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Pairing interactions and pairing mechanism in high-temperature copper oxide superconductors
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The polaron binding enerdy, in undoped parent cuprates has been determined to be about 1.0 eV from the
unconventional oxygen-isotope effect on the antiferromagnetic ordering temperature. The deducedBglue of
is in quantitative agreement with that estimated from independent optical data and that estimated theoretically
from the measured dielectric constants. The substantial oxygen-isotope effect on the in-plane supercarrier mass
observed in optimally doped cuprates suggests that polarons are bound into the Cooper pairs. We also identify
the phonon modes that are strongly coupled to conduction electrons from the angle-resolved photoemission
spectroscopy, tunneling spectra, and optical data. We consistently show that there is a very strong electron-
phonon coupling feature at a phonon energy of about 20 meV along the antinodal direction and that this
coupling becomes weaker towards the diagonal direction. We further show that high-temperature supercon-
ductivity in cuprates is caused by strong electron-phonon coupling, polaronic effect, and significant coupling
with 2 eV Cu-0O charge transfer fluctuation.
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I. INTRODUCTION 45 meV, 61 meV, and 75 meV are strongly coupled to

Developing the microscopic theory for high-supercon- doped holes in deeply underdoped ,L&rCu0,* The
ductivity is one of the most challenging problems in con-Strong coupling to the multiple phonon modes is not in favor
densed matter physics. Eighteen years after the discovery 8f d-wave gap symmetry but may support a generalave
the highT, cuprate superconductors by Bednorz and Mifller, 9ap symmetry®-2
there have been no microscopic theories that can describe the Here we determine the polaron binding enekgyfor un-
physics of highT, superconductors completely and unam-doped parent cuprates from the unconventional oxygen-
biguously. Due to the higfii, values and the observation of a isotope effect on the antiferromagnetic ordering temperature
small oxygen-isotope effect ofy, in a 90 K cuprate super- (Ty).> The determined valué~1.0 eV) of E, is in quantita-
conductor YBaCu0,_, (YBCO),>~* many theorists believe tive agreement with that estimated from independent optical
that the electron-phonon interaction is not important indat#® and that estimated theoretically from the measured
bringing about highF, superconductivity. Most physicists dielectric constant®’ The substantial oxygen-isotope effect
have thus turned their minds towards alternative pairing inon the in-plane supercarrier mass observed in optimally
teractions of purely electronic origin. doped cupratéd”°indicates that polarons are bound into

On the other hand, there is overwhelming evidence thathe Cooper pairs. We also identify the phonon modes that are
electron-phonon coupling is very strong in the cupratestrongly coupled to conduction electrons from the angle-
superconductors?® In particular, various unconventional resolved photoemission spectroscopy, tunneling spectra, and
oxygen-isotope effects Zhao and his co-workers have obeptical data. We consistently show that there is a very strong
served since 1994 clearly indicate that the electron-phonoalectron-phonon coupling feature at a phonon energy of
interactions are so strong that polarons/bipolarons are formeabout 20 meV along the antinodal direction and that this
in doped cuprat@s®111214-17.199nd manganite¥;?2 in  coupling becomes weaker towards the diagonal direction. We
agreement with a theory of high-temperaturefurther show that high-temperature superconductivity in cu-
superconductivity? and the original motivation for the dis- prates is caused by strong electron-phonon coupling, po-
covery of high-temperature superconductivitydowever, laronic effect, and significant coupling with 2 eV Cu-O
such clear experimental evidence for strong electron-phonogharge transfer fluctuation.
interactions from the unconventional isotope effects has been
generally ignored. In Ref. 18, Lanzaea al. appear to pro-
vide evidence for strong coupling between doped holes and ||, OXYGEN-ISOTOPE EFFECT ON Ty IN La,CuO,
the 70 meV half-breathing phonon mode from angle-
resolved photoemission spectroscdRPES. They further The antiferromagnetic ordéAF) observed in the parent
show that this 70 meV phonon mode can leaddtwave insulating compounds like L&uO, signals a strong
pairing symmetry and is mainly responsible for high- electron-electron Coulomb correlation. On the other hand, if
temperature superconductivty.Very recently, Devereaux there is a very strong electron-phonon coupling such that the
et al?® have proposed that the 40 me, phonon mode Migdal adiabatic approximation breaks down, one might ex-
rather than the 70 meV half-breathing phonon mode is repect that the antiferromagnetic exchange energy should de-
sponsible ford-wave high-temperature superconductivity. pend on the isotope mass. Following this simple argument,
This pairing mechanism contradicts the very recent ARPEZhao and his co-workers initiated studies of the oxygen iso-
data, which show that multiple phonon modes at 27 meV{ope effect on the AF ordering temperature in several parent
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ergy should be larger than 1.0 eV sinE§” should not be

zero. The parameter-free estimate of the polaron binding en-

ergy due to the long-range Fréhlich-type electron-phonon in-
FIG. 1. The temperature dependence of the susceptibility for théeraction has been made for many oxides including cuprates

160 and*®0 samples of the undoped JGuO, (upper pandl and of ~and manganite¥’ The total polaron binding energy for

the oxygen-doped L&uQy,, (lower panel. After Ref. 5. La,CuQ, was estimated to be about 1 éRef. 29, in excel-

lent agreement with the value deduced above from the iso-

compounds in 1992. A noticeable oxygen-isotope shiffpf (0P€ effect. The polaron binding energy can be also esti-
was consistently observed in J@uO,.5 mated from optical data where the energy of the midinfrared

Figure 1 shows the temperature dependence of the suscdp@k Em in the optical conductivity is equal toyZ, (Ref.
tibility for the %0 and 80 samples of undoped L@uO, 9), wherey is 0.2-0.3(Ref. 29. The peak positiort,, was
(upper panel and of oxygen doped LEUO,,, (lower fou_nd to be about 0.6 eV for L@?Sro_OZCuOLl_ (R.ef. 28, im-
pane). One can see that the AF ordering temperaiiydor plying thatE,=1.0-1.5 eV. This is in quantitative agreement
the 80 sample is lower than th0 sample by about 1.9 K with the value estimated from the isotope effect. These re-
in the case of the undoped samples. For the oxygen-dopeﬂ“ts thus consistently suggest that the po_Iaron_ binding en-
samples, there is a negligible isotope effect. ergy of undoped LgCuQ, is about 1 eV. Dop!ng will reduce

It is known that the antiferromagnetic properties of the value ofE, and thusE, due to screening of charged

La,Cu0y., can be well understood within mean-field theory carriers. The optical conductivity data indeed show that
which leads to &y formula3® E,=0.44 eV and 0.12eV for x=0.06 and 0.15,

respectively®

One may argue that the midinfrared peak could arise from
magnetic excitations. A sharp peak feature at about 0.35 eV
was seen in the optical conductivity of the undoped
whereJ’ is the interlayer coupling energg(Ty) is the in-  YBa,Cu,04 (Ref. 33. This feature was also seen in other
plane AF correlation length aty with &(Ty) <exp(J/Ty) for  undoped cuprate¥;*>and can be well explained by the pho-
y=0 (Jis the in-plane exchange enejgWhenTy is reduced non assisted two magnon excitat®nHowever, this sharp
to about 250 K by oxygen doping, a mesoscopic phase sepéeature is very different from a broad peak at about 0.6 eV in
ration has taken place so thfly)=L (Ref. 31, whereL is lightly doped L3 ¢sSr, o,CUQ,. In particular, the maximum
the size of the antiferromagnetically correlated clusters, andonductivity for the two magnon peak is about 1
depends only on the extra oxygen contgnin this case, we (Q7! cm™?),33-3% which is over two orders of magnitude
have Ty=J'(L/a)%. Sincel is independent of the isotope lower than that for the broad peak in LSt o/CuO;, (Ref.
mass, a negligible isotope shift d} in the oxygen-doped 36). Therefore, the broad peak in doped;kgSr o CuO,
La,CuOy., suggests thafd’ is independent of the isotope cannot have the same origin as the sharp peak in the undoped
mass. Then we easily find for undoped compounds system.

keTn = J'[&(Tw)/al, 1
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15 L where the effective mass of supercarriers is independent of
ol Lo SrCuO ] the isotope mas¥. In particular, the substantial oxygen-
' B isotope effect orm,, in optimally doped cuprates indicates

0.9 L 4 that the polaronic effect is not vanished in the optimal doping
2 N regime where the BCS-like superconducting transition oc-
C 06} * . curs. This suggests that polaronic carriers may be bound into

the Cooper pairs in optimally doped and overdoped cuprates,

03 r 1 in agreement with theordf:23.39
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IV. STRONG ELECTRON-PHONON COUPLING
FEATURES ALONG THE DIAGONAL DIRECTION

FIG. 2. The doping dependence of the exponksy) of the In conventional superconductors, strong electron-phonon
oxygen-isotope effect on the in-plane supercarrier mass in P ! 9 P

La,_,S,CuO,. The exponent is defined g=—d In m_,/d In Mo, coupling features can be identified from single-particle tun-

The data are from Refs. 14. 16 and 17. neling spectra. For higfi; cuprates, high-quality tunneling
T spectra are difficult to obtain because of a short coherence

length. Moreover, due to a strong gap anisotropy, the ener-
gies of the strong coupling features will depend on the tun-
neling directions. Only if one can make a directional tunnel-
ing, one may be able to accurately identify the electron-
honon coupling features from the tunneling spectrum. On
fle other hand, the observation of the electron self-energy
renormalization effect in the form of a “kink” in the band
dispersion may reveal coupling of electrons with phonon
modes. The “kink” feature at an energy of about 65 meV has
been seen in the band dispersion of various cuprate super-
®bnductors along the diagonéinodal”) direction® From

Ill. OXYGEN-ISOTOPE EFFECT ON THE IN-PLANE
SUPERCARRIER MASS

One of the most remarkable oxygen-isotope effects w
have observed is the oxygen-isotope effect on the penetrati
depth§—9,l4—17,19

We made the first observation of this effect in optimally
doped YBaCu;Og o5 in 19948 By precisely measuring the
diamagnetic signals for th®0 and!®0 samples, we were
able to deduce the oxygen-isotope effects on the penetrati

depthr(0) and on the supercarrier density It turns outthat o easyred dispersion, one can extract the real part of the
Ang=0, andAN(0)/M(0)=3.2% (Ref. 6. These isotope ef-  gjactron self-energy that contains information about coupling
fects thus suggest that the effective supercarrier mass dgt electrons with collective boson modes. The remarkable
pends on the oxygen-isotope mass. progress in the ARPES experiments is that the fine electron-
~In fact, for highly anisotropic materials, the observedpnonon coupling structures have been revealed in the high-
isotope effect on the angle-average®) is the same as the esojution ARPES data of a Be surfa@a/ery recently, such
isotope effect on the in-plane penetration depff(0). From  fine coupling structures have been also seen in the raw data
the magnetic data for YB&U;Og 93 Lay g55lp1:CUO,, and  of the electron self-energy of deeply underdoped
Bi1 ¢Phy4SCaCU010.y, We found that ANap(0)/Aap(0)  La, Sr,CuO, along the diagonal directio¥. Using the
=3.2+0.7% for the three optimally doped cupratéSeveral maximum entropy metho@MEM) procedure, they are able
independent experiments have consistently shown that thg extract the electron-phonon spectral densitfF(w) that
carrier densities of the two isotope samples are the samgontains coupling features at 27 meV, 45 meV, 61 meV, and
within 0.0004 per unit ceft:>!> Therefore, we can safely 75 meV. The energies of these coupling features are one-to-
conclude that the observed oxygen-isotope effect on the irpne correspondences to the phonon energies measured by
plane penetration depth is caused only by the isotope depefhelastic neutron scatterirf. These beautiful ARPES data
dence of the in-plane supercarrier masg. Recently, direct and exclusive data analy&fsclearly indicate that the
measurements of the in-plane penetration depth by low erphonons rather than the magnetic collective mode are re-
ergy muon-spin-relaxatiofLExSR) techniqué® have con-  sponsible for the electron self-energy effect.
firmed our earlier isotope-effect results. It was found that Here we will demonstrate that the fine coupling structures
ANap(0)/N56(0)=2.8% +1.0%. It is remarkable that the iso- also appear in the earlier high-resolution ARPES data of a
tope effect obtained from the most advanced technologglightly overdoped BSCCO witff,=91 K (OD91K).*! Fig-
(LEuSR®® is the same as that deduced from simple magure 3 shows the real part of the electron self-energy along the
netic measuremengs.’° diagonal direction for the OD91K sample at 70 K. In the
Figure 2 shows the doping dependence of the exponerame figure, we also plot the real part of the electron self-
(Bo) of the oxygen-isotope effect on the in-plane supercarenergy along the diagonal direction for the nonsuperconduct-
rier mass in La,Sr,CuQ,. Here the exponent is defined as ing La,_,Sr,CuQ, (LSCO) with x=0.03. We can clearly see
Bo=-dInm,/dIn Mg (whereMg is the oxygen magsltis  the fine structures in the raw data of both LSCO and
apparent that the exponent increases with decreasing dopingSCCO. The solid vertical lines mark the energies of the
in agreement with the fact that doping reduces electronpronounced phonon peak7 meV, 45 meV, 61 me)in
phonon coupling due to screening. The large oxygen-isotopthe electron-phonon spectral densif§F (w) of the nonsuper-
effect on the in-plane supercarrier mass cannot be explainezbnducting La 7SIy 08CuQO,, which is determined from the
within the conventional phonon-mediated pairing mechanisnMEM procedure?® The dashed vertical line indicates the en-

104517-3



GUO-MENG ZHAO PHYSICAL REVIEW B71, 104517(2009

E-E (meV) 30 A A ARansnss s Aasss
L LML L L L BSCCO (OD) ) ARPES ]
80 e BSCCO(OD91K) ] 25 F © Tunneling ]
o LSCO(x=0.03) i
S 20F o4
— 60 | Ay =8.0meV OGO, ] D ]
% o 000 13 sk _
£ o oo, < ]
~ 40l 500 Py od ] 2 ] ]
[;4) ° 0.“. ...O o® o LIJ'D10 1
o © . L ] ]
OO [ 4 5F 3
20 + . P ]
[ele] ° 0 | | 1 1 1 1 ! ]
0 ST I 55 60 65 70 75 80 85 90 9

0 20 40 60 80 100 c
E-E-A, (meV)

FIG. 4. The boson energy as a functionTaffor several over-
FIG. 3. The real part of the electron self-energy along the diagdoped BSCCO. The boson energy extracted from ARFES. 52
onal direction for a slightly overdoped BSCCO wiff,=91 K is calculated according 850~ Exink—Am, WhereEiq is the kink
(OD91K) (Ref. 41 and for Lg_,Sr,CuQ, with x=0.03 (Ref. 20. energy in the band dispersion, which is found to be equal to the
The energy scale for BSCCO is shifted downAy=8.0 meV. The peak energy in the electron self-ener@ef. 52. One data point
solid vertical lines at 27 meV, 45 meV, and 61 meV mark the en-(open circlg is from the tunneling datésee Fig. 5.
ergies of the pronounced phonon peaks in the electron-phonon spec-
tral densitya”F(w) of Lay ¢:S1.04Cu0;, which is determined from s the impurity scattering ratd® Very dirty d-wave super-
the MEM proceduréRef. 20. The dashed vertical Iln_e indicates the conductivity would give a significant residual intensity at
energy of an extra pronounced phonon pek meV) in the Super- ¢4 anergd9 in disagreement with experimefftVery dirty
conducting LSCO WltW-0.0?. It is |nterest.|ng that the coupling P-Wave superconductivity would also giveTé dependence
feature at 27 meV in LSCO appears to shift to a lower energy o . d . [~y
about 20 meV in BSCCO. of the in-plane penetration depth beloiv=0.83,I'A(0)
=1.1A,,=180 K (Ref. 50, in contradiction with the ob-
served lineaff dependence below 10 ¥.In Ref. 26, the
author has consistently explained all the relevant experi-
ments in terms of thes+g wave gap symmetry and also
shown that some phase sensitive experiments apparently sup-

the self-energy of BSCCO to be aligned with those for_ . ¥ i
LSCO, the energy scale for BSCCO must be shifted down b@?crttlt?]% safngiz\a/\?eogr;g;r S@?;?n”;?rt;r symmetry do not contra

Ap=8.0 meV. This suggests that the superconducting gap L . ,
along the diagonal direction is about 8 meV at 70 K. Using It is interesting to note that the coupling feature at

. 275 meV is invisible in the deeply underdoped LSCO
the_BCS temperature dependence of the gap, one f'”‘%’(:o.ooa, but becomes pronounced in the superconducting
Ap=10 meV at zero temperature.

The finite superconducting gap of about 10 meV anngLSCQ (X_O'QD (Ref. 20 and in BSCCO(ODQlK). This is
the diagonal direction is consistent with a gensralave gap consistent with the neutron experiments that clear[y demon-
symmetry(s+g wave with eight line nodegg>s).2° This §trate that t_he _couplln_g to theﬁ?S meV half-breathlng mode
gap symmetry has double gap featuressatand Ay, in the increases with increasing dopit§Further, the coupling fea-

superconducting density of sta®syhich can be seen in the ture at 27 meV in LSCO appears to shift to a lower energy of

single-particle tunneling spectra and in the Andreev reflecf’lbout 20 meV in BSCCG@see Fig. 3

tion spectra. Various break-junction spectra suggest that
Ap=9.5 meV andA,,=26 meV in an overdoped BSCCO
with  T.=89 K (Ref. 26, Ap=12+1meV, and
Ay=24+1 meV in an overdoped BSCCO wiff,.=86 K
(Ref. 42, Ap=7.5-9.0meV andAy=15-18 meV in The electron self-energy effect along the antinodal direc-
heavily overdoped BSCCOs with.=62 K (Refs. 43 and tion has been studied for several BSCCO crysta@lp91K,

44). The Andreev reflection spectrum also indicates thatDD71K, and OD58K.52 The kink feature in the band disper-
Ap=13 meV in an overdoped BSCCO wiif=85 K (Ref.  sion or the peak feature in the electron self-energy along the
45), while the other Andreev reflection spectrum shows a ga@ntinodal direction is much stronger than that along the di-
feature atAy, =25 meV(Ref. 49. Further, the Raman ddfa agonal direction. This indicates a much stronger electron-
clearly indicates+g wave gap symmetry in a heavily over- boson coupling. One of the puzzling issues is that the ener-
doped BSCCO witiT ;=55 K. The Raman intensities in both gies of the boson modes shift to a much lower endaipout

By and B,y symmetries increase linearly with energy up to 20 me\) and are nearly independent of dopigrigure 4
1.3\, and can be extrapolated to nearly zero values at zershows the boson energy as a functiorifgfor several over-
energy. The linear energy dependence of the Raman intensitioped BSCCO. The boson energy from the ARPES data is
up to 1.3\, in the B;; symmetry could be consistent with calculated according t&,soi= Exink=Am, WhereEy is the
either cleans+g wave superconductivif§ or very dirty  kink energy in the band dispersion, which is found to be
d-wave superconductivity with/T'Ay(0) =1.3Ay, (wherel’ equal to the peak energy in the electron self-enétgihe

ergy of an extra pronounced phonon pd@k me\) in the
superconducting LSCO witk=0.07. In order for three pro-
nounced fine structureg5 meV, 61 meV, and 75 meMn

V. STRONG ELECTRON-PHONON COUPLING
FEATURES ALONG THE ANTINODAL DIRECTION
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L L L A possible if the extended van Hove singularity is about
1ol BSCCO G() ] 20 meV below the Fermi level and the electron-phonon ma-
—_ T —2(w)F(w) trix element for the 20 meV phonon modes has a maximum
2 1'0_' ras 1 aroundd=0, whereq is the phonon wave vector. The large
(i 0.8} R Ry 1 density of states at the van Hove singulai@® meV below
32 0 o Q, 1 the Fermi level and strong Fermi surface nesting along the
"»;\ 06 f‘gb antinodal direction greatly enhance the phase space available
& 0.4r ® B\ for 20 meV small§ phonons to scatter quasiparticles from
G 02'_ % i the states near the antinodal regime to the extended saddle
Tt points. The first principle calculati6findeed shows that un-
”‘”o 10 20 30 40 50 60 70 80 90 usual long-range Madelung-type interactions lead to very

large matrix elements especially for zone center modes
(4=0), which are mainly related to vibrations of cations

FIG. 5. The electron-phonon spectral densit§F(w) for a  (€.9., La, Sr, Ba, GaThe phonon energies for the vibrations
slightly overdoped BiSr,CaCyOs., (BSCCO crystal, which was ~ of the cations are between 15 meV to 25 mRef. 56.
deduced from a break-junction spectriRef. 55. Since the strong coupling feature almost disappears above

T, the 20 meV bosonic mode may be related to the magnetic
above relation that is predicted by the®twas also used by resonance mode rather than the phonons. First, the energy of
the authors of Ref. 52 to extract the mode energy. Since th#e bonsic mode is nearly independentTof (see Fig. 4
antinodal gap\y, is found to be very close to the peak en- while the resonance energy is proportionalTio(Ref. 57.
ergy in the energy distribution curd&DC),>* one can sim-  This implies that the 20 meV boson is not the magnetic reso-
ply take A, being equal to the EDC peak energy. It is ap-nance mode. Second, the disappearance of the coupling fea-
parent that the boson energy is about 20 meV for heaviljure aboveT, does not necessarily mean that the coupling to
overdoped BSCCOs and about 16 meV for nearly optimallythe phonon modes is irrelevant. Very recent calcul&fion
doped BSCCO. The strong coupling feature at about 20 me8hows that the feature of coupling to tBg; phonon mode
also agrees with the electron-boson spectral dergiBfw) (36 me\) is very weak in the normal state. As pointed out by
deduced from a break-junction spectrum of BSCCOthese authors; the dramatic temperature dependence arises
(OD93K),%® as shown in Fig. 5. The spectral density clearlyfrom a substantial change in the electronic occupation distri-
shows strong coupling features at about 20 meV, 36 meVhution and the opening of the superconducting gap. In the
60 meV, and 72 meV, similar to the features at abouthormal state, the phonon self-energy is a Fermi function at
20 meV, 62 meV, and 75 meV along the diagonal direction100 K centered at the phonon energy, which results in a ther-
(see Fig. 3 Because the superconducting gap is very anisomal broadening of 4T or 38 meV, significantly larger
tropic, the excellent match of the phonon energies obtainethan the phonon energ20 meV\). At low temperatures and
from the tunneling spectrum and ARPES indicates that thén the superconducting state, the phonon self-energy is
tunneling process of this break-junction should be rather disharply defined due to the step-function-like Fermi function
rectional. Comparing the gap size of 23 meV determinedand a singularity in the superconducting density of states.
from the spectruff® with the angle dependence of the  Now we further show that a strong coupling feature in
gap>*?6 we find that the spectrum may mainly probe theoptical data, which was previously explained as due to a
superconducting density of states along the directions of bestrong coupling between electrons and the magnetic reso-
tween 10° and 20° from the antinodal direction. It is inter-nance modé&®>%is actually consistent with a strong electron-
esting that the strong coupling feature at 36 meV is only seephonon coupling at a phonon energy of about 20 meV. It is
in the tunneling spectrum that mainly probes the states neanown that the electron-phonon spectral denaftf(w) can
the antinodal regime. The 36 meV phonon mode should bée obtained through inversion of optical data. Marsigito
the oxygen buckling modéB,y) that has been shown to al.?introduced a dimensionless functit¥(w) which is de-
couple more strongly to the states near the antinoddiined as the second derivative of the normal state optical
direction?® Such a strong angle dependence of the couplingcattering rate—‘l(w)z(Qﬁl4w)Rea‘1(w) multiplied by fre-
strength may also occur to the other phonon modes such agiencyw. Here (), is the bare plasma frequency antw)
the 45 meV mode that has a stronger coupling along thehe normal state optical conductivity. Specifically,
diagonal direction. What is more puzzling is that the band
dispersion along the antinodal direction has a single kink W(w):id_zi 5)
feature associated with the 20 meV boson mode. A very 27 dw’ H(w)
likely explanation is that the phonon modes with energies ) ] o
higher than 30 meV lie below the bottom of the band con-which follows directly from experiment. Marsigliet al®°
tinuum and thus the kink features for these modednade the very important observation that within the phonon
disappea® Significantly away from the antinodal direction, rangeW(w) = a’F(w).
the energies of all the modes are within the band continuum In the superconducting state, a phonon mode that is
so the kink features for these modes will show up. stroggly coupled to electrons will appear at an energy of

The much stronger coupling to the 20 meV phonon2A(K)+w,, (Where wy, is the phonon energy that is, the
modes along the antinodal direction is rather unusual. This isnergies of the phonon structures shift up by the pair-

o (meV)
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3.0 Y have a maximum atA,,+E,. For the optimally doped
55l BSCCO(OP96K) with T,=96 K, Ay,=37.5 meV(Ref. 65,
and E, can be estimated to be 45 meV using the relation
betweenE, and T, (Ref. 57. Then the maximum in the op-
tically determined electron self-energy would occur at

BiaSroCaCuz0g.y
20F  T,=90K

§‘1'5' 82.5 meV. This predicted value is significantly lower than
1.0} the measured on@6 me\).8”
On the other hand, we can quantitatively explain the op-
0.57 tically determined electron self-energy data in terms of the
0.0k A , s+g wave gap symmetry and electron-phonon coupling. Be-
0 20 40 60 80 100 cause the superconducting density of states have two sharp

o (meV) maxima atAy, andAp for the s+g gap symmetry® the op-

) _ _tically determined electron self-energy should have two peak

FIG. 6. The optically determined electron-boson spectral densmfeatures, one at £,+E; and another at 2,+E,, where
W(w) for a slightly overdoped BSCCO crystal wilh =90 K. After E,(=20 me\} andE, are the averaged mode energies along
Ref. 59. the antinodal and diagonal directions, respectively. From Fig.
3, we find thatt,=53 meV, which is a simple average of the
o pronounced peak energigs meV and 61 meYin the
ectron self-energy. For OP96K, we predict two peak fea-
res at 95 meV and 73 meV in the optically determined
maximum at A+ in W(w). For slightly overdoped electron self-energy. The predicted 73 meV peak feature will
BSCCO withT,=90 K, A,,=26.05) meV (Refs. 62 and 26 ggor‘;]"e‘\’/p i sgﬁ“'%f",rer%eolggdthggggganvbifﬁa:k;;it”re at
so we should expect a maximum W(w) to be at about A =22_'25 meV(Refs. 42 and 65 and Ap =12 rrc1eV(seé
72 meV. This is in quantitative agreement with the reSUItaglove, so two peak féatures will be IocaDted at 64—70 meV

shown in ::ig. 6. h culated the el and 77 meV, respectively. For an overdoped BSCCO with
Recently, Devereaurt al. have calculated the electron- T,=60 K, Ay =14 meV, andAp=9 meV (Ref. 68, so two

phonon interactions for the oxygen buckling md@gy) and ek features will show up at 48 meV and 71 meV, respec-

the in-plane half-breathing mode. They find that the tively. All these predicted peak features are in quantitative
36 meV B;; mode couples strongly to electronic states néaggreement with experimedi.

the antinodal regime. They use an electron-phonon matrix 't is interesting to note that the spectral density shown in
element that is suitable only for YB8u;O,., where a large  rig 5 is extracted from a break-junction spectrum that has a
buckling distortion occurs. For other cuprates, the uO ¢jeqr dip feature at an energy of about 47 meV above the
plane _is flat and the buckling effect is_ negligible. Raman databap_ss The similar dip features are also seen in the ARPES
have indeed shown that the coupling constant of Bi¢  gpecira along the antinodal directi®hin fact, the dip fea-
mode in BSCCO is more than one order of magnitudeyres of the superconducting density of states occur approxi-
smaller than that in YBCQRef. 63. Even for YBCO, the  mately at the valley energies and cut-off energy of the spec-
coupling constant of this mode was deduced to be about 0.G%, density?”5570 For example, the cut-off energy of the
from the Raman dat®, in agreement with the earlier first spectral density for Pb is about 9 mésee Fig. 14 of Ref.
principle calculatior?* Moreover, if this 40 meV phonon 37) and the dip feature also occurs at 9 meée Fig. 14 of
were strongly coupled to the electronic states near the antirgef. 37. On the other hand, if there is a single sharp peak in
odal regime, one would expect a maximumfiw) to occur  the spectral density, the dip feature will be slightly above the
at about 92 meV in slightly overdoped BSCCO with nmode energy! This implies that the dip energy measured
T.=90 K. This is in disagreement with experimésee Fig.  from the gap is the upper limit of the mode energy. Because
6). ) , the peak features in the spectral density can be broadened by
Previously, the energy of the maximum W(w) wWas  the strong coupling effect and disorder, the dip feature should
claimed to be in quantitative agreement with the theoreticakpift to a higher energy towards the underdoping region
prediction based on the strong coupling between electrongnere the coupling is much strondérn the heavily over-
and the magnetic resonance m&8ie? These authoP8>%ar-  goped region, the coupling is weikand the peak width is
gued that the maximum iM(w) should occur at about narrow, so the dip energy is close to the mode energy. This
Av+E;, whereE, is the magnetic resonance energy. Forcan naturally explain why the dip energy of the UD70K
BSCCO withT,=90 K, Ay=26-28 meV, and, =43 meV,  sample is about 50 meYRef. 72, while the dip energy of
SO one expects a maximum (o) to occur at 69—71 meV, the OD62K sample is about 24 melRef. 72, which is
in reasonable agreement with the experimental re@@é  slightly greater than the mode energy deduced from the elec-
Fig. 6). Later on, Abanov, Chubukov, and Schmafan tron self-energy above. In contrast, if one assumes that the
showed that the maximum iW(w) should occur at about dip energy measured from the gap is equal to the magnetic
2A\+E, rather than atAy+E,. Then we should expect a resonance energy, one cannot self-consistently explain the
maximum inW(w) to occur at 96—-98 meV, in disagreement dip energy of 50 meV in the UD70K sample and of 28 meV
with experiment. in the OD87K samplé® The magnetic resonance energies
If the maximum inW(w) would occur at\y, +E,, the elec- for the UD70K and OD87K samples should be about
tron self-energy determined from the optical data would als®0 meV and 40 meV, respectively.

breaking energy &(k).*! Because the 20 meV phonon
modes are much more strongly coupled to the states near tft\
antinodal regime and because there is a large quasipartic
density of states at the maximum gap edge, there must be
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1.006 cause the extra spectral weight transfer across the supercon-
ducting transition. If the interband optical transition could
1.003| (BiPb)2SroCasCugOig lead to the fine structure in Fig. 7, the strong coupling feature
R I at about 2 eV would be an artifact.
S
EN 1.000 - M\/_,Nﬁ,w\
| VII. PAIRING MECHANISM
0.997 | T=90K
A In two of our previous papef§;'” we have proposed the
o994 . o . 01 pairing mechanism for optimally doped and overdoped cu-

0.0 1.0 2.0 3.0 4.0 5.0

prates. The long-range Frohlich-type electron-phonon inter-
Energy (eV)

action and the short-range interaction of electrons with high-

FIG. 7. The superconducting to normal-state reflectance ratio(,':‘nergy phonons lead to the formation of polarons. These

R/Ry, for (BiPb),Sr,CaCuOs with T,=105 K. The figure is re- interactions along With the coupling of electro.ns to the high-
produced from Ref. 75. energy electronic excitations produce a negative value for the

effective Coulomb pseudopotential®. The polarons are
bound into the Cooper pairs due to the negajiweand ad-
ditional attractive interaction caused by the retarded electron-
phonon interaction with the 20 meV phonon modes. The

. . : . problem could then be solved within Eliashberg equations
In addition to strong electron-phonon interactions, there '%:/ith an effective electron-phonon spectral density for the

a pronounced coupling feature at an energy of about 2 eV iﬂ)w-ener honons and a neaative Coulomb pseudopoten-
the c(j)ptitc;al retflectance lda;fé;.ﬁln ;:Iig',j’ we pl?t t?; Sliper' tial prodgge?j by the high—ene?gy phonons an(;O other r;ﬂgh—
?S%S;Csfn% ?; rgrmla}[-_s ale reihe;: an(;e rati, IN ofr energy bosonic excitations of purely electronic origin. Within
IP0)25lL8L ULy T IS Clear hat a strong coupling 1ea- .o gimpjified approach, we are able to consistently explain
ture appears at about 2 eV. A similar strong coupling featurgne opseryeq negligible isotope effect gy substantial iso-

was also seen in YBCO, BaCaxCw0O;,, and ffect th : I duced
TI,Ba;,CaCu,0g (Ref. 79. Both the temperature and energy é);pe :ngchi;r?r vZIuSg percarrier mass, farge reduced energy
) (o} .

dependence of the optical structure can be well describe In this modified strong-coupling model, the effective

within Eliashberg theory with an electron-boson COUp"ngeIectron- honon coupling constakt. for the low-ener
cqnstant qf 0.30_—0.'35?'ef. 75 Because the energy scale of Iphononspis enhance?d %y a fact%)pr cﬁ;:exp(gz). Hergey
this b_?go?ll(c Fxff:tq[nt?]n |?1_5|rr]n_|lar to thbe Cu-_O chz:tjrge transfe_gzzA/ wy, A is a constant, andy is the frequency of the
gap, 1t 1s fikely that this high-energy bosonic mode may Corlhigh-energy phonon modé.The value ofg? can be evalu-
respond to the Cu-O charge transfer excitation. A recent cal; ed from the midinfrared optical conductivity which exhib-

culation based on three-band Hubbard model has indee : :
. . its a maximum ag,,=0.12 eV for optimally doped BSCCO
shown that the high energy Cu-0O charge fluctuation can Iea%ef. 79 and LSCC? With E,.=0.12 eV, hwy=75 meV,

to a significant attractive interaction between conductio e find 2=E,,/ (2wy)=0.8, leading tofy=2.2.

electrons and that the pairing symmetry is of extende . P
swave (A,,).”® The extendeds-wave pairing symmetry is From the spectral density shown in Fig. 5, we can extract
19/ the effective electron-phonon coupling constagg for the

consistent with the conclusiéhdrawn from the comprehen- loyv-energy phonon mode, that is,,~2.6. If there were no

sive data analyses on nearly all the experiments that are us% laronic mass enhancement, the coupling constant contrib-

to test the gap symmetry.
. . - uted from the low-energy phonons would be Z61.2.
The results of recent ellipsometric studieshow that the With 1 =0.1 and\e,=1.2, we calculatd,=18 K according

spectral weight is transferred from the high energy rang 0
(1.25-2.5 eV to low energies and the Drude width de- o aT, formule?
creases as the temperature is lowered. The spectral weight KeTe = 0.2Fi\(w?)[exp(2/Mer) — 11712, (6)
change and the narrowing of the Drude band can be well

explained by strong electron-phonon couplidgFurther, ~Where

there is an extra spectral weight transfer from the high en- — _ * *

ergy rangeg(1.25—2.5 eV to low energies upon entering into Nett = (Nep= M1+ 20+ Kepte thep)]. 0

the superconducting staté This is consistent with the dip The fUﬂCtiOﬂt(MiS plotted in Fig. 2 of Ref. 80. In the
feature shown in Fig. 7. Such a weight transfer cannot b@resent caséi{w?) is contributed only from the low-energy
explained by the electron-phonon interaction or any electronphonons and equal to 20 meV. Therefore, without the po-
low-energy-boson interactions, as seen clearly from thdaronic effect, T, would not be higher than 20 K. On the
simulations (see Figs. 11 and 12 of Ref. y5The other hand, with the polaronic effedt,,=2.6 andu” may be
simulationg® also show that the fine structuresRy/Ry are  close to zero, leading to &, of about 54 K. Thus the po-

in excellent agreement with the coupling of electrons withlaronic effect enhanceg, significantly, but electron-phonon
high-energy boson modes at about 2 eV. Further theoreticaloupling alone cannot explain superconductivity above
work is needed to check whether the interband optical tran100 K in optimally doped cuprates unless the polaronic ef-
sition, which has been ignored in the simulatidhsan also  fect can makeu" <-0.15.

VI. STRONG COUPLING BETWEEN ELECTRONS
AND Cu-O CHARGE-TRANSFER EXCITATION
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In order to explain superconductivity above 100 K, it may (Ty). The deduced valugabout 1.0 eV of E, is in quantita-
be essential to consider the coupling to the high-energy elegive agreement with that estimated from independent optical
tronic excitations. One of the high-energy excitations may belata and that estimated theoretically from the measured di-
the Cu-O charge transfer excitation at about 2 eV, as inelectric constants. The polaron binding energy should be
ferred from the optical experiment$’®> Since the high- large enough to overcome the intersite Coulomb interaction
energy phonon modes couple to electrons nonadiabatically, ib form intersite bipolarons in deeply underdoped cuprates,
is likely that the coupling of electrons to the 2 eV bosonin agreement with theory and experiméht® The substan-
mode should also be nonadiabatic. Here we simply ignor¢ial oxygen-isotope effect on the in-plane supercarrier mass
the nonadiabaticity, and consider tw&functions in the observed in optimally doped cuprates suggests that polarons
electron-boson spectral density to estimalg. One are bound into the Cooper pairs. The bipolaron picture may
o-function is atfw;=20 meV with the coupling constant be irrelevant for optimally doped cuprates because the super-
N\1=2.6, another afiw,=2100 meV with the coupling con- conducting transition is of BCS-like. We also identify the
stant\,=0.3. By solving thes-wave Eliashberg equations phonon modes that are strongly coupled to conduction elec-
with the above spectral density, we find tfigE=106 K for  trons from the angle-resolved photoemission spectroscopy,
« =0.1. In order to obtaiT,=105 K with one-function,  tunneling spectra, and optical data. We consistently show
we need the following parameterns;=2.9,40w;=39.5 meV, that there is a very strong electron-phonon coupling feature
and x'=0.1. If we take u'=0, we need\;=2.9 and at a phonon energy of about 20 meV along the antinodal
hw,=33.6 meV to havel =105 K. Because we have used direction and that this coupling becomes weaker towards the
the -functions, the calculated, values should be the upper diagonal direction. We further show that high-temperature
limits. superconductivity in cuprates is caused by strong electron-
phonon coupling, polaronic effect, and significant coupling
with 2 eV Cu-O charge transfer fluctuation. The role of the
antiferromagnetism in superconductivity appears to be insig-

We have determined the polaron binding eneyfor  nificant because the antiferromagnetic and superconducting
undoped parent cuprates from the unconventional oxygerphases do not mix, as shown recently by Bozovic and
isotope effect on the antiferromagnetic ordering temperatureo-workerss!

VIIl. CONCLUSION
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