PHYSICAL REVIEW B VOLUME 60, NUMBER 2 1 JULY 1999-II

Electronic correlations, electron-phonon interaction, and isotope effect in highF, cuprates
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Using a largeN expansion we present and solve the linearized equation for the superconducting gap for a
generalized-J model which also contains phonons within a Holstein model. Keeping all terms Qf1ttN)
the kernel of the gap equation consists of an electron-phonon part with self-energies and vertex functions
renormalized by the interactions of the&d model, and &-J part unaffected by phonons. Considering first the
electron-phonon part we find that the leading superconducting instability always occurssivvétve channel
with a T, which is lower compared to that of noninteracting electrons, especially at large dopings. The
corresponding isotope coefficietis larger than 1/2 and increases with decreasing doping. Including also the
t-J part in the gap equation the leadifig has alwaysd-wave symmetry with phonons giving a positive
contribution toT.. B is very small at optimal doping and increases towards the classical value 1/2 with
increasing doping similar as in several cuprates. Considered as a function of the phonon fregyeney
fixed coupling strengtiB increases monotonously from zero to about 1/2 with increasing
[S0163-182609)13225-9

I. INTRODUCTION relations modify substantially the phonon-mediated part of
the effective interactioht 31t is the purpose of this com-
High-T. cuprates show strong electronic correlations butmunication to present results for this case of strong elec-
also a non-negligible electron-phonon interaction. The lattefronic correlations. A suitable model for such calculations is
causes, for instance, the observed isotope effect in the trag-generalized-J model which also includes phonons within
sition temperatureT., especially, away from optimal & Holstein model. Extending the spin degrees from Nto
doping? It is thus of interest to calculate superconductingsSystematic approximations for the effective interaction in
instabilities taking both the electron-electron and theterms of powers in M can be carried out:™In a first step
electron-phonon interaction into account. There are severave consider only the phonon-mediated effective interaction
calculations dealing with the case of weak electronicwhich, unlike in the case of weak correlations, is strongly
correlations™’ In these calculations the phonon-mediatedmodified by vertex corrections transforming the original con-
part of the effective interaction is unaffected by electronicstant electron-phonon coupling of the Holstein model into a
correlations. The electronic part to the effective interaction isstrongly momentum- and frequency-dependent function. Ex-
calculated using a Hubbard model and assumiihgo be  plicit results forT; and 8 will be given for the leading sym-
small compared to the bandwidth. It is repulsive and stronglynetry channels of the superconducting order parameter as a
peaked near th&l point in the Brillouin zone. As an alter- function of the doping. In a second step these results are
native, Refs. 3 and 6 use the spin-fluctuation term of Ref. 8extended to the case where also the purely electronic contri-
Since the phonon part is attractive throughout the Brillouinbution to the effective interaction is taken into account.
zone it is plausible that thd-wave pairing due to the elec-
tronic part will be weakened if the electrons couple strongly IIl. LINEARIZED EQUATION FOR THE
to phonons near thil point and only weakly affected if only SUPERCONDUCTIVITY GAP
phonons with small_momentum are involveli® Refer- Our Hamiltonian for thet-J model plus phonons can be
ences 4 and 7, for instance, found that thefor d-wave | itten as
superconductivity is always lowered by phonons and that the

isotope coefficient3 is negative for a constant electron- tii Jii
phonon coupling function. If only phonons with small mo- H= IE ﬁjxipox?pJ“ .E ﬁxipqxﬁp
menta play a roleB becomes positivé.Reference 6 even pzll...N p,qZJJ....N
finds a change of sign i8 as a function of the phonon 3 1
frequency. - > —”xiPPququE wo alaj+ =

The case of strong electronic correlations has quite differ- :ili N 4N i 2
ent features compared to the weak correlated case. The Pazs--
purely electronic part of the effective interaction is rather a 9
smooth function of momentum without a sharp peak atvhe + 2 \/_N[ai +a](XPP—(XPP)). 1)
point due to spin fluctuation'. Furthermore, electronic cor- p=l|. ..N

0163-1829/99/6(2)/12967)/$15.00 PRB 60 1296 ©1999 The American Physical Society



PRB 60 ELECTRONIC CORRELATIONS, ELECTRON-PHONON ... 1297

The first three terms correspond fde=2 to the usuat-J lll. CALCULATION OF T, AND B FROM THE PHONON-
model. ForN=2 X is identical with Hubbard’s projection MEDIATED PART
operatorXP9=P)(7|, where|P) denotes fopp=0 an empty
and for p=1,2 a singly occupied state with spin up and
down, respectively, at the sitet;; andJ;; are hopping and
Heisenberg interaction matrix elements between the sifes
The fourth term in Eq(1) represents one branch of disper-
sionless, harmonic phonons with frequeney. The fifth
term in Eq.(1) describes a local coupling between the pho-
non and the change in the electronic density atisitéh the
coupling constang. (X) denotes the expectation valueXf
The extension fronN=2 in Eq. (1) to a generaN has been
discussed in detail in Ref. 12. The lalpefuns then not only
over the two spin directions but also ov€f2 identical cop-
ies of the orbital. The symmetry group Hfis the symplectic
group Sp(N/2) which allows us to perform IV expansions
for physical observables. In E¢L) the electron-phonon cou-
pling is scaled as 1/N whereas the free phonon part is in-

Taking a square lattice with point gro@, ©(k,k’) and
e(k) in Eq. (2) are invariant undetc,, which means that
3, .(K) can be classified according to the five irreducible rep-
resentation$’; of C,, . swave symmetry correspondsiiq,
d-wave symmetry tol';, etc. In the weak-coupling case
0(k,k") can be approximated by its static lima(k,k").
Putting all momenta right onto the Fermi line the sum over
k' in Eq. (2) can be transformed into a line integral along the
Fermi line. Assuming a certain irreducible representatipn
for the order parameter, the line integral can be restricted to
the irreducible Brillouin zon€lBZ) introducing a symmetry-
projected kerne®,(k,k") with k,k’ e IBZ. Finally, the line
integral was discretized by a set of poir[ilsi] along the
Fermi line in the IBZ with line elememﬁs(ki)]. Denoting
the smallest eigenvalue of the symmetric matrix

dependent ofN. As a result the leading contributions to su- KF)S(KE
perconductivity from thet-J model alone and from the i\/ s(ka)s(kp) 0.(kF K5 5)
phonons are both of ord@(1/N) which allows us to treat 4m® N |Ve(kh)|- |Ve(kZ)| e h

them on an equal footing. ] )

Instabilities towards superconductivity in the) model by i Eq. (2) yields for \;<0, N=2, and in the weak-
have been studied in the above framework in Refs. 10,1550upling case the BCS formula
and 16. The contributions to the anomalous self-energy from T =1 130 6
the phonon-mediated effective interaction have been derived oi = L b€ ©)
in Refs. 11 and 12 for the cadg = 0. Generalizing the latter As usual we tookw, as a suitable cutoff. Ik;>0 we have,
treatment to a finite] similar as in Ref. 13 the linearized of courseT.;=0. According to Eq(6) the absolute value of
equation for the superconducting gap,, for the entire )\, characterizes the strength of the effective interaction in
Hamiltonian Eq.(1) can be written as the symmetry channél The overall strength of the electron-
phonon coupling is conventionally expressed in terms of the
dimensionless coupling defined by

k)=— KK )———— k). (2
Zalk)=— g 2 O o5 i k) @ )
N, is the number of cells ankl the supervectok=(w,,k), 8w

where w, denotes a fermionic Matsubara frequency &nd
the wave vectore(k) is the one-particle energy which is
unchanged by the phonons @(1) and thus given by Eq.
(41) of Ref. 10. The kerne® in Eq. (2) consists of two parts

In Eq. (7) we have introduced a factor 1/2 to account for the
prefactor 1/2 in Eq(2) after setting thereN=2. We also
used the average density of states fy(®r the density of
states factor in\ and putt equal to 1. For the range of
dopings we will be interested in, i.e., 04%<0.8, the den-
O (k,k')=0"(kk')+0OP(k,K). (3 sity of states varies only little with doping so that the defi-
nition Eq. (7) of A is appropriate for all dopings.
Figure 1 shows the eigenvaluas for the two leading
'symmetried = 1,3 using the parameter valde=0.3 andt as
the energy unitd is the doping measured from half-filling.
For\ we have chosen the value 0.75 which is a typical value
obtained in local-density approximation calculatidhd®
29%w, The lowest eigenvalue occurs alwayssiwave symmetry,
i.e., fori=1. It depends only weakly on doping for &%
<0.8. In this region the order parameter also varies only
X ve(k'  k=K") ye(k, K" = k). (4)  slowly along the Fermi line, describing thus rather isotropic
swave superconductivity. Belows=0.3, \; rapidly de-
v. is the charge vertex for which an explicit expression hasreases with decreasing doping which is caused by a soft
been derived in Ref. 13. For uncorrelated electrons there ammode which freezes into an incommensurate bond-order
no vertex corrections, i.ey.=—1. Sinceg and w, are as- wave atdgo~0.142° As a result theswave order parameter
sumed to be independent of @°P is also independent &  becomes less and less isotropic with decreasimhanging,
and onlys-wave superconductivity is possible. When corre-for instance, fors§=0.2 by about a factor 3 along the Fermi
lations are present the kern@®P depends ork and w, line but it does not pass through zero. Tdhevave coupling
through the charge vertex, and general symmetries for the constanf; would be zero in the uncorrelated case. Decreas-
order parameter may become possible. ing 6 from large values correlation effects increase and the

The first contribution®' in Eq. (3) comes from thet-J
model. Explicit expressions for it have been given in Eqs
(42—(52) in Ref. 10. The second ter@®® in Eq. (3) is due

to phonon-mediated interactions and is given by

0Pkk)=——F—
(wn_wn’)z"_wg
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FIG. 1. Phonon contribution to the lowest eigenvalesf the
static kernel® for the representations, andI'; of C,4, as a func-
tion of the dopingé.

FIG. 2. Transition temperaturg; in units oft as a function of
the dopingé for the uncorrelateddash-dotted linel"; symmetry
and correlateddashed and solid lines fdr; andI'; symmetries,
respectively cases, using only the phonon contribution.
static vertex functiony(k,k—k’) develops more and more a
forward scattering peak in the transferred momentumbecomes more and more long-ranged with decreasing dop-
k—k’.*2n the extreme case wherg is proportional to  ing. This makes isotropis-wave superconductivity possible
o(k—k’) Ny and A3 would become degenerate. Figure 1even in the presence of d=2 constraint. Figure 2 never-
shows that this degeneracy is nearly reached at low dopinggheless shows that the reductionTofdue to the constraint is
The strong localization of the effective interaction is causedsubstantial except at very small dopings where the effective
by the forward scattering peak ip and, in addition, by the interaction becomes extremely long-ranged and the suppres-
incipient instability atdgo Which is also very localized ik sion by the constraint is small.
space. The kernel®®P is in the absence of correlations and in
The neglect of retardation effects which leads to the BCShe static limit negative for all arguments and k’. This
formula Eq. (6) is doubtful for several reasons. First, implies that thes-wave symmetry has always the high@st
=0.75 no longer corresponds really to a weak-coupling caseAccording to our numerical studies the same is also true in
Secondly,T, is no longer small compared to the frequencythe correlated case which explains why the solid line in Fig.
of the soft mode neabgoy which means that the frequency 2, describingd-wave superconductivity, is always below the
dependence oP cannot be neglected for these dopings.dashed line. As indicated previously the very existence of
Thirdly, and most severely, the formation of the forward finite values forT. with d-wave symmetry is in our model
scattering peak in the static vertex functipis accompanied due to electronic correlation effects. Figure 1 showed that the
by a strong frequency dependence which should be takemomentum dependence of, causes in the static limit a
into account on the same footing as its momentum depertfinite coupling strength in thd-wave channel. The solid line
dence. We thus have solved the gap equation(Bcassum- in Fig. 2 proves that a finit& in the d-wave channel results
ing only that the momenta can be put right onto the Fermfrom this even if the strong frequency dependenceyofs
line but keeping the full frequency and momentum depenalso taken into account.
dence along the Fermi line. Figure. 3 shows results for the isotope coefficignnh the
Figure 2 shows the obtained results gy for answave  case ofs-wave (dashed ling and d-wave (solid line) super-
(dashed lingand ad-wave (solid line) order parameter, to- conductivty. We assumed hereby thaj is inversely andy
gether with theT,. curve for the uncorrelated cagdash-

dotted ling. The first observation is that correlation effects 0.70
always suppress-wave superconductivity. The suppression o J=03
is large for5>0.25 and becomes less pronounced at smaller Y 22075
dopings in agreement with previous results based on the @ L) ©=0.06

; o o2 ; ; > 0.65 | . 0
static approximation? The order parameter associated with £ * phonon contr.
the dashed line in Fig. 2 varies only slowly along the Fermi 8 *e
line, i.e., we have a usuawave order parameter without g8 e
nodes. In a Gutzwiller description this order parameter S 060 | .
would be exactly zero if retardation effects can be neglected - -—- T .\%\
andN=2 is taken: Integrating out the phonons the effective - r '*~o..“
interaction becomes in the static limit proportional to the s
double occupancy operator. Any matrix element formed with 0.550 ] 03 oF 0.7

Gutzwiller wave functions thus would be zero. In contrast to
that the enforcement of our constraint at lafgls, namely,
that only N/2 out of the totalN states at a given site can be  FIG. 3. Isotope coefficien as a function of the doping
occupied at the same time, gives rise to another effect, whicbonsidering only the phonon contribution 6 (dashed ling and
is absent in the Gutzwiller treatment: the effective interactiorl; (solid line) symmetries. The filled circles are calculated values.

doping &
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FIG. 4. Lowest eigenvalues of the total static kerne® for the FIG. 5. Transition temperaturg, in units oft as a function of
representation§; andI'; of C,, as a function of the doping. the dopings for I'; symmetry fork =0 (dash-dotted lineand A

=0.75(solid line).

directly proportional to the the square root of the mass ren-

dering\ independent of the mass. Neglecting the frequencyng finally at 5g5. Comparing the solid lines in Figs. 1 and 4
dependence of, there is only one energy scale involved in of this work and Fig. 2 in Ref. 10, one sees that the lowest
the gap equation which yielgd= 1/2 independent of doping, eigenvalue is roughly additive in thed and the phonon

\, etc. This is true because at lafyés phonon renormaliza-  contributions though, of cours@'™” and®®~? do not com-
tions and vertex corrections due to the electron-phonon inmute with each other. Note also the considerable contribu-
teraction are absent. In contrast to that the curves in Fig. 8on of the phonon part ta ; though the overall dimension-
show thatB increases monotonically with decreasing dopingless coupling constant has the rather moderate value
and is always larger than 1/2. The deviation®from the = =0.75. The eigenvalua; (dashed line in Fig. Yis rather
value 1/2 is due to the frequency dependenceyofvhich  constant for6>0.3 and decreases much less towards lower
increases with decreasing dopti@nd acts as a second en- dopings than ;. There is a crossover frotkwave tos-wave
ergy scale. The nonadiabatic effects produced by electronisymmetry in the lowest eigenvalue &t 0.6 suggesting that
correlations thus always increagefor our range of param- the swave order parameter is more stable than dheave
eter values. This should be contrasted to the case where vesrder parameter at high dopings. Such a crossover is ex-
tex corrections due to the electron-phonon interaction haveected for general reasons: For large dopings correlation ef-
been studied?*°and where8 may be larger or smaller than fects play a minor role. As a result tkwave part in the
1/2. We can conclude from our results that models based ophonon-induced effective interaction as well as the whele
phonon-induced effective interactions in the presence of corpart becomes small whereas theave part of the Holstein
relations seem not to be very attractive models for high- model will dominate. A comparison of the solid lines in Figs.
superconductivity becauge) the largest transition tempera- 1 and 4 nevertheless shows that the latter is very effectively
tures are found fos-wave symmetry for all dopings an) suppressed by thieJ part at practically all considered dop-
the isotope coefficient is larger than 0.5, especially at lowings. For instancg),| in Fig. 1 is for >0.25 about a factor
dopings. Experimentally, highz cuprates exhibitd-wave  of 4 larger than in Fig. 4.

superconductivity and, at least near optimal dopings, small The solution of the gap equation E) is not straight-

isotope effects. forward becaus€® contains both instantaneous and retarded
contributions and because the various retarded contributions
IV. CALCULATION OF T, AND 8 FROM THE FULL have different effective cutoff energies. \_N_e developed in
EFFECTIVE INTERACTION Ref. 10 a method to solve ER) directly avoiding the use of

pseudopotentials. The only simplification is that we put the

Superconducting instabilites of the purd model have momenta in retardetbut not in instantaneougontributions
been studied in Refs. 10,15, and 16. The smallest eigenvaluie the Fermi line. This approximation has been checked nu-
of ®'J and, correspondingly, the largeBt always occur in  merically and found to be very well satisfied in our case.
the d-wave symmetry channel. On the other hand, theUsing the fact that the instantaneous kernel consists only of a
phonon-induced effective interaction described®§P fa-  few separable contributions E€R) can for a given Matsub-
vors in thet-J model mainlys-wave superconductivity. In ara frequency reduced to a linear matrix problem of order 1
this section, we will consider the case where both effectiveand 3 ford- ands-wave symmetry, respectively.
interactions are present and study the symmetry of the result- In Fig. 5 we have plotted the calculated values Terfor
ing superconducting state, its transition temperature and isa-wave symmetryl'; as a function of the doping. The
tope coefficient. dashed-dotted line correspondsie-0, the solid line tox

Figure 4 shows the two lowest eigenvalues of the matrix=0.75. The figure shows that phonons always increase the
Eqg. (5) which occur in thes- andd-wave symmetry channel. T, for d-wave superconductivity. The increase is especially
For ® both terms in Eq.(3) have been included. Fof  large at low dopings. This is quite in contrast to calculations
<0.6 the lowest eigenvalue haswave symmetry and de- in the weak-coupling caé8 where theT, of d-wave super-
creases steadily and strongly with decreasing doping divergzonductivity is lowered by phonons. The physical picture in
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the latter case is that the effective interaction of the elec-
tronic part is repulsive and strongly peaked nearNhpoint 035 | T,~symmetry
whereas the phononid-wave part is attractive and dimin- J=0.3
ishes especially at th®l point the repulsion causing a low- 2=0.75
ering of T.. In our case the dependence of the static effec- ©.20.06
tive interaction of the purg-J model on the transferred e
momentum can be inferred from Figdaland 1b) in Ref.

10. For small dopings the phonon part is restricted to small
momenta which means that it would contribute only near the
X point in Fig. Xb) of Ref. 10. As a result the total effective
interaction would become even more attractive aroundxthe
point and elsewhere not be changed. This clearly would en- 0.05 . . .
hance thed-wave part of the effective interaction which is 0.15 0.20 dog'i%sg 5 0.30

also in agreement with Fig. 4. From Figs. 1, 4, and 5 it is

evident that the large lowering of the eigenvalugdue to FIG. 6. Isotope coefficienB as a function of the doping for
phonons corresponds only to a rather moderate increase éhwave-likeI'; symmetry. The filled circles are calculated values.
T.. This means that the use of a BCS formula with a fixed

effective cutoff would gross_ly_ overestimate the increase in, monotonically increasing with decreasing doping starting
T, for d-wave superconductivity due to phonons. What hasy( the classical value of 1/2 at large dopings. Including also
been overlooked in such an approach is that we deal with gfa 13 part the large values g8 at low dopings are nearly
least three energy scales, namgly, andwo. For instance,  completely and at larger dopings partially quenched. Part of
the instantaneous contribution of the part is characterized ihis effect may be understood from Fig. 5. It shows that the
by the energy scalewhereas the phononic one . Since  (g|ative importance of the phonon contribution increases
>y itis evident that the phononic part i will contrib- gteadily with increasing except at very small dopings. In a
ute toT, much less than theJ part. . simple picture one thus may argue that at small dopings

We were gnable to find any fInI'Fe transition temperatureqnaimy due to thet-J part. This part decays faster than the
T fori#3, ie., for symmetries different from t_hd}vyave phononic part with doping so that, at larger dopings is
symmetry. Taking the accuracy o_f our calculatlon_ into aC-mainly due to the phonons. A more realistic interpretation of
count this means thalt;;<0.002 fori # 3. As shown in Fig. i 6 should, however, also take into account the complex

2 the phonon-induced effective interactions lead to a Co”Sid(:ompetition between the three energy scaled and w,
erableT; for swave superconductivity. TheJ part to the pair-breaking effects, etc.

effective interaction, however, is very repulsive in the |, order to get more insight into the behavior Bfwe

swave channel prohibiting-wave superconductivity. We pova calculated, andg in theT's symmetry channel for the

cannot e_xclude that the crossover&t0.6 in Fig. 4 i.n' the  fixed doping values=0.20 as a function of the phonon fre-
lowest eigenvalue frond wave tos wave could stabilize a quency w,. Figure 7 shows the result faf=0.3 and\

swave order parameter at large dopings. Another possibility_ 4 75" The solid line in Fig. 7 represents the value Tor
is that other symmetries thahor s wave become stable at 1, siplied with 10. Since we keep fixed the coupling con-
large dopings in view of the approximate degeneracy of th(:stantg approaches zero in the adiabatic limig— 0 which

eigenvalues of practically all symmetries in the pdrd  oang thatr, in this limit is solely due to thé-J part. With
modlclal. rlln any cas]:e, tned cc_)rrespor(;dlﬁ'gc Sb WOU|hd t?e | increasing phonon frequency, increases monotonically,
smaller than~0.002 for all dopings and thus be rather irrel- o oqing over from an initial sublinear to a linear behavior.

evant. . .
. . - , The solid line shows that phonons always incredsefor
The behavior of the isotope coefficie@tas a function of P y 2

doping is another interesting test for any theory of high-

0.25 |

isotope coeff. B

o
-
w

superconductivity. Figure 6 shows the calculajfgdor X\ 08 ' ' -
=0.75,J=0.3, wy=0.06 in the case ofF 3 symmetry. It is o I';-symmetry ///
always positive, starting from small values near the bond- ¥ 04 J=0.3 7

order wave instability abzg, Which can be identified with 8 A=0.75 //

optimal doping?* With increasing doping it increases mono- Boasl 8=0.20

tonically approaching values near 1/2 at large dopings. Our z:

calculated curve shows the typical features of the available =

experimental data in the optimally doped and the overdoped g%

regime! Experimentally, 8 increases away from optimal *3 / — T.x10.
doping towards the overdoped but also towards the under- S oty / -— B

doped regime and most presently available data deal with the = //

latter case. We cannot apply the above developed theory to 00 k==l . ‘

the underdoped regime because of the occurrence of the 0.00 005 0-10 015 020

. o g X honon frequency ,
bond-order wave instability alzo. The curve in Fig. 6 is the P auency @

result of several competing effects. We saw in Fig. 3 that FIG. 7. Transition temperatur€,, multiplied by 10, and iso-

correlation effects in the phonon-induced part cause a dopingpe coefficient3 as a function of the phonon frequenay for
dependence g8 which is opposite to that in Fig. 6, namely, d-wave-likeI'; symmetry.
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d-wave superconductivity. The absolute values in the figurgghonons. For instance, in the fluctuation-exchange approxi-
are quite remarkable: Though the employed coupling conmation T, drops to zero if the phonon-mediated on-site at-
stant for\ is rather moderate and though the phonon contritraction U, becomes comparable to the Hubbard telom
bution to T, in the d-wave channel is entirely due to corre- We treated the opposite case where-U, and found a dif-
lation effectsT, increases by nearly a factor of 3 far,  ferent behavior, namely, that phonons enhance Tthdor
=0.2 corresponding to about the largest phonons in the cud-wave superconductivity. Our different result is mainly
prates. The dashed line in Fig. 7 represents the dependencaused by corrections to the bare electron-phonon vertex due
of B on wy. For smallw, B is practically zero8 increases to the strong electron-electron interaction. This vertex devel-
monotonously with increasing, and tends to the classical ops for not too large dopings a forward scattering peak so
value 1/2 at large phonon frequencies. The dashed line ithat only phonon with small momenta can couple to the elec-
Fig. 7 may be understood in physical terms roughly in thetrons. As a result the electron-phonon and thkcontribu-
following way. In our model the static effective coupling is tions to the gap decouple i space. Our calculations show
independent of the phonon mass, i.e.wgf B is thus deter- that the two contributions no longer cancel each other to a
mined by an effective energy cutoff. For small’s this large extent but, on the contrary, enhance each other. For
cutoff is mainly given by electronic parameters in thd a momentum-independent bare electron-phonon coupling
part leading to a small value fg#. At large wy’s the phonon  weak-coupling calculations yield a small, often negative
contribution toT., which is only due to electronic correla- value for the isotope coefficier® which is rather indepen-
tions, determines mainly the total effective energy cutoffdent of doping. In our case the strong momentum-
causing a value oB near 1/2. dependence of the effective electron-phonon coupling, in-
In conclusion, we have treated the electron-electron anduced by electronic correlations, causes a strong dependence
the electron-phonon interactions in a generalizeldmodel  of 8 on doping: being always positiv, is small at optimal
by means of a systematicNLiexpansion and have solved the doping and assumes values of roughly 1/2 at large dopings in
resulting linearized equation for the superconducting gap bypgreement with the available experimental data in the cu-
reliable numerical methods. We found that electronic correprates in the optimal doped and overdoped region.
lations affect phonon-induced superconductivity in several The presented results are accurate at l&gebecause we
ways: Instabilities towardd wave or other symmetries dif- have taken into account only the leading terms of B 1/
ferent froms-wave symmetry become possible. The corre-expansion. Phonon renormalizations and vertex corrections
sponding transition temperatures are, however, alwaydue to the electron-phonon interaction are@f1/N) and
smaller than that af-wave superconductivity. Moreover, the thus have been omitted. On the other hand, it is known that
T, for swave superconductivity is at larger dopings heavilyin the physical cas&l=2 anharmonic effects in the atomic
and at small dopings somewhat suppressed by correlationgotentials and the formation of polarons occux ifs about 1
The isotope coefficien is 1/2 at large dopings but in- or larger?® This suggests that keeping only the leading order
creases with increasing correlations, i.e., decreasing dopingsf the 1N expansion cannot describe adequately the case
both in the s- andi-wave channel. Including also the] part N=2 at large coupling strengths or if the Migdal ratig /t
in the effective interaction we found that within our numeri- is no longer small. Correspondingly, we have restricted our
cal accurracy onlyd-wave superconductivity is stable for numerical results to rather moderate values\odnd small
dopings 0.15:5<0.8 and that the phononic part always in- Migdal ratios.
creasedl . for the above dopings. ThieJ part in the effec-
tive interaction changes the dependenceg3abn doping: 3
assumes now small values at low dopings and increases
monotonically with doping towards the classical value 1/2 at The authors are grateful to Secyt and the International
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