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We investigate the interplay of the electron-phonon and the spin-fluctuation interaction in the superconduct-
ing state of YBaCu;O,. The spin fluctuations are described within the nearly antiferromagnetic Fermi-liquid
theory and the phonons are treated using a shell-model calculation of all phonon branches. The electron-
phonon coupling is calculated using rigidly displaced ionic potentials screened by a background dielectric
constank., and by holes within the Cufplanes. We get a superconducting state with ,» symmetry whose
origin is antiferromagnetic spin fluctuations. The phononic contributioallgbhonon modes of the system to
the d-wave pairing interaction is attractive. This gives a positive isotope effect. The size of the isotope
exponent depends strongly on the relative strength of the electron-phonon and spin-fluctuation coupling. Due
to the strong electronic correlations no phononic induced superconducting s&teawe character, is pos-
sible.[S0163-182899)02713-7

[. INTRODUCTION teraction on the spin-fluctuation-induced superconducting
state. In this context it was shown that oxygen buckling
The mechanism responsible for the superconducting stat®odes support ad,2_,2-pairing state, whereas oxygen
of high-T, superconductors is still discussed highly inten-breathing modes will support awave staté¢*~1®Hence, an
sively. Cooper pairing induced by spin fluctuatibisseems  analysis of the role of the electron-phonon interaction in the
to be likely. Based on the analysis of NMR experiméhits, cuprates has to take into account all vibrational modes.
offers an explanation for transport and optical experin®hts  |n this paper we investigate the interplay of the spin fluc-
and a variety of anomalies in underdoped cupfatend  tuation and the electron-phonon interaction in the supercon-
furthermore yields al,2_,2-wave pairing state with a transi- ducting state of YBsCu,O,. We find that taking into ac-
tion temperaturd’; of correct order of magnitude. count both the spin fluctuation and electron-phonon
However, there are also observations, which indicate efinieraction gives a superconducting statedgf ,» symme-

fects due to the electron-phonon interaction. Ramang, \hile the electron-phonon interaction alone would yield
scattering experiments and IR measurements show the sofly, »hisotropics-wave pairing with a much smaller critical

En:ng of ng{‘;,‘e phonon moders], als the temhpferaturef IS dgﬁreastg%perature. Thel,2_2-superconducting state is caused by

theeOBV\;:Orc .crﬁ lIn(ZZB ar;((:e'{/‘s)olzi;ﬁar?-rg;is\tesééc\;\éa;f oir;m_or antiferromagnetic spin fluctuations and the critical tempera-

metry, which involves the out-of-plane vibration é? the oxy- treT, is reduced Py simulte_lr_leogs consideration of phonons.
' Nevertheless we find a positive isotope effect. We show that

gen atoms @) and QlIl) in the copper-oxygen planés. )
For some oxygen-related phonon modes the onset of the frghe momentum dependence of the total electron-phonon in-

quency softening was found to start even 50—60 K abovderaction ampl_ifies the pairing interaction by an amount of
T..12 The temperature dependence of this anomaly wa&Pout5—10% in thel,._.-wave channel, which is a neces-
found to be similar to that of the NMR relaxation rate Sary condition for a positive isotope effect. Furthermore we
(T,T)~ %, which, in the latter case, is due to an anomalougdentify the phonon modes, which make the most dominant
behavior of the spin excitations, and indicates a possible coifontribution to thed,z_y2-pairing interaction. The decrease
pling between phonons and spin degrees of freetfdespe-  Of T, is explained by the large isotropic part of the electron-
cially interesting is the observation of the anomalous oxygerphonon interaction, which enhances the electron scattering
isotope effect in the high-, superconductors® At optimal  rate significantly. However, this effect will be reduced when
doping with largestT. only a very small oxygen isotope correlation-effects are taken into account, since correlation
exponenta=0—0.07 is observed, whereas in the under-induced suppression of charge fluctuations will predomi-
doped and overdoped systems the isotope exponent camantly reduce the isotropic part of the electron-phonon inter-
reach values close to the BCS value-3. action. Our results are obtained with a self-consistent strong-
Due to these experimental findings it is of interest to in-coupling Eliashberg calculation. Finally, in order to make
vestigate in more detail the influence of electron-phonon inthis interplay of the spin fluctuation and electron-phonon in-
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teraction more transparent, we present a simple weak- The short-ranged antiferromagnetic spin fluctuations are

coupling model. described within the nearly antiferromagnetic Fermi-liquid
In the present work we will not address a variety of ratherapproach by the dynamical spin susceptibifity:

important aspects of the electron-phonon interaction in cu-

prates. In calculating the electron-phonon coupling con-

stants, we will completely ignore the correlated nature of the Im x(q,@)=1m XQ _

involved charge carriers, even though this is expected to be ' 1+ &(Q—q)*—iwl/ wg

essential to deduce reliable quantitative information about

the strength of this interaction and its relative importance forHere, values for the antiferromagnetic correlation length

different phonon modes. Based on calculations by Zeyher . ; _

and Kulig'” we can at least show that the latter aspect does. %.SSar,ngc/eafg |2hf(I)uS(::]J zztlsoir;] El?r%w%hitﬁ ::ee \ée?jt?e(g from

not oppose the conclusions of our results. Furthermore, Iatthe analysis of NMR and NOQR e.xp('ariments of YBai,0, .

tice anharmonicities will also be neglected, since we believée req(iting pairing interaction of the spin-fluctuation inter-
that within the presented framework, where the mutual 'nﬂ”'action is given by
ence of electron-phonon and spin-fluctuation interaction is
investigated within an Eliashberg theory, anharmonicities, if
relevant for the cuprates at all, can hardly affect our result. Vaf w)=9§fx(q,w)- (4)

These rather drastic approximations are necessary to enable

us to draw quantitative, material specific conclusions aboufhe electron-spin  fluctuation coupling constard
the role of phononS within a Spin-fluctuation scenario. The= 0.68 eV for an electron Concentrationrqif: 0.8 is chosen
main complication in this context is that, in distinction to the 55 jn Ref. 8, which was shown to yielk=90 K and quan-

electronic system, the phononic degrees of freedom behavgative agreement with transport experiments, if one assumes
completely three dimensional, and there is no obvious remat these are entirely due to spin fluctuatidfs.

3

striction to a few relevant phonon modes. The phonons are described within a shell model, where
the dynamical matrix is obtained from the derivative of the
Il. THEORY lattice potential, which consists of Coulomb potentials with

. _ core and shell charges, Born-Mayer repulsive potentials, and

The coupled electron-phonon system is characterized byore-shell polarizabilities. Details of the calculation are the
the Hamiltonian: same as in Ref. 20. For the description of ¥Ba;O; we
use parameters, for the core and shell charges, Born-Mayer
parameters, and polarizabilities as given in Ref. 21. The shell
model was shown to give excellent agreement with experi-
mentally determined phonon dispersion curves for several
cuprate systems and is based on a rather small set of physi-
cally well motivated parameters. The corresponding
electron-phonon coupling is calculated using a model re-
+3 wgab! \bgn - ()  cently proposed by Zeyhé?,whiqh uses rigidly displaced

a ’ ionic potentials screened by a dielectric constantand by

_ T T Z S
H=>, €kCx,oCk,o T Osf > Ck,00,0'Ck g0’ S—q
ko kqoa’

+ k% gx(Q)CI,aCHq,u(b;,x"’ bg,)

. _ ~ holes within the Cu@ planes. We have modified this model
Here,c,,, is the electron creation operator of the hybridizedto allow for the explicit consideration of local field correc-
Cu-3d,2_y2 and O-2, , orbitals with energy, describing tions taking the relative position of the screening GuO
the fermionic low-energy degrees of freedotriThe spin  planes and the vibrating ions explicitly into account. The
fluctuations are treated in terms of the interaction of the eleccoupling of the phonon-modk to an electron localized at
tron spin with a spin-fielcﬁq characterized by a spin suscep- the sitex within the primitive cell is given by
tibility x(q,w). Note, alternatively one could also use a

Hubbard-like Hamiltonian and determingq,») diagram- 2 -
matically, e.g., within the fluctuation exchange -3 Zoe /eam(q)@(z)
gx)\(Q) Zw)\(q) KKla(q)

approximationt® which would not change the conclusions of o v \ V™,

this paper. The present method has the advantage that

x(g,w) can be chosen in agreement with the experimentally B €aan(d) o 0) 5
observed spin susceptibility of YB@&u;O;. In Eq.(1) bg|A is M, e '

the creation operator of a phonon in the vibrational braxch
with energywg , andg,(q) is the electron-phonon coupling . . .
constant of thexth phonon branch with the above Cu-O .MK andZ, are the mass and the charge of the ion with basis

hybrid states. For the electronic band dispersion we use index «, v is .the yolume of the primitive Ce”“’k(.q) an(_j
€. are the vibration frequency and the normalized eigen-

?) vector of the phonon mode with wave vectory, ande is a

Cartesian indexﬁI)E}K(,2 i] denotes the contribution of the’
with the nearest-neighbor hopping=250 meV and the ion to the total Coulomb potential at lattice sike which is
next-nearest-neighbor hoppibg= — 0.4%, which reproduce caused by the vibration of the ior’ and of the ionk,

the bandwidth and Fermi-surface shape of YBa0;. respectively:

€(k) = —2t(cosk,+cosk,) — 4t’ cosk, cosk, ,
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i , 1 Vi (iog—iog) P (io,)
QLN = B € (ke Gy ket Golu(k+ Gy Dulion= 3 eelenlon)[Belon)
U¢ GG, Bk’,n’ Dkr(|wnr)
X(k+Gl(2))aeielKeiiG2K . (6) i 1 Vk’k,(iwn—ia)nr)[skr-l-Xkr(iwnr)]
Xliog)= 7 2 : ,
A . 5 2 B k’,n’ Dk/’)\/(“,()nr)
G,,G, are reciprocal-lattice vectors andk)=e/e;k* de- (11)

notes the bare Coulomb interaction. The inverse dielectric

function e will be discussed in the Appendix. 1 Vi o (iog—ion)ionZ (o)
For simplicity we assume, that the Cooper pair forming Y, (iw,) = — E ok " n_ n'k "

electrons are mainly located at the in-plane Cu sites. There- B Dw (iwq)

fore, only the coupling,, wherex refers to the Cdl) site  \yhere

will be considered. This index can be suppressed in the

following. The electron-phonon induced pairing interaction vk,kf(iwn)=V§f,k,(iwn)+VErlk,(iwn), (12)
is given by
Vi (ion) =Vi_ (lo) =V (iwg),  (13)
) 1 2@q,q, \ and the denominator is given by
Vo =1 2 a@a)*———5— (D
z qzi)\ (|(,z)n) _quqzv)\ Dk/(i(un/)=[i(un/Zk,(iwn,)]z

—[ew + X (l0n) P~ P (iwn)? (19
Here, the summation with respect ¢p takes into account _ [. K _ w(fon)] o (fon) (
that the pairing interaction can also be generated by phonorffter analytical continuation to the real frequency axis,

propagating perpendicular to the Cu@lanes, even if the =i(2n+1)7/B—w+i0", this set of coupled equations is

paired electrons are within these planes. solved self-consistently using the numerical framework of
The total electron-phonon coupling strength may then beRef. 23. We do not restrict the momentum summation to the

characterized, e.g., via the dimensionless parameter Fermi surface but take the entire Brillouin zo(®Z) into

account. Since both pairing interaction& andVP" are cho-
sen to reproduce the experimental spin susceptibility and

)\sz‘” aZF(w)dw ) phonon dispersion, we do not take additional renormaliza-
0o o ' tions of V(i w,) and V(i w,) into account.
where the McMillan functiom?F is defined by . RESULTS

First, we will demonstrate that our treatment of the spin
fluctuations yields indeed a superconducting state with

1
a’F(w)=——— Z 8(e) 6(€r) dy2_,2 symmetry and a reasonable critical temperature. The
> e effective interaction due to spin fluctuations is repulsive for
k all momenta and is peaked at the antiferromagnetic wave

vectorQ=(m/a,m/a), as can be seen in Fig. 1. In agreement

XE lg(k,k" M) [28(w—wy(k=k")). (9) with Ref. 8, the self-consistent solution of the Eliashberg

A equations yieldsl,2 2 superconductivity, as can be deduced

from the momentum dependence of the off-diagonal self-

Having discussed the spin-fluctuation and eIectron—eNnerml/('_n Fig. 2a), which exhibits the typical form<
phonon induced interactions, we investigate the supercon- (COS.X . cosky).

ducting state within the strong-coupling Eliashberg theory Variation of the temperature shows that the superconduct-

ing gap vanishes around 110 K. Although this is slightly

where as usual, the self energy is expanded with respect 18rger than the experimental critical temperature of

unitary and Pauli matrices in Nambu space YBa,Cu;0;, we decided to accept this still reasonable value
for T., since the spin-fluctuation interaction has already
been chosen in agreement with transport experimearig
manipulation of the electron-spin-fluctuation coupling con-
stants would introduce new and arbitrary parameters.

In the following we investigate the influence of the
Y(iwy)=iw[1-Z(iw,)] and X (iw,) refer to the self- electron-phonon interaction on the spin-fluctuation-induced
energy renormalizations which occur also in the normal statguperconducting state. Solving the Eliashberg equations
and &y (iw,)=A(iwn)Z(iw,) to the anomalous self- yields d,2_,2 superconductivity even in the presence of
energy which is nonzero only in the superconducting statephonons, as can be seen from the momentum dependence of
w,=(2n+ 1)/ B are the fermionic Matsubara frequencies, the gap function in Fig. 2. For obtaining some information
with 8=1/T. The self-energies are determined by the Eliash-about the isotope effect, we have performed Eliashberg cal-
berg equations: culations for two different oxygen isotope$1®) and '18).

Sion)=Y(i0) 0+ X (iw) 73+ D (io) T .
(10
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FIG. 2. Off-diagonal self-energyb,(w) for (a) only spin-
fluctuation induced superconductivity afig) both phonon and spin
fluctuation induced superconductivity. In both cases the supercon-
ducting state is characterized ty._,2-symmetry order parameter,
since @~ (cosk,—cosk). Note, ®,(w) is reduced due to the
electron-phonon interaction.

Frequency [meV]

FIG. 1. Spin-fluctuation interaction @t=70 K: (a) momentum
dependence of the spin-fluctuation interaction for frequaney0,
(b) frequency dependence of the on-site interacti and the
nearest-neighbor interactiofyg.

gives rise to a finite single-particle scattering rate in the gap
For this the whole electron-phonon interaction, i.e., the phoonce the temperature is nonzero we choose the disappearance
non dispersions and the electron-phonon coupling constantsf the dip structure in the DOS as criterion fdg. In this
has been calculated separately for the two oxygen masses. Way we obtain for the oxygen isotope(1B) a critical tem-
Fig. 3 the momentum-averaged density of states at a tenperature of T,=82 K and for the isotope Q@8 T,
perature ofT=80 K is shown for the two oxygen isotopes =80 K. Using these values for the calculaion of the isotope
O(16) and Q18). For comparison the density of states for exponenta = — d(In T)/d(In m)~—(AT,/T)(M/Am), we ob-
only spin-fluctuation-induced superconductivity is shown asain an approximate value ef~0.2, which is only slightly

well. Two important thlngs can be learned from Flg 3: the|arger than experimenta”y found in op“ma”y doped cu-
superconducting gap is reduced dramatically in the presengsrates.

of phonons, but nevertheless the isotope effect is positive.

This can be inferred from the fact that there still remains a 1.4 : — T
small superconducting gap in the density of states of the ~ — SF+0(16)
oxygen isotope (16) at the temperature chosen in Fig. 3 I ST - = SF+0(18) ]

(T=80 K), whereas for (18) the superconducting gap has
already completely disappeared.

Note that similar results have been obtained by &t
and Pad® They also find that the electron-phonon interac-
tion reduces the critical temperature of spin-fluctuation-
induced superconductivity considerably, whereas the isotope
exponent remains small but negative. However, in their cal-
culation this is due to the local nature of the electron-phonon 0.2 — !

. . . : : —0.30 -015  0.00
interaction whereas the focus of our work is to investigate oleV]
the role of thek dependence of this interaction.

In order to obtain an estimate for the critical temperature F|G. 3. Momentum-averaged electronic density of state¥ at
of the two oxygen isotopes, we have performed successive 80 K for a superconducting state induced only by spin fluctua-
calculations in the temperature range between 78 and 83 Kions and by the spin fluctuation and electron-phonon interaction
Since the self-consistent solution of the Eliashberg equationsgether for two different different oxygen isotopeg16) and

0(19).

p(w)[1/eV]

1
0.15 0.30




PRB 59 INFLUENCE OF ELECTRON-PHONON INTERACTION .. .. 8863

o
@

T=70K A _=0.47

o
(o]
T
L

e
no
T

L

Density of states
o
n
T

=

2,

0.0 L ! | ’c”?

0 20 40 60 80 3

46-04 . >

3e-04

2e-04

o F(w)

1e-04

0e+00 : : ‘ : :
0 20 40 60 80

Frequency [meV]

FIG. 4. Phonon density of states for YR30, obtained from
a shell-model calculation using parameters as in Ref. 21, and the
McMillan function «?F(w). The calculation of the DOS and
a’F(w) were performed with a channel width of 0.2 meV.

Electron—phonon-interaction [eV]

-0.8 " 1 N 1 " 1

"2200 -100 0 100 200
For a better understanding of the phononic contribution to Frequency [meV]
the pairing interaction and the reason for the positive isotope ) _
effect, the phonons will be analyzed separately now. The FIG} 5. The Electron-phonon interaction &70 K and\p,
honon density-of-states and the McMillan functiefF are =0.47: (a) momentum dependence of the electron-phonon interac-
P | density . tion V, for frequencyw =0, (b) frequency dependence of the on-site
shown in Fig. 4. For to'tal glegtron-phonon Coupllng.strengt airing interactionVy, and the nearest-neighbor pairing interaction
we obtainA =0.47, which is in good agreement with esti- |,
mates of\ ;= 0.4— 0.6 (Refs. 24 and 2bfrom experimental
determination of frequency shifts and linewidths. Neverthe- . . . . .
less, the calculated =0.47 should lead to a considerable which represents the pairng |_nteract|on in the case of
contribution to the resistivity, which within the spin- dyz_y2-symmetry superconductivitf. Both Vo andVy are
fluctuation model is believed to be dominated by purely elec@ttractive in some frequency range, bL.’t the on-site interaction
tronic scattering. This indicates that the role and relativdS Much stronger and the corresponding attractive frequency
weight of these two scattering channels for transport phet@nge is slightly larger. Therefore, phonons alone will give

nomena is not yet completely understood. We checked theﬂﬁe o _s—waveh sgperco_nduct;:/lty.l This 'Sh naturz_il for a
modifications of\ due to backscattering vertex corrections Phenenic mechanism, since the electron-phonon interaction

do not reduce\ considerably. is attracti\_/e for _aII momenta and thus the momentum-
In Fig. 5a), we show the momentum dependence of theav_eraged mter_actlovoo is dom_lnant. Th_e self-qonsst_ent So-
zero-frequency effective phonon-mediated electron-electro tion of the E"aShbefg equations confirms this. Taklng_ only
interaction of Eq.(7) . The interaction is attractive for all the electror_l—_phon_on Interaction into account, we optam Su-
momenta and most important for the present study peake%erconductlvny with anisotropic-wave symmetry without
for small momentum transfer. In Fig(l9, we show the on nodgs as can be seen frf’m Fhe momentum erendence of the
site interactionVy: off-diagonal self-energy in Fig. 6. For obtaining this result at
the numerically accessible temperatufes30 K we had to
1 double the total electron-phonon coupling strength artifi-
_= cially. But we expect that enhancing the coupling strength
Voo N k§<y Vikeky), @9 should solely increase the critical temperature and not
change the symmetry of the superconducting state. Even for
which represents the pairing interaction in the case of isotrothis artificially large coupling strength of=0.96 supercon-
pic swave superconductivity, and the nearest-neighbor interductivity already vanishes between abolit=45-50 K.

actionVyg: Hence, for realistic coupling strengths the critical tempera-
ture of phonon-induced superconductivity is much smaller

1 than the critical temperature of spin-fluctuation-induced su-

Vlo:N z V(ky ,ky)cosk,, (16) perconductivity. Note that in this case the repulsive Coulomb

kx 1Ky interaction was not taken into account, which will suppress
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T=45K  1,=0.96

buckling-mode

breathing-mode

FIG. 8. Displacement patterns of the buckling mode and of the
breathing mode at thE point and theM point of the BZ.

Re®,(w) [eV]

momenta. Obviously, besides the shape of the Fermi surface,
FIG. 6. Off-diagonal self-energy for only phonon-induced su- Which is taken from angle-resolved photoemission spectros-
perconductivity. The momentum dependence exhibits clearly an arGOPY experiments, the momentum dependence of the
isotropics-wave symmetry. electron-phonon interaction is the key feature, which con-
trols possible contributions to different pairing symmetries.
the critical temperature of thewave superconducting state The momentum dependence of the electron-phonon interac-
even more. tion consists of two contributions, as can be seen by inspec-
Most interesting, however, is the result that all phonontion of Eq. (7); namely the momentum dependence of the
modes together can generate an attractive interaction b&lectron-phonon coupling constants and the momentum de-
tween nearest-neighbor sites. Thus the consideration of tHeendence of the phonon-Green's function. Because the mo-
electron-phonon coupling increases the pairing interaction ifmentum dependence of the phonon-Green’s function is di-
the d,2_,>-wave channel, which is a necessary prerequisitdectly related to the dispersion of the phonon spectrum,
for a positive isotope effect. The reason for the resultingvhich is relatively weak in the case of dominating optical
decrease of the superconducting gap due to the presence Rffonon modes, we find that the momentum dependence of
phonons is the large on-site interactidg,, which enhances the electron-phonon coupllng_ Constan_ts is the decisive factor.
the scattering rate dramatically. Therefore, concerning thd herefore, phonon modes with coupling strength largest for
sign of the isotope effect, it is plausible, that the isotopeSmall momentum transfer can enhancedie \»-pairing in-
effect is positive as long as the positive contribution from thetéraction. However, phonon modes with coupling strongest
increased pairing interactioN’;, (where the larger cutoff for large momentum transfer reduce the_y.-pairing inter-
corresponds to the smaller oxygen massitweighs the —action. _ _
negative contribution from the increased scattering rate due In order to find out which phonon modes support the
to larger on-site interactioloo. Also it is clear that includ-  dx2—y2-pairing interaction, the vibrations of single atofper
ing both the spin fluctuation and the electron-phonon interunit cell) will be investigated. For an illustration of the struc-
action still yieldsd,2-,2 superconductivity, since the consid- ture of YBgCusO; we refer to Fig. 7. The greatest coupling
eration of electron-phonon coupling even increases thétrength is caused by the vibration of the in-plane oxygens
dyz_,2-pairing interaction, whereas the spin-fluctuation con-O(ll), with vibration amplitudes along the Cu-O bonding
tribution to Vo, the swave pairing interaction, is strongly @xis and along thez axis, i.e., breathing-mode-like and
repulsive, as can be seen from Fig. 1, and therefore reduc&ckling-mode-like vibrations, and by the vibrations of the
the sswave pairing interaction dramatically. apex oxygen @) in the z direction. For illustration of the
We will focus now on why the nearest-neighbor electron-displacement patterns of the breathing mode and the buck-
phonon interaction is attractive at all. The attractiveness ofind mode we refer to Fig. 8. In Fig. 9 the momentum de-
V1 can be traced back to the fact that the phononic interac?endence along the—M direction of the corresponding
tion is peaked for small momentum transfer, since multipli-€l€ctron-phonon coupling is shown. The in-plane oxygen
cation with cok, in Eqg. (16) gives more weight to small O(IL 1) vibrations are quite well described by the momen-
tum dependenceg (k) ~ (sink,+sink) and g(k)~ (cosk,
+cosk,), which is the result for the breathing and buckling
mode, respectively, if only nearest-neighbor interaction is
considered. Thus the breathing mode redutes > super-
conductivity, because the momentum dependence of its cou-

°...0 pling strength is peaked for large momentum transfer. On the
¢..Cu other hand, the coupling strength of the buckling mode is
o...Y peaked for small momentum transfer and therefore the buck-
®...Ba ling mode supportsl,>_2-wave superconductivity in so far

as thed,2_ 2-pairing interaction is increased by the buckling
mode. The small wiggles in Fig. 9 are caused by wiggles in
the momentum dependence of the free susceptibj}ﬁy
which determines the screening properties of the £uO
planes(see the Appendjx In the case of the apex oxygen
FIG. 7. Structure of YBgCu;0;. vibrations, the momentum dependence of the coupling is dif-
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FIG. 9. Electron-phonon coupling constant for the vibration of the in-plane oxygkn @ in the x direction, (b) in the z direction, and
(c) for the vibration of the apex oxygen(l) in thez direction. Since every hole is located just in one of the planes, the coupling is different
for the vibrations of the oxygens of the two planes. The coupling of the oxygen in the same plane is denoted by a solid line and the coupling
of the oxygen of the other plane by a dashed line. Note, in the case of the apex oxygen, this refers to the closer and the further apex oxygen.

ferent for the two apex ions in the primitive cell: the closer electron-phonon coupling strength xf~ 0.4, which is simi-
apex oxygen causes a more or less momentum-independéat to our findings, and a mediurd,2_,2-wave coupling
coupling, whereas the coupling of the further apex oxygen istrength of\ 4=0.3, which is even much larger than our
stronger for small momentum transfer similar to thevalue. Most interesting, they also find a very dominant cou-
buckling-mode-like vibrations. In respect to vibrations of thepling of the buckling mode. Although their approach is
other ions, which are not shown in Fig. 9, we find that thecomplementary to ours, their results are quite similar, which
coupling of vibrations in the direction is generally peaked supports our results concerning the relative coupling
for small momentum transfer. The vibration of the oxygenstrengths of the breathing and the buckling mode. Anyway
ions is the most dominant contribution to the total couplingwe expect that a more dominant breathing mode would re-
strength, whereas the contribution of yttrium and barium isduce V,, somewhat, leaving the other results qualitatively
very small due to screening in the Cu@lanes. Altogether unchanged.

all vibrations in thez direction, especially the buckling Our numerical results, obtained within a strong-coupling

modes, increase the nearest-neighbor interadiign Only . i . .
the breathing mode and the vibration of the chain 0XygenEllashberg theory, show that the electron-phonon interaction

O(lV) along the CuO-bonding axis redutg,. The other aeduces th?. cntycal tem_peratudrehe\{en thougpf I Increases the
modes are of no relevance with respeciig. | —Wa(\j/e pairing m_teractlr?n and the isotope el_ect_ is p:)osmve.
Note that within our approach the coupling strength of the n order to Iinvestigate these aspects in a qualitative, but more

buckling mode is about twice as large as the couplin fransparent way, we use a simple weak-coupling model,
9 9 PING ) here the pairing interactions caused by spin fluctuations

strength of the breathing mode. The situation is opposite, i : r
the same calculations are performed with the original Zeyhe"F‘nd phonons are approximated by frequency-independent

model. The reason for this is to be found in the di1‘ferentCOUpl'r.]g constants ar.]dhph with different .CUt(.)ffS“’Sf and
ph (Fig. 10. Introduction of the renormalization constants

treatment of screening. In Zeyher's model the screenin
; y %;fz 1+ N\g and Zgpn=1+ N+ N5 accounts for the reduc-

planes are smeared over the whole elementary cell, wheret fth tral weight of the C ir-forming hol

in our approach the exact position of the Gu@anes with lon o it e_specﬁra tweollg to e f?opt)ertpalr- orrglngh oles

respect to the vibrating ion and the Cooper-pairing hole i y scattering efiects dué 1o spin fluctuations and phonons.
or the renormalization factors the same cutoff is used as for

considered. It is evident that the screening of the breathin S i ; .
mode is better, if one accounts for the fact that both thd'€ P&irng interaction. The coupling constantare defined
Eq. (8). The coupling constani\ characterize the

vibrating oxygen ion and the Cooper pair-forming hole are'l T !
located within the same plane. On the other hand the oppd}@-y2-Pairng interaction:
site is true for the buckling mode. Because the vibration of a
the oxygen ion in the direction is perpendicular to the CyO
plane, it cannot be screened within the same plane, but onl
by charges induced in more distant planes. Therefore, the
buckling mode is less screened, if one takes the relative lo-
cation of the vibrating oxygen ion, the Cooper-pairing hole,
and the screening plane explicitly into account. Additionally, @ @
it has to be pointed out that in our approdel in the Zeyher
mode) only the electrostatic part of the electron-phonon
coupling is considered, whereas all contributions arising

v

from changes in the overlap of neighboring electronic wave TV,
functions have been neglected. It is to be expected that thes
neglected effects are strongest for the breathing mode. Thi: VAV,

means that the coupling strength of the breathing mode coulu
be somewhat underestimated in our approach. In this respect f|G. 10. Modeling of the spin-fluctuation interaction and the
it is interesting to note that recently the electron-phonon couelectron-phonon interaction by frequency independent coupling
pling was calculated by Anderser al*’ and Jepsest al”®  constants. Here/g=\% andV,= XS, denote thel,z_y2-type con-
within a tight-binding model derived from local-density ap- tribution of the corresponding interactions, respectively, with cutoff
proximation linear-response calculations. They find a totak and .
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FIG. 11. Results fo and T, using the simplified interaction model taking=200 meV, xg’f= 1.1, A ¢=3.2, )\gh=0.3, Aph=0.6.

critical cutoff frequency they are increasing again. Examina-

2 S(e) 8 e )ReV(k k' 0) Y, tion of gap equation Eq(19) shows that there are two con-
NG (17)  tributions, which determine the size of the gap functioy
E S(e) & Ew)lﬂdlﬁd the interaction of charge carrie( among themselves and
! K7k the interaction of charge carriefly with charge carriergll).

In an analogous manner there are two contributions, which
determine the size of the gap functidn. Only one of these
(four) contributions, i.e., both electrons in region I, can profit
from the phononic part of the pairing interaction. On the
other hand, two of thesg@our) contributions, each of which
result from the interaction of the respective electrons with
electrons of region |, are reduced, because the quasiparticle

with 1//‘k‘=coskx—cosky. These approximations result in the
following form of the gap-functionAk=A0¢E with Ag
=A; if [g|<op and Ag=A, if wy;<|e|<wg, respec-
tively. A;,A, are obtained by solving the gap equations:

d d
:)\Sf+ )\phprhdel_Zf(El) A
0

. Zzsf_ph €1 ! spectral weight in region | is diminished by the additional
q scattering on phonons. Altogether only the gap functign
)‘_sf ‘”Sfdel_Zf(Ez) A (18) can profit from the phononic contribution to the pairing in-
Z5J opn € 2 teraction, whereas both gap functiois and A, notice the
destructive effect due to scattering on phonons. This is the
and reason why for small,, both of the gap functiond, and
)\gf om  1—2f(ey) )\gf oy 1-2f(ey) A, are decreasing as a function ®fy,. In the larger region .
A== J de——A+ — de———=A,. I more electrons are scattered by phonons. On!y_ when region
Zgtpn’ 0 €1 ZgtJ opn €2 | has become large enough amg}, exceeds a critical cutoff
(19 frequency, does the positive effect of increased pairing inter-
with action between Cooper pairs in region | outweigh the nega-

tive effect of additional scattering, and thus both gap func-

€2 , €2 , tions A; and A, start increasing as a function efy, for
€= ZZ_+A . €= Z—2f+A2. (200 larger frequencies.
S|

sf-ph The w,, dependence of ;. shown in Fig. 11b) displays

In the following we will study the influence of the size of &1 analogous behavior. For very small, the critical tem-
the phonon cutoft,;, on the superconducting properties by Perature is decreasing, and after passing through a minimum,
means of this simple model. In Fig. (L the gap functions TC. is increasing again y|eld!ng a posmvg isotope effect. The
A; and A, corresponding to the regions |/ <w,) and c'r|t|cal temperature itself will, for'rgahstlc phonon frequen-
Il (wph<|€k|<wsf) atT=0 K are plotted and in Fig. 1h) cies wph, be_ smaller than the cnUcaI_tt_amperature of only
the corresponding critical temperature is shown. The couspin-fluctuation-induced superconductivity.
pling constantsh g, A%, Apn, A5, are chosen in agreement ~ From Fig. 11b) we can directly extract the isotope expo-
with the previous results. Onth is chosen slightly larger nent. For very small phonon frequencies the critical tempera-
for illustrational purposes. Since the spin-fluctuation interaciure is decreasing for increasing,,. Hence, the isotope
tion is decreasing slowly over a large frequency range, as ca@Xponenta is negative in this region. For larges,,, after
be seen by inspection of Fig. 1, it is hard to estimate thepassing through a minimunf, is increasing withw,,. This
spin-fluctuation cutoff wg. In this calculation wg  Ccauses a positive isotope exponent. The magnitude aé-
=200 meV was chosen as a cutoff. Two things can be obpends on the relative size of the coupling strengths of the
served in Fig. 11: First, the gap functiaky, (region ) is  electron-phonon and spin-fluctuation interaction and the cor-
generally larger than the gap functidn (region Il) due to  responding scattering rates. In Fig. 12 the isotope exponent
an increased pairing interaction caused by the phonons. Fuys A% and\; is shown for different values dfgh. For de-
thermore the gap functions; and A, and the critical tem- creasing spin-fluctuation contributim‘g’f to the pairing inter-
peratureT. show a peculiaw,, dependence: for smadb,,  action the isotope exponent is increasing strongly. This is
they are decreasing as a functionaf, and after a certain obvious, because the electron-phonon coupling becomes the
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FIG. 12. Dependence of the isotope exponerdn the spin-fluctuatioml,2_ 2-coupling strength and the total spin-fluctuation coupling
strength, respectively. These results were obtained with the simple weak-coupling model#200 meV, wy,,=70 meV, and addi-
tionally (@) Ay=2.5 and (b) A%4=1.3, respectively. The total electron-phonon coupling strength was taken,@sl, but the
d,2_y2-electron-phonon coupling strength was varied as indicated in the figure.

origin for superconductivity, a situation which seems un-rence of a phonon-induced superconducting state with

likely for cuprates due to the large phononic coupling con-swave symmetry. A phonon-inducedtwave state can be

stants necessary in this case. excluded because of the insufficient strength of this sub-
The isotope exponent of the present work is always smallominant pairing interaction.

in magnitude and positive. For the system ¥B&0O,, un-

der consideration, this is in qualitative agreement with the ACKNOWLEDGMENTS
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strength of the leading electronic pairing interaction or of a@Vi¢: and C. Thomsen for helpful conversations on this and

more subtle nature is beyond the scope of the present papéﬁlated topics. J.S. acknowlt_adges the financial support of the
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IV. SUMMARY APPENDIX: DERIVATION OF THE INVERSE

DIELECTRIC FUNCTION
In summary, we find that spin-fluctuation-induceg 2 . . '
superconductivity is robust against the existence of electror}-iorlg ;r;:zir?p?rec)r:gIi(h;heogiet}i?)trzngfn;[hgfstchr?aelﬁ?r?l field cr]c;réec-
phonon coupling. The superconducting transition tempera- 9 P 9 Guida

ture is reduced by the interaction with phonons due to al{elative to the vibrating ion will be discussed. If spatial in-

enhancement of the electron-scattering rate. Furthermore, w*laomoge”'ty is taken into account, the dielectric function be-

find that the momentum dependence of the eIectron-phono?lomeS a matrix in the reciprocal-lattice vect@s":

int_eraptipn increases thdaxg_yz—pairir!g int_eraction slightly. e(k+G k+G') = €. 5ag —v(K+G) ¥ (k+G,k+G').

This is important for getting a positive isotope effect. Our (A1)

results indicate that the isotope effect is small for optimal 3

doping. If one assumes that the spin-fluctuation couplindHere, x is the irreducible polarization of the density-density

strength varies with the doping concentration, this would im-correlation functiony, which characterizes the screening

ply a strong doping dependence of the isotope effect. properties of the system. The inverse dielectric function is
A major approximation of the present work is the neglectdefined by

of the effect of strong electronic correlation on the electron-

phonon coupling constants. As shown by Lichtenstein and E e(k+G k+G") e L(k+G" k+G') =g . (A2)

Kulic* strong electronic correlation cause a suppression of o ' ' ce

charge fluctuations at small distances. Therefore, we expegi_th_

g, (K) to be reduced for zone-boundary phonons. This would' 'S ¢an be expressed as

decrease)\;h and thus the large scattering rate due to 1

phonons. For the same reason, we expégtto be slightly e {k+Gk+G')= — [ Tu(k+G)x(k+G k+G)].

enhanced by electronic correlations. ” (A3)
Our results demonstrate that the existence and sign of the o ) )

isotope effect can be understood within a spin-fluctuation-The susceptibilityy has to be determined by solving the

inducedd-wave state. Due to théswave nature of the super- following integral equation:

conducting state, it is particularly important to obtain a /

proper description of the momentum dependence of the exx(k+Gk+G")

electron-phonon interaction. It was shown that out-of-plane ~ ~

vibrations are essential for th¢-wave state and that one :X(k"'G'k"‘G')WLZ" x(k+G,k+G")

cannot focus solely on one particular phononic mode. Fi- G

nally, the strong electronic correlations inhibit the occur- Xv(k+G") x(k+G" k+G'). (A4)
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In the cuprates the most dominant screening is caused by _ 1, , g
mobile charges within the Culanes. In YBaCu,O; there x(k+G,q+Q,q+Q")=_x (k+G) 2>, €/(Q7Qdp,
are two planes per unit cell. Therefore, the susceptibyitg p
, - . i . -y (AB)
a 2Xx 2 matrix, describing density-density correlations within .
the same plane and between both of the planes. The polafiere, k,G refer to the in-plane wave vectors, wherep®
o~ . ._represent the wave vectors in thdirection. In the random-
ization y, on the other hand, reduces to a diagonal matrix, oD i )
because the particles are assumed to be confined to tlﬁ’@a?’e approximationy reduces_ to the noninteracting
planes. In real space the polarization is given by particle-hole bubble of the holes in the Cu@lanes.y is
diagonal with respect to the in-plane wave vectors and}the
dependence is simple enough. This permits an analytic treat-
~ _7T2Dy, _ _ o ment of theQ summations. Therefore, E¢A4) can be in-
X(Fuf2) =X =xo) 82y ZZ)% %Z1=2ip) (RS orieq easily and the inverse dielectric function can be ob-
_ . tained in this way. There remains only the question of how to
wherez; ;= jc +d are thez coordinates of the Cufplanes,  choose the coordinated ; of the screening planes, which are
with j being the index for the primitive cel]3 is the index not unambiguous due to the internal buckling of the GuO
for the CuQ plane within the primitive cell, ana is the planes. In our calculations we assumed that the screening
height of the primitive cell. Fourier transformation yields  plane should follow the buckling of the Cy®lane.
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