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The dispersion of the in-plane Cu-O bond-stretching longitudinal optical phonon mode in th& high-
superconducting cuprates shows strong softening with doping near the zone boundary. We suggest that it can
be described with a negative electronic dielectric function that results in an overscreening of the intersite
Coulomb interaction due to phonon-induced charge transfer and vibronic electron-phonon resonance. We
propose that such a strong electron-phonon coupling of specific modes can form a basis for the phonon
mechanism of high-temperature superconductivity. With the Eliashberg theory using the experimentally deter-
mined electron dispersion and dielectric function, we demonstrate the possibility of superconductivity with the
order parameter of thdkf*ki symmetry and the transition temperature well in excess of 100 K.
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I. INTRODUCTION In this paper we propose a phonon mechanism based upon
the anomalous screening of the intersite Coulomb interaction
The mechanism of the highz superconductivitfHTSC) in a highly correlated electron system leading to strong pair-
in the cupratesremains elusive, in spite of extensive experi- ing. This mechanism does not compete against the magnetic
mental and theoretical efforts. The majority view on themechanism and could achieve HTSC alone or with a mag-
mechanism is to consider magnetic interactions as the mainetic mechanism through synergetic effects. There is a large
driving force? However, the HTSC recently observed in volume of literature showing a coupling of superconductivity
MgB, (Ref. 3, graphite-sulfur compositedRef. 4, and the to the lattice and phonolt=**In particular the in-plane Cu-O
n-type infinite-layer cuprate §ygLag,CuG, (Ref. 5 cannot  bond-stretching LO phonon mode was observed by neutron
be explained by magnetic mechanisms, since these conmelastic scattering to show strong softening with doping
pounds have small spin fluctuations in strong contrast to theear the zone boundary along the Cu-O bond direcfidn®
cuprate superconductors. There is no reason to reject, thefihis mode induces charge transfer between Cu and O, and
the possibility that the HTSC in the cuprates also shares thus couples strongly to the charge dynanifcs.®Recent
similar nonmagnetic mechanism. In this paper we discuss aeutron scattering measurements on YBa&0,_ s (YBCO)
phonon mechanism of HTSC based upon the overscreenirguggest that the frequencies of the LO phonons are strongly
of the intersite Coulomb interaction, in light of recent experi- softened with doping near the zone boundary, while the TO
mental results on the cuprates. In this mechanism, unlike thphonons are ndf?° Furthermore, no observation of the soft-
BCS theory, the relevant phonons are not the long-wavening in the overdoped La,Sr,CaCuQ with almost zero
acoustic phonons but the zone-edge optical phonons that iff, implies a systematic linkage between the phonon and
duce intersite charge transfer. superconductivity® We propose that this occurs due to the
The HTSC cuprates are doped Mott insulators. Everphonon-induced charge transfer that results in the formation
though the antiferromagnetism disappears with only aboubf a vibronic stat# and a negative electronic dielectric func-
2% of hole doping, strong antiferromagnetic spin fluctua-tion giving a main contribution to high; super-
tions are observed by neutron scattering, nuclear magnetisonductivity as will be discussed in Sec. II.
resonance, and other methods. For this reason spin fluctua- Doped holes in the cuprate superconductors are highly
tions have been considered to be the principal mechanism @brrelated due to the on-site Coulomb interaction on Cu ions
the HTSC?%-8 However, the intensity of spin fluctuations and resultant spin fluctuations. Holes are strongly renormal-
does not correlate, or even anticorrelate, withas the hole ized due to these interactions, and as a result many physical
concentration is changed. For instance the spin fluctuationsroperties of the cuprate oxides in the normal state show
measured by the nuclear relaxation of Cu inBd,CuGs_s  anomalous behavior. For example, a very unusual tempera-
are the same for the sample wilh=85 K and the over- ture dependence has been observed for the*Halhd
doped sample witiT,=0.° Even when the composition is Seebeck coefficients and pseudegap excitationdave
the same, the spin fluctuations of LgBaCuQ, films pre-  been observed abovE,. The quasiparticle band structure
pared by epitaxial growth that have of 47 K were found to  determined by angular-resolved photoemission is very differ-
be smaller than those of the bulk with of 30 K.1° ent from those calculated with the local density approxima-
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tion (LDA) due to the correlation effeéf. external electric field a®(q) and the induced staggered
Because of these strong correlation effects, at present it islectric charge polarization a8,,(q) and define the elec-

very difficult to calculate the electronic response functiontronic charge susceptibilitye(q,0) by

accurately from first principles. Instead, in the present paper

we take a phenomenological approach based upon informa- 47P4(0)=xe(9,00D(Qq). (1)

tion obtained from the experimental data. We start with thel_h bini lect i lati —E

model electronic band structure that agrees with the angle- en, com_mlng an_electromagnetic re'a iDr{q) =E(q)

resolved photoemission experiméfitand estimate the ef- +4mPe () = €ei(a,0)E(q) with Eq. (1), we have

fective interaction using the phonon dispersion determined

by the inelastic neutron scattering experimént®:?’ We B

then calculate the superconducting order parameter and the €e1(9,0)

superconducting transition temperature on the basis OAccording to the Kramers-Krig relation, we have

Eliashberg’s formulatioR® We show that the order parameter

is of dki,ki-wave symmetr§® and the superconducting tran-

sition temperature can exceed 200 K. Because ofithgm-
metry, the present phonon-mediated pairing mechanism does ) . . )
not compete against the spin-fluctuation mechanism. It igvhere pe(d,o) is the spectral intensity of the electronic
possible that both mechanisms operate in the cuprate, and thBarge fluctuation given by

weight depends upon the doping level. The issue of the in-
plane anisotropy in the phonon dispersit#f-?’and the ef-
fect of the possible local spin-charge stripe fluctuation will
not be included in this paper and will be discussed in futur

=1-xe(9,0). @

* 1
Xel@0=2 [ “dopa(a,0), @

- 4

1
pel(d,w)=— ;Im €al(Q,0)

®The spectral intensity is always positive and therefore we

publications. : :
In Sec. Il we explain the idea of overscreening in thehave an inequality from Eq$2)—(4),
cuprate superconductors. In Sec. Ill we derive the equation 1
with the charge kernel for the calculation of the order param- <1. (5)
eter andT,. In Sec. IV we determine the energy band renor- €e1(9,0)

malized by the correlation effect by utilizing the experimen-The inequality, Eq.(5), gives two regionse,(q,0)=1 and

tal results of the angle-resolved photoemission and the_(q,0)<0. The former case is commonly seen for most
dielectric function using the results of the neutron scatteringnaterials, such as metals whes€0,0) diverges positively,
measurements. In Sec. V we determine the kernel of thgsile the latter case corresponds to overscreening. Let us
equation by using the model obtained in Sec. IV. We theryonsider a positive test charge density<(q). The test
numerically solve the equation and obtain the superconduckharge induces the screening charge densityee(q) to

ing order parameter and estimate the value of the supercopaguce the energy of the system. The screening charge is
ducting transition temperature. Section VI is devoted to &ways negative. Using this charge densitg.jk},0) is ex-

discussion. pressed as
Il. OVERSCREENING MECHANISM AND THE 1 Ipscreedd) ©
EFFECTIVE INTERACTION BETWEEN CARRIERS €e(0,0) Pres{ )

The starting point of this research is to recognize that théVhen |psceedd)| is larger than psf(q) in Eg. (6),
electron-phonon €-p) interaction in such a strongly corre- 1/e.(q,0) is negative. This is the static overscreening effect.
lated electron system can be very different from that in con- The microscopic origin of the negative dielectric function
ventional metals. In particular, since the carrier density in thanay come from the following mechanism. The electric po-
cuprate superconductors is relatively low and the charge dylarizability in covalent solids is qualitatively different from
namics is strongly correlated with the spin dynamics, thethat in simple ionic crystals, since the covalency contributes
medium-range Coulomb interaction is not fully screened. Foto charge transfer between iotfsFor instance in ferroelec-
instance the optical reflectivity does not saturate as in théric oxides the polarization due to charge transfer is as large
standard Drude model even below the nominal plasmas the ionic polarization. In BaTiOthe nominal valence of
frequency’® Thus the system has strong dielectric interac-Ti is 4+ and the nominati state configuration id®. But the
tions, unlike in the usual metals. In particular, since phononsl orbital of Ti and thep orbital of O are strongly hybridized.
modulate the covalent bonds, they induce charge transfer b&his charge transfer produces current, and thus electronic
tween ions and, therefore, local polarization. In this paper wepolarization, which adds to the ionic polarization, making the
suggest that this effect can be described with a negative eleeffective valence(Born effective chargeof Ti twice as
tronic dielectric function. large®*3%In undoped cuprate the same transfer occurs from

Sometime ago Tachiki and Takahashi proposed an ovethe filled p level of O to the empty upper Hubbard band of
screening mechanism of phonon-mediated superCu, contributory to an extra polarizability.
conductivity>~33*To explain this mechanism let us consider ~However, in a doped cuprate the situation is drastically
a static case of the overscreening effect. We write a staggeretifferent. The doped holes occupy mostly the oxygdev-
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els, and they move either to the lower Hubbard band or the Consequently the attractive interaction should exist be-
filled d,2 orbital of Cu. Thus holes are transferred from O totween the quasiparticles withandk’ wheng=k—k’ is in
Cu, creating the larger polarization, which adds to two ionicthe q regions where the phonon softening occurs, as seen in
polarization. Then, Eqg1l) and(2) give a negative dielectric Eq. (7). In addition the negative electronic dielectric function
function if x.,(q,0)>1. More detailed discussions of the lat- turns the repulsive electron-electron Coulomb interaction
tice softening using Born effective charge will be giveninto attraction, as in the so-called negatiemechanism,
elsewherée’ and can promote pairing.

While the in-plane Cu-O bond-stretching LO phonon
mode in the cuprates is strongly softened by doping, othefj;. FORMULATION FOR SUPERCONDUCTING PAIRING
phonon modes are relatively insensitive to the doping
|eve|_11115116|\/|0re0ver, the Sof[ening is not observed in both In this section we derive the equation to calculate the
the undoped and overdoped ones in which their supercorfymmetry of the superconducting order parameter &nd
ducting transition temperatures almost dimifiihis fact ~ Using the effective interaction, E¢8).>*** In the effective
suggests that the bond-stretching LO phonon and its softefateraction, the dynamical dielectric functieq, ») is given
ing are responsible for the superconductivity. Thus, for thedy the sum of the electronic dielectric functieg(d, w) and
sake of simplicity, we assume that the basic lattice dynamic#e ionic dielectric functiore;;,(q, w) as
is not affected by doping and the frequency of the bond-
stretching mode is renormalized only by the interaction with €(q,0) = €e/(9, @) + €ion(G, @) — 1. ©

charge fluctuations. This assumption allows us to write thex minus unity on the right hand side of E9) comes from

frequency corresponding to the maximum value of the specihe fact that all the dielectric functions should be unity at the
tral intensity of the renormalized LO phonon in terms of the high-frequency limit. We express the ionic dielectric function

electronic dielectric function 8% in a conventional form
2 2
% o2 » . @09~ wr0o(9) w’— wf
= + , 7 ' - ©
wlo(@*=wro(@*+ = —— Y €ion(00) = ————, (10

W~ W10

where wro andw,._o are, re_spectl\(ely, the bare To*a”‘?' LO w| o andwrg being, respectively, the frequencies of the bare
phonon frequencies in the ||_qsu_lat|ng _state, a_é\dq""LO) IS longitudinal and transverse optical phonons in the insulating
the real part of the electronic dielectric function. The experi-giate For simplicity, we consider one optical phonon mode,
mental results that the frequenay o(q)® of the LO mode i \yhich seems to be most relevant to the superconductivity,
lower than that of the TO mode. It indicates that the real pargnd assume that it is dispersionless in the unrenormalized
of €¢(d, wo(0)) is negative. In YBaCu;Og 95 (YBCO) and  state. The spectral intensity function of total charge fluctua-

Lay 551p.15CUQ, (LSCO) the inversion of the LO and TO tions is expressed by using Edd),(9), and(10) as
frequencies is most pronounced in the regiay

=0.25-0.75 andyj,= —0.2-0.2, in units of Z/a, atw{,,

1
(q,w)= - ;Im

being the measured LO frequenégpproximately 55 meV P e(q, )
for YBCO and 70 meV for LSC®'®**2°We interpret this
phenomenon as the consequence of the negative 1 1 0l o(d)— wio N
€l (g, o(0)). =——Im P (w—w(§),
el HELOV L . . T €(0d@)] e (q,0fs)
The quasiparticles are renormalized due to the on-site © Lo
Coulomb interaction as mentioned in the Introduction. The (12

interaction increases the effective mass of the quasiparticle
but does not change the chargef the particles. Therefore,
the effective potential acting between quasi-partidieand

k' is written as

Where the first term on the right-hand side of Etfl) is the
electronic spectral intensitye (g, @), andw{o(q) is the LO
phonon frequency renormalized by charge fluctuations and is
given by Eq.(1). If we use the spectral representation for

() 1/e(q,w), the effective interaction, Ed8), is written as
Verl(d,0)= —, (8
€(q.0) Veri(d,0)=V(a)/ (g, 0)
where V(q) is the bare Coulomb interaction arglis k . Op(a.0)
—k’. Therefore with the normal screening the effective po- =V(q) 1_2f dQL . (12)
tential is always smaller than the bare potential. However, in 0 Q%= (w+i6)?

h f overscreeni n n ive, and th . . L .
t/e case ot overscree "i(q,0) ca .be egative, a d thus Using Eq.(12) we set up the Eliashberg equation linearized
€.(q,w) contributes to the effective interaction and works to . . .

ch respect to the gap functiou(k,i w) as

enhance the phonon mediated attractive interaction as seen i
Sec. lll. Since the overscreening effect comes from various

kinds of the correlation effecg(q, ») is a complicated func-  A(k,iw,)= -T2, >, Ver(k—k' iw,—i WF)M’
tion of charge, spin, and lattice. This effect is the core of the Y &t w?
present mechanism. (13
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where w=(2n+1)#T, with n being integer, and, is the  the phonon contribution. However, the electronic contribu-
guasiparticle energy measured from the Fermi level. We usgon is mixed also in the third term as seen in EZO0).

an approximation that the damping of the quasiparticles igherefore, the kernel has a vibronic nature.

neglected. However, the modification of the band structure The spectral intensity(q,w) is approximately written
due to the correlation effect is taken into account by usingaroundw being w}o(q) (Ref. 31 as

the model band structure determined by the experimental

results of angle-resolved photoemmision. If we introduce the(q, w)

pair function defined by

Lo = Ak o w2t 22 " - 1 wlo— 070 A(q)

W = )1 + y - !
(K Ton) = AdcTon) (@it &) 0@ 07 o(®)? 2malo(a) [w—wfo(P+A%(q)
Eq. (13) is rewritten as (21)

1 ith

Flkiog=— —5——T > Ver(k—K' iwp—iwg)

(w2+&) T %
CE(K | k k 15 A(q)= ea(d,0fo)  ofo(d)—wio(q) 22
(Koo, (19 €@ 0fo(q)?  20fc(q)

We then introduce again a functidifk,v) (Ref. 38 defined
by In Eq. (22), €(q,0] ) is the imaginary part of the elec-

tronic dielectric functionA(q) is the half width in the fre-
vf(k,v) quencywj of the spectral function. If we use the experi-
szvz (16 mental frequency values in Fig. 2,,(q,0[ ) is given
n —0.068 from Eq.(7) for YBCO. Using this value, Eq(22),
and also and the neutron scattering experimental value Adfq)
~2 meV, we obtaire,(q, »] o) to be 0.0069. Therefore, we

@(k)=2|§k|fxdvf(k,v). (17) can approximateeq (g, w; o(q)) by €.(d,0;c), while we
0 can see that the damping on the low-frequency charge fluc-

. tuation is very weak.
Then, from Eqgs.(14) and (16) we can show thatb (k) is . - .
equal to Re\ (k, &) to a good approximation. The equation In conventional systems witkg (g, w)=1 the third term

for ® (k) is obtained substituting Eq§l6) and (17) for Eq. in Eq. (20) cannot be enhanced. However, whefi(d, )
(15) a(s) g Eqélo) (7 d <0 and its absolute value is small, the phonon contribution

can be strongly enhanced, as seen from(E@).. The strong
tanhé, /2T softening ofw|’5(q) also enhances the third term. Thus, it is
<I>(k)=—2 K(k,k") ————d (k). (18)  found that the extent of the softening correlates with the
K 28k superconducting transition temperature in the present mecha-
In Eq. (18), the k K(K.K') is g b nism. In fact, the remarkable softening occurs only in opti-
n Eq. (18), the kemelK (k.k") is given by mally doped cuprates.

F(k,iwn)=2j dv
0

K(k,k")=v(k—k") : IV. QUASIPARTICLE BAND STRUCTURE AND
ELECTRONIC DIELECTRIC FUNCTION IN CUPRATE

SUPERCONDUCTORS

* k—k’,Q
1_2f go PETKLD)
Q+[& |+ &

If we insert Eq.(11) for p(q,w) into Eq. (19) and use the
Kramers-Kronig relation for lifl/eg (g, w)] in pe(Q, ),
the kernel, Eq(19), is written as

In this section, the quasiparticle band structure and the
dielectric function are determined by utilizing the experi-
mental data of the angle-resolved photoemission and inelas-
tic neutron scattering. The results will be used in the follow-
- ing section in calculating the symmetry of the
€e(9,0) superconducting order parameter and the superconducting

transition temperature with the Eliashberg equation.

s &l + €|
2| a0 el Q)

0 QOQ+IE]+ & A. Quasiparticle band structure

K(k,k")=v(k—k")

1 wr2(q) - w2 We assume that the layers responsible for the Righ-
_ LO T0 _ superconductivity are mainly the Cy@yers. Then, we con-
€e1(q, 0] o(d) ol o(D[ofo(q)+| &+ & ] struct the energy band of the Cp@yer (the a-b plane so
(20 as to agree with the results of the angle-resolved photoemis-
sion spectroscopfARPES.25*9The band structure is almost
Roughly speaking, on the right-hand side of EZD) the first  universal for all cuprate superconductors with optimum
two terms are the electronic contribution and the third term isloping?® The angle-resolved photoemissidand the calcu-
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lation including the correlation effétshow that the energy As seen in the insef@) of Fig. 1 the flat regions of the

band in the cuprate superconductors is very flat in the regioenergy bands are located along theaxis and extend from

of k,(ky)=0.25-0.75 in units of z/a, at 10-30 meV be- (—0.5, 0 to (—0.25, Q and from(0.25, Q to (0.50, 0, and

low the Fermi level. Hereafter, we express the wave numbesimilarly along thek, axis. The behavior has been observed

in units of 27r/a. This is the region where the superconduct-in optimally doped ’YBCO and LSCO by ARPES3® The

ing gap is the largest, and the kink in dispersion, which isenergy of the flatband is from 10 meV to 30 meV below the

mterpreted as an evidence of strong electron-phonoiFermi level?® In Fig. 1, wgq is chosen to be 18 meV below

coupling* is most conspicuous. Therefore it is reasonable tahe Fermi level. These flat regions mainly originate from the

expect that the charge fluctuation created by quasiparticlesorrelation effect reflecting the electron scattering due to spin

on the flat-band is very low in energy, comparable to thefluctuations In these regions the effective masses and the

optical phonon frequency. Then, the quasiparticles andlamping constants of the quasiparticles are very large. On

phonons can be highly mixed, and this system consequentiyhe other hand, the energy band in the directions fron{@he

becomes vibronic. As a result the quasiparticle-phonor®) point to the(0.5, 0.5, (0.5, —0.5), (—=0.5, 0.5, (—0.5,

interaction is highly enhanced, as will be shown in Secs—0.5) points is not much affected by the correlation effects

[l and V. and the dispersion of the electronic energy band structure is
The band structure with the flat regions along Kyeand  usual as seen in the insgt) of Fig. 1.

k, axes which originate from the strong renormalization

effect? is reproduced by the following function: B. Dielectric function

&= Cglto+ 2t,(cos 2k, + cos 2mk,) Recent inelastic neutron scattering measurements on the
Y optimally doped YBCO show that the frequencies of the LO
+ 4t,c0s 2k, cos 2mk, + 2t5(cos 4k, + cos 4mky) | and TO phonons of the Cu-O bond-stretching LO mode are

. . . _ _( £16,19,20,27 ;
+Fo(Er—wg)—Ey. 23 mvert,ed in trle region oqu_ O..25 0.5,. suggestmg
that €,(dy,®*) in this region is negative according to Eqg.
wheretg, t;, t,, andts are, respectively, 0.0; 0.2, 0.0, and (7) and the LO phonons are overscreened by charge fluctua-
—0.04,E; is —0.11, andw, is from 0.01 to 0.03 in units of tions (see Fig. 2 On the other hand, both the undoped and
eV. In this equation, if the ‘second term is dropped, the equaoverdoped cuprates do not show such an invertiee Fig.
tion approximately coincides with that of the usual LDA 2)-°" It was also observed that the phonon dispersions are
band calculatiorf* The second term is required to reproduce@nisotropic along the andb axes. In this paper, however,

the flat regions mentioned above. The functiegis given ~ We neglect this anisotropy for the sake of simplicity and
by assume the tetragonal symmetry of the crystal, skipping de-

tails of the dispersion. The effect of the anisotropy will be
1 1 discussed elsewhefé We then assume that the dielectric
FB=WX( 1+ Etank[(kx— KO)IN]— Etank[(kar KON ] anomalies occur in the shaded regions as shown in Fig. 3. We
divide theq space into two regions, region Il, the shaded
1 area in Fig. 3, where anomalous dielectric behavior is ob-
1+ Stanf (ky—k)/A ] served, and region |, which is outside region Il with normal
dielectric behavior. In region | we assume the Thomas-Fermi
type of screenings of the Coulomb interaction due to quasi-
- Etani{(kﬁk,_)/k,_]), (24 particles, since the plasma frequency is much higher than
kT. and the frequency of the optical phonons. Then, the
with inverse of the dielectric function in region | is expressed as

+W,

1 1 q°
€1(0,0)  €(0,0) a q2+q'2I'F,

1 1
Wy=— > tanti (k,—k)/A 1]+ 5 tanf (ky+kp)/A1],
(25)

(27)

whereqtg is the Thomas-Fermi wave number and its value
is an order of unity in the units of the reciprocal lattice con-
stant for the optimally doped cuprate superconductbis.
(26)  this region, we note that the repulsive interaction by the spin
fluctuation scattering is located #0.5,0.5,°7% but in the
wherek,_, kr, and A\ =\t are parameters to control the present paper this interaction is neglected in order to concen-
extent of the flat regions. A functioRg has sizable values trate on the dielectric charge channel. The repulsive interac-
only in certain regions near thg andk, axes. ForCg and  tion actually exists, but for the moment we presume that the
Fg, a constrainCg+Fg=1 is imposed. Figure 1 shows the main pairing contribution arises from the dielectric charge
band structure calculated by using E@3)—(26) wherek, , channel. In region Il, we assume that the excitation fre-
kt, and\| (=\1) are, respectively, taken as 0.16, 0.15, andquency of the electronic charge fluctuations is much lower
0.2 in units of 27/a. The values above are chosen to repro-than the plasma frequency fqgrin the region. The existence
duce the ARPES data for the optimally doped YBCO. of such a low energy charge fluctuation due to anomalous

1 1
W, = — tantf (k,— kp)/Ar]+ S tant (ky+kr)/A7],
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0.6 -
(a) .

T 1 1 1 1171771

— (-0.5,-0.5)~(0.5,0.5)

—— (=0.5,0)~(0.5,0)

Fermi level

& V)
& (V)

-0.6 &
-0.8

-1.0 I ! I g -1.0 : L L L )
-0.5 -0.3 -0.1 0.1 0.3 0.5 -0.5 -03  -0.1 0.1 0.3 0.5

k_(2m/a k_(2m/a)

FIG. 1. (Color) A typical example of electronic band structure for calculafingand the superconducting order parameter. The param-
eters required for giving the flatband region as seen in this figurard®.16, k;=0.15, and\ (A7) =0.2 in units of 27/a, and the
parameter for the depth of the flat regiog=0.018 eV. Thez axis indicates the energy of quasiparticles in units of 1(eVThe cut of the
band structure froni—0.5,0 to (0.5,0. The Fermi level is displayedb) The cut from(—0.5,—0.5) to (0.5,0.5.

electronic structures has been suggested in Ref. 44. The ex- w— g
istence of the low-frequency charge excitation is a necessary =—. (29
condition for the appearance of the negative dielectric func- €ei(q,0)

tion. Then, in region Il, for the inverse of the dielectric func-
tion for positive low frequencies, we assume the following

one pole approximation: Using Eq.(7) and the experimental values of the frequencies

shown in Fig. 2 we estimate} (g, [ o) to be —0.068. The

1 1 value of wg is much lower than the plasma frequency
~ ( ) (28)  (hw,=0.8eV) measured at smaly by the optical

€ei(Q, ) 43 . * :

measurement’*® Inserting the value ot 5 for w into EQ.

whereA, wg, andy are, respectively, the amplitude, the fre- (29), we obtainA to be from 132 meV ifi wg is assumed to

qguency of the charge fluctuation density maximum, and théye 64 meV. The value ok linearly increases witlvy,. How-

damping constant. From E(8), A is given by ever, we note that Eq28) is valid only in the vicinity of the

w—wotiy
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Q) qy
................................................................. (DLO 73meV .
\ / ®,, 72mev Reglon I

i Region |

‘\ j(!):o 55meV
| | dy
| |

0.25 0.75 qX (qy)

(X2mwa )

FIG. 2. The schematic view of the difference in the energy
levels of the breathing LO and TO phonons between undoped
and doped cuprates for YBCO. In the undoped state, the LO anc
TO branches are dispersionless and are at 73 and 72 meV, respec-
tively, while in the doped state the LO level goes down t0 55 meV' £ 3 gchematic view of the division into region | and region
in the range from 0.25 to 0.75 i, andg, directions although the | the hatched regigrin the space of the scattering wave number
TO level still remains dispersionless. Tig(q,) is measured in  poyveen two quasiparticles. In region 1, the Coulomb interaction is
units of m/a. screened as in a usual metal, while anomalous screening occurs in

region Il due to strong correlation effects. Thus, for the dielectric
low charge excitation energyw,. Using the value oA and  function, the expression for Thomas-Fermi type of screening is used

egl(q,wfo) calculated from Eq(22), we obtainy to be ~1 in region I, while the one obtained from the experimental result
meV. (neutron scatteringis used for region II.

found from the numerical calculations that the contribution

V. SUPERCONDUCTING GAP SYMMETRY AND T, of the second term dominates over the attractive first and

In the previous section, we constructed the model electhird terms when¢, and &, are sufficiently far from the
tronic band structure and derived the dielectric functionFermi level*? The third term gives the attractive interaction
based on the recent experimental results. In this section, weriginating from the optical phonons which is renormalized
determine the kernel, EQR0), using the experimental values by the electronic dielectric function. This term is strongly
given in Sec. VI and calculat&, and the superconducting €nhanced due to overscreening in region Il. Such a strong
gap function by solving Eq(18). enhancement in region Il can be understood by rewriting and

Let us first concentrate on the kernel function in E2f).  comparing the third term for regions | and Il, respectively, as
The first term in the brackets in E(R0) represents the static follows:
dielectric function. It gives the repulsive contribution in re-

gion | in Fig. 3, while the term becomes negative, causing an q?

2 2
0l o"(q) — 0To

attractive interaction in region Il. The term in region Il is PR wrq) for region | (31)
determined by extrapolating the real part of the dielectric TF Lo
function, Eq.(27), to zero frequency as and
1 1 1 w* 2( )_0)2
= A, (30) —— *qz ™ forregionll, (32
€ei(0,0) @o ee(dh@io)  @o™(q)

where Eq(28) is used. At this moment we do not have exactwhere both&, and ¢, in the third term are set to zero to
information on the value ofv,. However, since a strong compare their contributions on the Fermi surfaceq I§ set
phonon-induced charge transfer is expected, the valug,of to 0.5 for both equations, a reasonable valuegf is em-
must be close to the value @i, 55 meV. We thus assume ployed and the observed value$,, in both regions are sub-
the value ofw, to be 64 meV. Thus, &,,(q,0) is given to be  stituted; it is found that the contribution in region Il becomes
~2. The second term always vanishes on the Fermi surfacmore than about 100 times larger than that in region I. The
since ¢ = & =0 on the surface, but it gives a repulsive in- reason is explained as follows. In region IlI, the amplitude of
teraction in finite energy ranges from the Fermi level. It is1/e},(q,w) almost diverges negatively at,. Therefore, the
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tive interaction. In fact, comparison between the first and
third term contributions in region Il for the quasiparticles on

60 ‘ ‘ the Fermi surface tells us that the third term contribution is
— VRe[g ()] |1 10 times larger than the first term in this case. This result
==~ ~Im[l/e(w)] indicates that the electron-phonon interaction enhanced by

K 40 r overscreening could be the main pairing interaction in the
=, I cuprate superconductors.
B 20 Next, we actually calculatd, and thek dependence of
7 the gap function by solving E@18). For this purpose we use
= the following technique. We introduce an eigenvalue equa-
'TE‘ Y] P i i Sl - tion with an eigenvalua (T),3*2
s
5 20 - 1 ANTD(k)=—, K(k,k’)wd)(k’). (33
& k' 28k

-40

002 0_64 0.06 008 041 We numerically calculata (T) as a function of temperature
o)(eV) T. The temperature satisfying(T)=1 corresponds to the
superconducting transition temperatiire In addition, since
@ (k) corresponds to the superconducting gap functionkthe
FIG. 4. (Color) The w dependences of df(w) inregions I and  dependence ob (k) gives the superconducting gap symme-
Il and —Im[1/ee|(w)] in the region II. The solid green line repre- try However, it should be noted that the amplitude of the gap
sents 1é;,(w) in region |, while the solid black and the dashed red fynction is meaningless since the equation is a linearized
lines stand for 1d,,(w) and —Im[ 1/e, ()], respectively. In region equation which is valid only in the close vicinity af. .
I there is no characteristic peak structure within the frequency range " 5 typical example of the superconducting gap function is
(0~0.1 eV) because its peak is located at _the hi_gh-plasma—shown in Fig. 5, where we use 13 meV fo, in Eq. (23)
Lrjgttzggﬁ Elenfkdlzgi;e\g‘scs)ﬁotwhs iaﬂt‘ﬁi; ?ingé in region I the and 64 meV forw,, and the other control parameters are the
0 ' same as those employed to depict the band structure shown
in Fig. 1 which corresponds to the optimally doped case. The

. , ke .
:?Eggjﬁﬁ i?]f éfe'(f’ﬁz]eat/glgewégé (glz)r?;njslgfn;féﬁ lt?)r%i calculation in this case shows thBt is about 180 K. As seen
9. & iq Fig. 5 it is found that the gap function haﬁi,ki—wave

10.7. On the contrary such a anomalous structure does no
exist in the vicinity of the phonon frequency in region | and Symmetry. Thed2_2 symmetry is possible under not only
the amplitude of ¥,,(q,w) remains as normal values as in the spin fluctuation mediating pairing but also other aniso-
conventional metals. These different features for regions tropic pairing interaction®® We note that the gap function
and Il are seen in Fig. 4. has nodes while it shows finite amplitudes even at the center
Thus, the electric overscreening effect is found to enhancef the flat region in the electronic structure. This means that
the phonon contribution strongly and to give a strong attracthe attraction is so strong that the gap function does not

0.08 —-------
0.06
0 E
B -0.02 FIG. 5. (Color) A typical ex-
3 :8:8@ o ample of the superconducting gap
01 77 -0.08 function in the wave number
8:82 i ' o . space. The andy directions indi-
004 - d pREa catek, andk,, i.e., quasiparticle
0.02 + S wave number, respectively, and
. og the z axis gives the amplitude of
0.04 the gap function. In the numerical
0.06 calculation, the parameterag,
060? wg, KL, Ky, and\ are set to be
’ 13 meV, 64 meV, 0.16, 0.15, and
0.2, respectively. The quasiparti-
cle band structure used is dis-
played in Fig. 1.
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250 ' ' boundaries along thie, andk, and that the frequency of the
LO phonon is much lower than that of the TO phonons in
these region&®1°2%27 This phenomenon is explained in

200 ¢ i terms of the overscreening of the ionic polarization associ-
ated with the LO phonon by phonon-induced charge transfer
150 1 | that results in the negative electronic dielectric function. An-
Q other one is the angle-resolved photoemission measurement
-~ indicating that in the optimally hole-doped cuprates the flat
B= 100 L i energy band appears just below the Fermi level aroun&the

(M) points in the Brillouin zoné®3° Using the pair interac-
tion derived from the neutron scattering results and the band
50 . structure mentioned above, we set up the Eliashberg
equatiort>? Solving the equation, we observed that the
symmetry of the superconducting order parameter is of
0.03 0.04 dkg_kz and the transition temperature is in excess of 200 K

0.02
(Dg(eV) under favorable conditions.
The most dominant contribution to the superconducting
FIG. 6. The wq(eV) dependence off. (eV). The other paijring in the kernel of the Eliashberg equation originates
paramters are the same as ones used in obtaining Fig. 5. from the phonon contribution that is strongly enhanced by
the overscreening effect of the Coulomb interaction. Up to
vanish even in regions except for the Fermi surface. This facﬁow, several phonon mechanisms leading todiveave su-
is consistent with the experimental reséglts in ARPES for thé,erconducting gap function due to the anisotropy of the elec-
optimally doped case showing high..”” Here, let us ex-  yonic structure have been suggesttdn contrast, the
plain why thedkﬁ—ki symmetry appears in this case. The gappresent theory relies upon a mechanism of phonon over-
amplitude is generally dependent on the number density afcreening resulting in the negative electronic dielectric func-
the interacting quasiparticles and the strength of attractiortion and strong enhancement of its attractive contribution. As
Since the number density of the quasiparticles in the flain most of the phonon mechanisms, the present theory pre-
region is much larger than other regions, the gap function iglicts that the isotope effé¢tappears in the cuprate super-
expected to grow considerably in the flat region. A pair ofconductors with a relatively oW, such as LSCO, but this
quasiparticles on the opposite sides of the same flat regioreffect may not be visible in the cuprates with a highsuch
along thek,(k,) axis are attracted, while the interaction is as YBCO and Bi-2212, as observed by experiments. This
repulsive for a pair of quasiparticles belonging to the flatresult comes from the fact that as the superconducting tran-
regions that are rotated by 90° relative to each other. Thus, #ition temperature increases, the pure phonon contribution
is found that the gap amplitudes on the different axes shoulébr the pairing diminishes and the electronic contribution in-
show different signs, resulting in tllesymmetry. creases instead. This tendency is consistent with the experi-
As seen in Fig. 6, we found that the valueTofis nearly  mental resulté’
inversely related to the depth of the flat region. This ten- The softening of the LO phonon near the Brillouin zone
dency is consistent with the experimental results ofboundary was observed by neutron scattering even in the
ARPES?® that the depth of the flat region increases withsuperconducting BaK,BiO; with negligible spin
increasing doping and crosses the Fermi level in the overfluctuatiorf® and nonsuperconducting LgSr, 3;NiO, (Ref.
doped range of composition. At optimum doping, the flat49) and Lg ;S qMNnO; (Ref. 50. It appears that the over-
region shows a minimum depth. On the other hand, the valuscreening effect is common in hole-doped transition-metal
of T, is dependent also on the widil,, of region Il, in-  oxide systems. This phenomenon may be explained in terms
creasing almost linearly with the width. Our calculationsof the “negative Born effective charge,” which will be fur-
show thatT, exceeds 300 K when the value W, ap- ther elaborated on latéf.This concept nicely explains the
proaches 0.4 with fixingoy to be 13 meV, corresponding to phonon softening observed for the Peiels-Hubbard Hamil-
optimum doping. It is quite encouraging that such a hightonian in the one-dimensional Cu-O chain motlef
value of T, can be achieved with the present model. In the cuprates the bare bandwidth, calculated, for in-
stance, with the LDA, is of the order of 1 eV. Band narrow-
ing is brought about by spins that almost localize charges and
create an extended saddle point in the electronic band struc-
In this paper the mechanism of hig%—superconductivity ture. In the present paper this effect was considered phenom-
based upon the overscreening of phoribiswas developed enologically by using the renormalized band structure. How-
further using the results of two recent experimental observaever, a more satisfactory theory should include the quantum
tions. One is the neutron scattering measurements showirgffect of spins more explicitly. Using thp-d model hole
that the frequencies of bond-stretching LO phonons in holedoping was found to create in-gap states in the Hubbard gap
doped superconducting cuprate oxides being strongly sofjust at the Fermi level, with a dominant oxygpmharacter*
ened in the wave number regions around the Brillouin zone better model band structure with these features needs to be

0 1 1
0 0.01

VI. DISCUSSION AND CONCLUSIONS

174506-9



M. TACHIKI, M. MACHIDA, AND T. EGAMI PHYSICAL REVIEW B 67, 174506 (2003

developed. A problem here is that we have much less inforthe phononic and magnetic mechanisms depends upon the
mation about the unoccupied states compared to the occeharge density; the magnetic mechanism could be more im-
pied states, since the photoemission experiments provide iportant in the underdoped region, while the phononic mecha-
formation only for the latter, while the inverse- nism may dominate the optimum and overdoped region.
photoemission technique, which should give the information In the present paper we sacrificed some details as dis-
on the former, has much less resolution. cussed above and greatly simplified the model. Furthermore,
As we mentioned above in the present mechanism Lot is well known that the calculation. of; in the Eliashberg
phonons excite holes from the local oxygestate to the Cu theory strongly depends upon details of the parameters. The
d state. The results of inelastic neutron scattering measur@{"P0ose of this work, therefore, is not to try to describe the
ments on YBaCu;Os o5 (Ref. 52 suggest that the final state superconductivity in the cuprates very accurately, but to

of this transition could be thd,z level of Cu, since strong demonstrate the possibility of the phononic mechanism of

mixing of the in-plane Cu-O bond-stretching mode and thehigh:rC superconductivity based upon the overscreening

apical oxygen modé2 me\) was observed. This makes the {)hhen;)hmenon. The ?slnm?ted vaIueT(_g;may be ev?n hlghert
two-band phononic mod& relevant in the present context. an the experimental values over wide ranges of parameters.

In addition there is a possibility of the transition from an This 'i_ 'ﬂ pl;':lrt d(;Je to the fa(? tlr(;atththe calc(:ju(ljatlon'bil_s lud
oxygen in thex direction to another oxygen in thedirection tehssen 1ally adse t_on Efil mfant? 1€ f e?f)ll a? . oesfnt(r)] |r;|c ude
contributing to thee-p coupling®® In the present calculation ¢ SuPérconaucting fiuctuation efiect. inciusion of the iuc-

just one band was assumed for the sake of simplicity, but th ations should significantly decrease, sinpe thg pairing
reality is likely to be more complex ’ orce is strong and the system has a two-dimensional nature.
Another point that has not been included in the presenirhe incoherent superconducting fluctuations will be ob-
paper and has to be addressed in future publications is trfeef\)’veh‘?'l asr:he pseudogap ‘Ebd\éef limitati in th i
guestion of the in-plane anisotropy and the stripe fluctua- lle there are a number of limitations in the present
tions. Both the inelastic neutron scattering measurement df0de! because of the simplifications and the phenomenologi-

the phonon dispersion and the photoemission measureme?f?I nature, the res_ult described here strong!y suggests that the
detected surprisingly strong anisotropy in the GuO phononic mechanism has to be taken seriously, and careful
plane!®2°553%This anisotropy most likely is related to the studies are warranted. At least, the latest experiment indi-

spin-charge phase separation in the form of strifahile cates that the phononic freedom and the superconducting

: : : . transition temperaturd@_ are closely linked since not only
static stripes apparently compete against superconductivity, c
it is reasonable to assume that the propensity for stripe for'€ Undoped but also the overdoped ones do not show LO

mation remains strong even in the superconductingj’honon softening:
phase’’161920The presence of stripes or stripe fluctuations
will produce further narrowing of the band and spin-charge
interference phenomena, which should enhance the super- We are indebted to K. A. Mier, A. A. Abrikosov, J. C.
conductivity. The possibility of such enhancement by con-Phillips, A. Bussmann-Holder, S. Sachdev, N. Nagaosa, D.
finement, in a more general sense, was emphasized Wihailovic, V. V. Kabanov, S. Takahashi, M. R. Norman, N.
Phillips > However, since we do not have sufficient informa- Hamada, and M. Arai for illuminating discussions. We wish
tion to formulate these phenomena into a rigorous theory, io thank Y. Endoh and J. M. Tranquada for sharing their
the present paper we have not explicitly taken them intaunpublished experimental results and M.T. especially thanks
account. Further experimental as well as theoretical reK. Yamada and J. Mizuki for giving us valuable experimen-
searches are needed to fully account for the spin-chargel results prior to publication. Two authofsl.T. and M.M,)
synergy. were supported by the CRES{UST) project. The other

In the present mechanism the role of spins is merely tqT.E.) was supported by National Science Foundation Grant
bring down the energy scale of holes to the level of phononsNo. DMR01-02565. A part of this work was done in Argonne
so that vibronic resonance can take place. We do not, howNational Laboratory. M.T. and M.M. thank G. Crabtree for
ever, exclude the possibility that the magnetic mechanisnhis support and M.M. especially thanks A. E. Koshelev for
also contributes to pairing, at least in some ranges of comhis support and valuable discussions. M.M. also thanks T.
position. Even in such a case the phonon mechanism doémamura for the offering of a numerical diagonalization pro-
not compete against the magnetic mechanism because of theam and the staff members of CCSE in JAERI for their
d symmetry. It is most likely that the relative importance of computational assistance.
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