I nll k ~7l' k nl "Il nl
9 (sn+n"sn’+n“ —emin(k+ Q) €n'+n” (k) + €n (k + Q)upi 4nr /w ) , (45)
I‘-’Jn+n”wn'+n”!
Buni(kk+Q) =1 - 0,2nT Y A, (n") Gyt (K + Q)G nr (k)
% (3n+n“sn’+n" _ Engnn (k + Q)en’+n” (k)> , (46)
|w‘n+‘n"w‘n'+n”'
Crnt (k, k) = @,mT " Ay(n — n") Ay (' = 0") G (k + Q) Grtr—nrr (k + Q)
% (sn” Sttt — €nt (k + Q)En+n’—-n” (k + Q)) . (47)
|wnuwn+n/_nn|

By comparing Egs. (35) and (36) with Egs. (43) and
(44), one sees that to include the second-order graph
in the T, equations one has to multiply A,(n — n') in
Eqgs. (35) and (36) by the matrices A,n/(k,k + Q) and
B, (k,k+Q), respectively, and add the additional term
with matrix Cprn (k, k) in Eq. (36). The results of the nu-
merical calculations are shown in Fig. 9. The effect of the
second-order graph on T, is much more pronounced than
in the isotropic case. Moreover, the T, is very sensitive to
u and for certain values of u the second-order graph leads
to an increase of T, in contrast to the isotropic case. For
p = —0.2t the T, is increased by about 50%. However,
for larger absolute values of u the suppression of T, by
the lowest-order vertex correction can be very large. It
should be noted that the dependence on p at a, = 1/3
(which corresponds to the full value of the second-order

.00 K1 22 33

x
s

FIG. 9. The relative changes of T as a function of a pa-
rameter a,, which controls the size of the contribution from
the second-order graph, compared to T calculated from the
first-order graph. The parameters ¢, wp, and wmax are the
same as in Fig. 8. The interaction constant g is equal to
2.95¢t. Curve (1) is for p = —0.1¢, curve (2) is for u = —0.2¢,
curve (3) is for 4 = —0.3t, curve (4) is for 4 = —0.4¢, and
curve (5) is for p = —0.5¢.

graph) is nonmonotonic. The absolute changes in T, cal-

culated from Eqs. (42)—(46) compared to T¢") = 100
K calculated from the first-order self-energy graph are
shown in Fig. 10. We would like to emphasize that at
a fixed Tc(l) (and consequently different values of g for
different values of ) the relative changes in T, are quite
similar to those obtained for fixed g (and consequently

different values of T{") for different values of ).

In order to understand the qualitative difference be-
tween this model and the isotropic case, one has to ex-
amine the relative size and the sign of the changes in
T, arising from the correction terms in the matrices A,
B, and C, taken separately. To this end one can use
instead of a, three independent prefactors a, a2, and
af in Egs. (45)—(47), respectively. One finds that both
Apnni(k,k + Q) and C,,i(k, k) lead to an increase of Ty,
while By, (k,k + Q) produces a decrease of T,. The im-
portant difference between this model and the isotropic

200 : .

50 3 -

0 T T
.00 1 22 .33
[0

s

FIG. 10. The absolute changes in T. as a function of a
parameter a, at fixed T{"= 100 K. Curve (1) is for p = —0.1¢,
g = 1.52t, curve (2) is for p = —0.2t, g = 1.85¢, curve (3) is
for p = —0.3t, g = 2.33t, curve (4) is for p = —0.4¢t, g = 2.95¢,
and curve (5) is for u = —0.5¢, g = 3.67t.
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case is the change in sign of the effect of the C' matrix.
In both the isotropic case and the model with four sharp
peaks in magnetic susceptibility the effect of the correc-
tion term in matrix A is to enhance T, since it reduces
the renormalization function Z. Also, the effect of the
correction term in matrix B, which is always larger than
the effects of either the correction term in A or C taken
separately, is to suppress T, in both cases. However, due
to the symmetry of the gap function given by Eq. (39) for
the model with four sharp peaks, the effect of the matrix
C, which results from the crossed-line diagram with the
anomalous Green’s function as the middle line [see the
second line in Fig. 7(b)], is to increase the T.. This is
because A, (k) and A,(k + Q) have different signs [see
Eq. (44)]. In the isotropic case, however, this effect is
absent, and the matrix C has the same effect on T, as
the correction term in matrix B—it reduces the T.. For
certain not too large values of p, the combined effect of
matrices A and C can be larger than the effect produced
by the matrix B, which results in enhancement of T, by
the second-order graph. However, as is clear from Fig. 10,
the dependence on g for the full value of the correction
from the second-order graph (i.e., for a, = 1/3) is non-
monotonic, and no simple dependence of this correction
on u could be found. This is in contrast to the T, cal-
culated from the first-order graph, Egs. (35)—(37), where
for a fixed g and P(€) the T, decreases with increasing
u (see Fig. 8).

IV. CONCLUSIONS

In summary, we have found that including the vertex
corrections in the calculations of T, for the BCS-type in-
teraction leads to a decrease of T.. This result is general
as long as the BCS interaction parameter X is less than
1. Beyond a certain critical value of w./Ep, which de-
creases with increasing A, there is no finite solution to
the T. equation, regardless of the dimensionality of the
system. This is a new result which, together with our
numerical calculations, gives more quantitative informa-
tion about the limits of validity of the BCS pairing model
than known previously.?

The self-consistent calculations of the strong-coupling
equations generalized to include the contribution from
the diagram with two crossed boson lines for an isotropic
pairing interaction give results, which are completely
analogous to the BCS case. The main difference between
the BCS case and the theory that takes into account the
time dependence of the interaction is that in the latter
case a reduction in the renormalization function due to
the second-order graph slows down the decrease in T,
with increasing w./Ep. Our numerical calculations show
that for the values of the maximum phonon energy and
the Fermi energy that are typical for simple metals the
corrections from the lowest-order vertex correction are
in the limits estimated by Eliashberg’s'® generalization
of the Migdal’s theorem'® to the superconducting state.
However, if w./Er = O(1), as has been suggested for
doped fullerenes,? the vertex corrections could not be
ignored, nor is it sufficient to stop at the lowest-order
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vertex correction, unless A is small, since the correct ex-
pansion parameter in the theory is A(w./Er). When this
parameter is not smaller than 1 it is unreasonable to ex-
pect that somehow all the vertex corrections cancel, so
that one could still use various approximate T, formulas®
which are based on the one-boson exchange graph.

For a highly anisotropic interaction of the type used in
the antiferromagnetic spin-fluctuation theories of super-
conductivity in copper oxides, the corrections could be
qualitatively and quantitatively different. For a model
spin susceptibility with four sharp peaks in the corners
of a square Brillouin zone we find a substantial increase
of T,. due to the second-order graph for certain values of
the chemical potential y, which is related to the amount
of doping away from the half filling. The key reason for
this reversal of sign of the correction to the T, compared
to the isotropic case is the symmetry of the gap function

A, (k) = Ay(k)[cos(ksa) + acos(kya)],

where & = +1. This form of the gap function implies that
the diagrams in the second row in Fig. 7(b) for the pair-
ing self-energy reverse the sign compared to the isotropic
case. However, for large enough p, the remaining dia-
grams give a larger negative contribution to the pairing
self-energy, with a net result similar to what is found in
the isotropic case. We note that the sign of the correction
to the T. from the second order graph is a nonmono-
tonic function of p, and the maximum 7, is obtained
for p = —0.2t (see Fig. 10). The changes in T, (either
an increase or a decrease) caused by the second-order
graph in this model can be large enough to render a re-
sult obtained from the one-boson exchange graph highly
inaccurate.
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APPENDIX A: FUNCTION «(T)

In this appendix we summarize the analytical calcu-
lations of the correction term [see Egs. (7) and (8)] to
the BCS equation for the critical temperature. Since
A, = AbB(w; — |€p]) (see Sec. II), the order parameter
drops out of Eq. (7), and one finds that the usual 7.
equation is corrected by the term

6V17”7";”
—_ 2 0 4
VT =-VT* 3 3 @r v a)n v e,

T
n,n" p,p

. (A1)

The dependence on momenta is through the energies and
after the transformation of the momentum sums to the
integrals over the energy variables one can write Eq. (A1)
as
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SV(T) = —x SEan,,/ del‘/_; dezf_;de:;/_wc des

1 1 tanh(e3/2T) — tanh(eqs/2T)

M ;P2,P4) - A2
X @2 &) (@F + &) U m + €3 — € (P1,P3; P2, Pa) (A2)

Here, p; = /2m(Er —¢;) (2 = 1,2,3,4). The function M (p1,ps;p2,p4) is determined by the dimensionality of the

system

Qm dQ in 3D

M(P1,P3;P2,p4) = /(.2"‘ 2p X { 4PFW_2QX(Q,P1,P3) IX(Q,PZ»ZM) -1 in 2D ) (A3)

where pp = v2mEF, X(Q,p,7') = VQ? - (p—7)%/(p+7)? - Q% Qum = min(p; + p3,ps + P4), and Q =
max(|p1 — pa|,|p2 — p4|). Since all the energies—and thus the corresponding momenta—are restricted to the energy
shell of the half width w,, one can expand in w./Er. In 3D, the result is

M(p1,p3;p2,p4) =1+ 0 ( ) (A4)

Er
and in 2D,
8Erp 8EFp
. =721 1
M(Pl,PsaP2,P4) ™ I:n|€1+62_€3_64| n'€1—€z+€3—€4

8EF Wc)
1 +0( =) A5
+n|€1—€2—€3+€41] (EF (A3

It is sufficient to consider only the three-dimensional case, since the two-dimensional result can be obtained with
a sufficient accuracy from the one in 3D by using for M a constant ~ (3/72)In(8Er/w.) instead of 1. Thus, the
expression for 6V (T') takes the form

)\3 7|’2T2 Apt A (wc + 6)2 + V.r2u+nn

=— detanh — In
v(T) 2Efp |wnt| |wne| / eran 2T (we—€)2+ V2 0

, (A6)

n' n'

where a, = (2/7)arctan(wc/|wn|). At T < w, the integral in Eq. (A6) is equal to (4In2)w,.. The BCS integral from
Eq. (10) can be written in the following form:

= W)\TZ o] (A7)

It is convenient to introduce a function x(T')

§V(T)Er

K(T) = =3~ Mo AT’ (A8)

which is a universal function of w./7T and has to be calculated numerically. One finds (7) = O(1) and it can
be proven analytically that x(7) — In4 when T' — 0 (see Fig.2). After expressing §V(T) in terms of x(T) one
immediately arrives at Eq. (9).

APPENDIX B: CORRECTIONSTO ISOTROPIC ELIASHBERG EQUATIONS IN 2D

In this appendix we derive the matrices A(n,n’), B(n,n'), and C(n,n’) in 2D. The starting equation is Eq. (21)
for £(2), After making the approxxmatxou (24) for M(k,k"'; k', k"), one has to evaluate the integrals over the energy

variables. Because of the prefactor E;' in the expression for 2(2) these integrals can be evaluated with the accuracy
O(wc/EF). For ¢, and |w;| S w. one ha.s
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Egp Er E
wy |de wa|de ' |ws|de
/ |ws | 1/ |wa] 2/ I;’%lnle1+ez+€3+€p|

2 2 2 2
—Ep Wi t€ J_g, w3 +€ J g, w3 +e€]

3

where ( is the usual Riemann zeta function. The factors a;

3
=3 In [([wll + |wa| + |ws])? + ei]a1a2a3 + O(w./EF),

Er |wy |dey Br  eydey Br eides T
——— Inle; + €2 + €3 + €, = ——((3)a; + O(w./EF), B1
/Epwf+ef/EFw§+e§/;Epw§+ez lex + €2 + €5+ ZC()l (we/Er) (B1)

= (2/m) arctan(EFp/|w;|) are kept for convenience, since

they provide an additional cutoff at high Matsubara frequencies. By using Eq. (B1) one finds

3T
A(n,n'5ep) =1 — B ZA(n —n')

n'

8EF

Sn'4n!"—nSp" Q' 4p! —pQpt

x In

L 7C6)

(1 — %Sn:snl+n11~nanl+n11_n/anl) 3

2
JE+ (o + el + o2 57

I, _ "
B(n,n';ep) =1 — — E Aln—n )[sn:+nu,nsnuan:+nu_nanu

8EFp

X In

. 74(3)],

2
V@t (| + il + e O

3T
C(n,n';ep) = o E Aln —n"HA(n" —n') {sn’+n“ﬁnsn,,an,_mu_nan,,
F n
n

8EF

x In

\/612’ + (Iw"l'| + |wn’+n”—n| + 'Wn"|)2

~ 74(3)], (B2)

6m2
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