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Nonlocal electron-phonon coupling of ionic charge-fluctuation type and phonon anomalies
in high-temperature superconductors

Claus Falter and Georg A. Hoffmann
Institut für Festkörpertheorie, Universita¨t Münster, Wilhelm-Klemm-Strasse 10, 48149 Mu¨nster, Germany

~Received 6 February 2001; published 16 July 2001!

The experimentally observed strong renormalization of the high-frequency copper-in-plane-oxygen bond-
stretching vibrations in the metallic phase of YBa2Cu3O7 and La2CuO4 is investigated. In this context the effect
of the a-b anisotropy in YBa2Cu3O7 on these anomalous phonon modes is discussed. It is demonstrated that
the characteristic softening of the modes is a generic feature of the high-temperature superconductors. It is a
consequence of a strong, nonlocal electron-phonon coupling of the ionic charge-fluctuation type and not related
to Fermi-surface nesting. The phase space of this strong coupling effect is shown to be large. This reveals the
importance of the phonons in the mechanism leading to high-temperature superconductivity.
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I. INTRODUCTION

Inelastic neutron-scattering experiments on hig
temperature superconductors~HTSC! give clear evidence o
a strong electron-phonon coupling, for a review see Ref
In particular, characteristic phonon anomalies generated
large electron-lattice interaction have been detected
La2CuO4.

2–4 Here a strong softening of the high-frequen
copper-in-plane-oxygen bond-stretching modes is found
holes are doped in the insulating parent compound, i.e.,
have an unmistakable and important example for a di
correlation of hole doping with the phonon anomalies. T
doping leads to a strong decrease of the planar oxy
breathing mode OB

X @X5(p/a,p/a,0), a: lattice constant#
and even more strongly for a second CuO bond-stretch
vibration at wave vectorN85(p/a,0,0), calledD1/2 in the
following.

Similar to the observations in doped La2CuO4 pronounced
phonon anomalies for the Cu-in-plane-oxygen bon
stretching vibrations have also been observed by neut
scattering experiments in YBa2Cu3O7.

1,5 The highestD1 and
D4 branches along the 100/010 direction show a strong
crease in frequency towards the zone boundary. Compare
the insulating reference compound YBa2Cu3O6, i.e., without
the characteristic electron-phonon coupling effects, there
softening of about 5 THz. These renormalization effects
served in YBa2Cu3O7 are qualitatively very similar to thos
observed in doped La2Cu2O4 for the D1/2 mode. Quantita-
tively the effects are somewhat larger in YBa2Cu3O7. It
should be remarked that the interpretation of the measu
data for the 100/010 direction in YBa2Cu3O7 is complicated
by the loss of well-defined phonon peaks about halfway
the zone boundary due to effects of twinning and poss
anticrossing with other phonon branches. The prese
available data that cannot distinguish between the~1,0,0! and
~0,1,0! direction and their interpretation is given in Refs.
5. From these experimental results it seems reasonab
assume that the anomalous phonon softening observed
correspondingly the large electron-phonon coupling is a
neric feature of the HTSC.

Recently, we have studied the softening of OB
X andD1/2 in
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La2CuO4 and demonstrated that it is driven by long-range
nonlocal electron-phonon interaction effects of ionic char
fluctuation~CF! type.6,7 In the present paper we extend o
calculations of the Cu-in-plane-oxygen bond-stretch
anomalies to YBa2Cu3O7 in order to clarify their physical
origin in this material and compare it with the situatio
found in La2CuO4. Furthermore, the amount of phase spa
of the strong electron-phonon coupling is explored a
Fermi-surface nesting as a possible scenario is discusse

Section II presents a review of the theory and the mod
ing. In Sec. III the anomalous behavior of the oxygen bon
stretching modes in La2CuO4 and YBa2Cu3O7 is calculated
and shown to be generated in both materials by nonlo
electron-phonon interaction effects of ionic charg
fluctuation type. Moreover, the size of phase space for str
coupling and the effect of thea-b anisotropy in YBa2Cu3O7
on the anomalies is investigated. The final section presen
summary and the conclusions.

II. THEORETICAL CONSIDERATIONS AND MODELING

A detailed description of our microscopic approach of t
electronic density response, the lattice dynamics and
electron-phonon interaction~EPI! in the HTSC can be found
for example, in Refs. 8 and 9. In this formulation the loc
part of the electronic charge response is approximated b
ab initio rigid-ion model~RIM! taking into account ion soft-
ening in terms of effective ionic charges as calculated from
tight-binding analysis of the electronic band structure. In a
dition, scaling of the short-range part of the pair potenti
between the ions is considered in order to simulate covale
effects in the calculations.10 Scaling is performed in such
way that the energy-minimized structure is a close as p
sible to the experimental one. The tight-binding analysis s
plies the effective ionic charges as extracted from the orb
occupation numbersQm of the m ~tight-binding! orbital in
question:

Qm5
2

N (
nk

uCmn~k!u2. ~1!
©2001 The American Physical Society16-1
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CLAUS FALTER AND GEORG A. HOFFMANN PHYSICAL REVIEW B64 054516
Cmn(k) stands for them component of the eigenvector o
bandn at wave the vectork in the first Brillouin-zone; the
summation in Eq.~1! runs over all occupied states andN
gives the number of elementary cells in the~periodic! crys-
tal. The rigid-ion model with the corrections just mention
then servers as a reference system for the description o
insulating phase of HTSC. For a representation of the~non-
rigid! electronic density response and screening of
HTSC, particularly in the metallic phase, more or less loc
ized electronic CF in the outer shells of the ions are con
ered. The latter dominate the long-ranged, nonlocal contr
tion of the electronic density response and the EPI in
HTSC. In addition, dipole-fluctuations~DF! can be treated
within our approach.9 Thus, the starting point of our mode
are the ionic densities in the perturbed state, which are g
by

ra~r !5ra
0~r !1(

l
Qlrl

CF~r !1pa• r̂ra
D~r !, ~2!

wherera
0 is the density of the unperturbed ion localized

the sublatticea of the crystal. TheQl andrl
CF describe the

amplitudes and the form factors of the charge fluctuati
and the last term in Eq.~2! gives the dipolar deformation o
an ion a with amplitude~dipole moment! pa and a radial
density distributionra

D . r̂ is the unit vector in the direction
of r . Therl

CF are approximated by a spherical average of
orbital densities of the outer ionic shells calculated in loc
density approximation~LDA ! taking self-interaction effects
~SIC! into account.11 The dipole densityra

D is obtained from
a modified Sternheimer method in the framework of LD
SIC, see Refs. 9 and 12.

The total energy of the crystal is investigated by assum
that the density of the crystal can be approximated by a
perposition of overlapping densities of the individual io
ra . The ra

0 are calculated within SIC-LDA taking environ
ment effects via a Watson sphere potential and the effec
charges of the ions into account. Such an approxima
holds well in the HTSC.10,13 Moreover, applying the pair-
potential approximation we get for the total energy:

E~R,z!5(
aa

Ea
a~z!1

1

2
( 8
aa
bb

fab~Rb
b2Ra

a ,z!. ~3!

The energyE depends on the configuration of the ions$R%
and the electronic degrees of freedom~EDF! $z% of the
charge density, i.e.,$Ql% and $pa% in Eq. ~2!. Ea

a are the
energies of the single ions.a,b denote the elementary cells i
the crystal anda, b the sublattices. The second term in E
~3! is the interaction energy of the system, expressed by
pair interactionsfab . The prime in Eq.~3! means that the
self-term has to be omitted. Both,Ea

a and fab in general
depend uponz via ra .

From the adiabatic condition

]E~R,z!

]z
50, ~4!
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an expression for the force constants, and accordingly,
dynamical matrix in harmonic approximation can be derive

t i j
ab~q!5@ t i j

ab~q!#RIM

2
1

AMaMb
(
k,k8

@Bi
ka~q!#* @C21~q!#kk8Bj

k8b~q!.

~5!

@ t i j
ab(q)#RIM denotes the contribution of the RIM to the dy

namical matrix.Ma ,Mb are the masses of the ions andq is
a wave vector from the first Brillouin-zone. The quantiti
B(q) andC(q) represent the Fourier transforms of the co
pling coefficients as calculated from the energy,

Bkb
ab 5

]2E~R,z!

]zk
a]Rb

b , ~6!

and

Ckk8
ab

5
]2E~R,z!

]zk
a]zk8

b . ~7!

The derivatives in Eqs.~6! and ~7! have to be performed a
the equilibrium positions.k denotes the electronic degrees
freedom ~charge-fluctuations and dipole-fluctuations in t
present model! in an elementary cell of the crystal. TheB
coefficients describe the coupling between the EDF and
ions and theC coefficients the interaction between the ED
The equations~5!–~7! are generally valid and, in particula
are independent of our specific model for the decomposi
of the perturbed density in Eq.~2! and of the pair approxi-
mation ~3! for the energy.

The pair interactionsfab can be decomposed into long
ranged Coulomb contributions and short-ranged terms.
latter are separated into the interaction between the ion c
and the charge density from Eq.~2!, the interaction between
the densityra with the densityrb ~Hartree contribution! and
a term representing the sum of the kinetic one-particle
the exchange-correlation contribution of the interaction
tween the two ions. A detailed description of thefab and the
calculation of the coupling coefficientsB andC for the EDF
is given in Ref. 9. In this context it should be mentioned th
the matrixCkk8(q) of the EDF-EDF interaction whose in
verse appears in Eq.~5! for the dynamical matrix can also b
written as

C5P211Ṽ. ~8!

P21 contains the kinetic one-particle part to the interacti
and Ṽ the Hartree and exchange-correlation contributio
The quantityC21 needed for the calculation of the dynam
cal matrix is closely related to the density-response funct
~matrix! and to the inverse-dielectric function~matrix! «21,
respectively. Written in matrix notation we have the relati

C215P~11ṼP!21[P«21, «511ṼP. ~9!

The CF-CF submatrix of the matrixP can be calculated
approximatively from a tight-binding analysis of the~first
6-2
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NONLOCAL ELECTRON-PHONON COUPLING OF IONIC . . . PHYSICAL REVIEW B 64 054516
principles! electronic band structure. In this case the el
tronic polarizabilityP is given by,

Pkk8~q!52
2

N (
n,n8

k

f n8~k1q!2 f n~k!

En8~k1q!2En~k!
@Ckn* ~k!Ckn8~k

1q!#@Ck8n
* ~k!Ck8n8~k1q!#* . ~10!

f, E, andC are the occupation numbers, the electronic ba
structure, and the expansion coefficients of the Bloch fu
tions in terms of the tight-binding functions.

The self-consistent change of the EDFzk
a in a phonon

mode (qs) characterized by the displacements

ua
a~qs!5S \

2Mavs~q! D
1/2

ea~qs!eiq•Ra
[ua~qs!eiq•Ra

~11!

can be expressed in the form

dzk
a~qs!5F2(

a
Xka~q!ua~qs!GeiqRk

a
[dzk~qs!eiq•Ra

.

~12!

vs(q) andea(qs) are the phonon frequency and the pola
ization vector for the mode (qs), andXka(q) describes the
self-consistent reaction of the EDF in the phonon mode
can be shown to be given by

X~q!5P~q!«21~q!B~q!5C21~q!B~q!. ~13!

Finally, we introduce as a quantity, which gives the stren
of the electron-phonon interaction in a certain phonon mo
namely, the change of the total self-consistent crystal po
tial felt by an electron,dVeff(r ,qs). Weighting this quantity
with the corresponding density form-factorrk(r2Rk

a) of the
EDF located atRk

a in the crystal, we get

dVk
a~qs!5E dVrk~r2Rk

a!dVeff~r ,qs! ~14!

as a direct measure for the strength of electron-phonon
pling in the mode (qs). dVk

a(qs) can be expressed by th
coupling coefficients from Eqs.~6!, ~7! in the following way:

dVk
a~qs!5F(

a
Wka~q!ua~qs!GeiqRk

a
[dVk~qs!eiq•Ra

,

~15!

whereW(q) is the Fourier transform of

Wkb
ab 5Bkb

ab 2kinBkb
ab 2 (

b8k8
Ṽkk8

ab8 Xk8b
b8b . ~16!

kinB in Eq. ~16! denotes the contribution of the kinetic e
ergy to the coupling parameterB in Eq. ~6!.
05451
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III. DISCUSSION OF THE PHONON ANOMALIES IN
La2CuO4 AND YBa2Cu3O7

A. Origin of the phonon anomalies in La2CuO4

The physical origin of the strong softening of the hig
frequency copper-in-plane-oxygen bond-stretching mod
called~phonon! anomalies in the following, for La2CuO4 has
been discussed so far in Refs. 6 and 7. In these paper
have studied the experimentally observed phonon soften
during the transition from the insulating to the metallic pha
via the underdoped regime. In order to discriminate betw
the charge response in the insulator and the metal suit
models have been constructed being consistent with rigo
sum rules for the density response in the long-wavelen
limit of the various phases. For the case of the underdo
phase a response sum-rule halfway between that of an i
lator and a metal has been proposed expressing a loss i
partial density of states for the Cu 3d states at the Ferm
level. For details of the modeling including ion softening f
the ionic reference system we refer to Refs. 6 and 7.

For convenience we display in Fig. 1 the displacem
patterns of the anomaliesD1/2 and OB

X . In Fig. 2 a compari-
son of the calculated results with the experiments1,2,4 is
shown and a good agreement is found. In particular, the
crease in softening induced by the insulator-metal transi
via the underdoped phase is correctly described. From
calculations in Refs. 6 and 7 for La2CuO4 it can be con-
cluded that the phonon softening is driven by long-rang
nonlocal electron-phonon interaction effects leading to io
charge fluctuations on the outer shells of the ions as
dominating screening mechanism. In particular, the amp
cation of softening forD1/2 and OB

X in the optimally doped,
metallic phase of La2CuO4 @full curve in Fig. 2~b!# has been
explained by the growing importance of the CF in the mo
extended orbitals of the electronic structure. To be more s
cific, this additional renormalization can be related accord
to our calculations to the contribution of the Cu 4s and Cu
4p orbitals despite their weak accupation.6 The physical ex-
planation for such a behavior is related to the fact that
large on-site repulsion of the strongly localized Cu 3d orbital
leads in tendency to a suppression of the charge fluctuat

FIG. 1. Displacement pattern of the high-frequency copper
plane-oxygen bond-stretching vibrations of La2CuO4 ~a! for OB

X and
~b! for theD1/2 minimum. In case ofD1/2 the real part~Re! and the
imaginary part~Im! are shown.
6-3
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CLAUS FALTER AND GEORG A. HOFFMANN PHYSICAL REVIEW B64 054516
according to Eq.~12! via the quantityX or C(Ṽ), respec-
tively, while, on the other hand, the more extended Cup
and Cu 4s orbitals, with a strongly reduced on-site repulsio
allow for an increase of the CF at the Cu ion. This, fina
results in an amplification of the phonon anomalies in
optimally doped probe. Further experimental evidence ot
than phonons for the growing importance of the delocaliz
states in case of the optimally doped probe comes from
tical conductivity measurements14 that demonstrate that in
the optimally doped high-Tc regime an itinerant-carrier con
tribution develops in the conductivity spectrum.

B. Fermi-surface nesting and phonon anomalies

In the following part we will investigate the question
Fermi-surface nesting could provide an alternative expla
tion for the phonon anomalies. It is well known that stro
nesting at some wave vectorq or large matrix elements atq
or both may lead via an increased polarizabilityP~q! to a
softening of certain phonon modes at this wave vector
possible measure that could indicate the tendency tow
such Fermi-surface driven anomalies is the scalar pola
ability

P0~q!52
2

N (
n,n8
k

f n8~k1q!2 f n~k!

En8~k1q!2En~k!
. ~17!

Our electronic structure calculations for La2CuO4 Ref. 16
used in the calculations of the polarizability rely on a tigh
binding analysis of the first-principles electronic band str
ture as given in Ref. 15, leading altogether to an 31-b
model ~31 BM!. This is consistent with the allowed CF fo
La 5d-, Cu 3d-, 4s-, 4p-, and O 2p-orbitals in our model.
Structure inP0 depends mostly on parallel sheets of t
Fermi surface, with a stronger nesting leading to shar

FIG. 2. ~a! Experimental results for the highestD1 and S1

branch for La22xSrxCuO4 according to Refs. 1, 2, and 4. The ope
circles represent the insulating phase (x50), the full circles repre-
sent the optimally doped metallic phase (x50.15), and the dia-
monds represent the underdoped phase (x50.1). The lines are a
guide to the eye.~b! Calculated results for the phonon branch
shown in~a! according to Ref. 7. The dotted curve gives the resu
for the insulating phase, the dashed curve for the underdoped p
and the full curve for the optimally doped metallic phase. For co
parison, the results of theab initio rigid-ion model without any
charge fluctuations~reference model for the insulating phase of t
HTSC! are also displayed~dashed-dotted curve!.
05451
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structure. The inset in Fig. 3 displays the nesting effect
the wave vectorq>X5(p/a)(1,1,0) within the~31 BM! for
the Fermi energyEF50 and EF5258 meV, respectively.
The latter case corresponds in a rigid band model to o
mally doped La2CuO4 where the Fermi energy lies at the va
Hove singularity~VH! of the density of states. Moreover, i
Fig. 3 the intraband contribution (n5n8) of the scalar polar-
izability from Eq. ~17! is shown forEF50 ~dotted curve!
and the van Hove case~full curve!. For comparison also the
dominant matrix elementPkk(q) of the Cu 3d orbital of the
full polarizability matrix given in Eq.~10! is plotted~broken
curve! for EF5258 meV. The polarizability is calculated
along theD- and S-direction where the phonon anomalie
appear. A nesting effect inP0(q) can only be discerned
around theX point. For EF5258 meV the polarizability
peak is enhanced and slightly shifted away fromX towardG.
On the contrary, in the middle of theD direction where the
phonon anomalies are strongestP0(q) approaches a mini-
mum. Thus, there is no explanation of the strong phon
renormalization along theD direction by nesting of the Ferm
surface. The softening of the planar-oxygen breathing m
OB

X at the X point is primarily also not related to Ferm
surface nesting, because the nesting effect seen inP0(q) is
strongly suppressed by the components of the eigenvec
Cka(k) contributing to the full polarizability matrix
Pkk8(q) of the crystal. Such a message can be extrac
from the broken curve in Fig. 3 representing the domin
matrix-elementP(Cu 3d,Cu 3d) of Pkk8(q). The remain-
ing matrix elementsPkk8(q) in the 31 BM are an order o
magnitude smaller, which can be deduced from Fig. 4 wh
the real part of certain relevant matrix elements are give

Similar conclusions as for La2CuO4 can be provided for
YBa2Cu3O7.

16 Here a tight-binding analysis according
Ref. 15 leads to a 41-band model~41 BM! and CF are al-
lowed for Y 5d-, Cu 3d- and O 2p orbitals. The Ba orbitals

s
se,
-

FIG. 3. Intraband contribution of the scalar electronic polar
ability P0(q), according to Eq.~17! for La2CuO4 within the 31-
band model for the Fermi energyEF50 ~dotted curve! and EF

5258 meV ~solid curve!. The inset displays the nesting effect
the wave vectorX5(p/a)(1,1,0). D;~1,0,0!,S;~1,1,0!. The bro-
ken lines display the dominant matrix elementPkk(q) according to
Eq. ~10! related to the Cu3d orbital for EF5258 meV. a is the
lattice constant.
6-4
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NONLOCAL ELECTRON-PHONON COUPLING OF IONIC . . . PHYSICAL REVIEW B 64 054516
are neglected in this tight-binding fit. As already remark
strong phonon anomalies corresponding to theD1/2 anomaly
in La2CuO4 are observed at theX5(p/a,0,0) and Y
5(0,p/b,0) point in YBa2Cu3O7 that cannot be untied ex
perimentally because of twinning and possible anticross
with other branches. In order to test if nesting plays a role
these anomalies we have calculated along the relevant s
metry directionsS;(1,0,0), D;(0,1,0) and alongG2S„S
'(p/a,p/b,0)… the contribution toP0(q) from four bands
of the band structure around the Fermi surface. The resu
presented in Fig. 5. In particular atX, Y, andS minima ap-
pear in the polarizability, i.e., there is no indication that ne
ing may be the source for the anomalies.

From our findings we conclude that the phonon anoma
and the strong electron-phonon coupling can be unders
in a local picture in terms of nonlocally excited CF in th
outer shells of the ions, which are controlled by the kine
one-particle contributionP21 to the electronic coupling co
efficient C in Eq. ~8! together with the contribution of the
potential energy Ṽ, i.e., the Hartree- and exchang
correlation part ofC. In this context we realize that the in

FIG. 4. Selected matrix elements of the polarizability mat
Pkk8(q) from Eq. ~10! for La2CuO4 in the 31-band model.
(EF5258 meV!. The line types are as follows: solid line
(Cu3d)-(Ox2p); dotted line, (Cu3d)-(Oy2p); dashed line,
(Ox2p)-(Ox2p); dotted-dashed line, (Ox2p)-(Oy2p); dotted-
dotted-dotted-dashed line, (Oy2p)-(Oy2p).

FIG. 5. Scalar electronic polarizabilityP0(q) from Eq. ~17! for
YBa2Cu3O7 within the 41-band model. In the figure the contributio
to P0(q) from the four bands~33–36! around the Fermi level is
displayed.S;(1,0,0), D;(0,1,0), (G2S);(1,1,0), X5(p/a)
3(1,0,0), Y5p/b(0,1,0), S5(p/a,p/b,0). a, b are lattice con-
stants.
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terplay between strong correlation effects related to the
calized Cu 3d orbitals with their tendency to suppress th
ionic CF with low energy viaṼ ~the calculated on-site repul
sion in units ofe2/aB for Cu 3d has the large value of 1.005!
and the contribution of the more extended orbitals~O 2p, Cu
4s, Cu 4p with a smaller calculated on-site repulsion: 0.67
0.356, 0.279! which tend to enhance the CF is an essen
feature for an understanding of the charge response
quantitive manner and of its influence on the phonons.

C. On the size of phase space for strong nonlocal
electron-phonon coupling

We now explore, using La2CuO4 as an example, the siz
of phase space where strong nonlocal electron-phonon
pling of ionic origin appears. We will show that the stron
coupling effects leading to the phonon anomalies are
restricted to a small portion of the Brillouin zone but exte
to a large part. As a measure for the electron-phonon c
pling strength we apply the phonon-induced changes of
self-consistent crystal potentialdVk(qs) defined in Eqs.
~14!–~16!.

The result fordVk(qs) is shown in Fig. 6 in theqz50
plane of the Brillouin zone for the Cu 3d orbital being most
important. In part~a! of the figure the data fordVk of the
phonon branch with the highest frequency in the spectrum

FIG. 6. Phonon-induced changes of the crystal potential~in
meV! dVk(qs) of La2CuO4 from Eqs.~14–16! for the dominant
Cu3d orbital in theqz50 plane. In~a! the result for the highes
phonon branch with the OB

X anomaly at theX point is given and in
~b! the result for the second highest branch with theD1/2 anomaly
at N85(p/a)(1,0,0), is given. See also Fig. 7.
6-5
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CLAUS FALTER AND GEORG A. HOFFMANN PHYSICAL REVIEW B64 054516
given with the OB
X anomaly at theX5(p/a)(1,1,0) point.

Part ~b! displays the result fordVk of the second highes
branch with theD1/2 anomaly atN85(p/a)(1,0,0). For ex-
ample, we obtain for the magnitude ofdVk for the Cu 3d
orbital in the OB

X mode 104.70 meV and in theD1/2 anomaly
77.85 meV, respectively.dVk is vanishing for symmetry rea
sons for the O 2p orbital in OB

X while in theD1/2 anomaly
we get a value of 8.09 meV. The calculation demonstra
that in a large part of the zone around the OB

X and theD1/2
anomaly strong phonon-induced changes in the potential
be found. In Fig. 7 the complete calculated phonon disp
sion of La2CuO4 is displayed along the symmetry direction
D;~1,0,0!, S;~1,1,0!, and for X to N8 and N8 to N
5(p/a,0,p/c). In the latter direction, i.e., perpendicular
the qz50 plane inc direction, the anomalous modes prac
cally have no dispersion. This means that the strong coup
also extends to theqz direction of the BZ. Moreover, from
the shape of the experimentally observedD1 branch in Fig.
2~a! that displays a broader minimum as compared with
theoretical results in Fig. 2~b! it can be concluded that th
phase space of strong coupling is even larger than predi
by the calculations.

Concerning the unstable phonon branch inS direction in
Fig. 7 it should be remarked that this branch correspond
the X point to the tilt mode and the instability of this mod

FIG. 7. Calculated phonon dispersion for La2CuO4 along the
directions D;(1,0,0), S;(1,1,0), (X-N8), and (N8-N). N8
5(p/a)(1,0,0), N5(p/a,0,p/c). The results have been obtaine
with the model proposed in Ref. 7 for the description of the op
mally doped metallic phase. See also the full curves in Fig. 2~b!.
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announces correctly the phase transition from the tetrag
to the low-temperature orthorhombic structure.

Summarizing this section we find a large phase space
strong nonlocal electron-phonon coupling of ionic CF-ty
related to the high-frequency oxygen modes. This a
weight to the importance of the EPI in the pairing mech
nism of the HTSC in general. Such a generalization to ot
HTSC is supported by the investigation of the phon
anomalies for YBa2Cu3O7 that will be done in the following
part.

D. Phonon anomalies anda-b anisotropy in YBa2Cu3O7 and
the oxygen chain mode

A tight-binding analysis of the 41 BM yields reduce
effective ionic charges for those sublattices, which ha
been considered in the tight-binding band structure of R
15. We obtain the following charges as an expression
the mixed ionic-covalent bonding in YBa2Cu3O7:Y~12.38!,
Ba~12.00!, Cu1~11.98!, Cu2~11.61!, O1~21.52!,
O2~21.55!, O3~21.60!, O4~21.88!. Cu1 and O1 belong to
the chain, Cu2, O2, O3 to the plane and O4 is the a
oxygen.

Performing in addition covalent scaling of the short ran
part of the pair-potentials for the Cu-O pairs, we get t
structural parameters for YBa2Cu3O7 characterized as mode
M1 in Table I. These parameters, exept for Ba, differ at m
by about 2.5% from the experimental data. The relative
sition for Ba is overestimated by about 7%. Notice, that
was not considered in the tight-binding fit of the band stru
ture and has been assumed to be fully ionic. It is possibl
improve the results for the structure and for the phon
dispersion by allowing for ion softening of the Ba ion to
This has been achieved in the modelM2 of Table I, which
considerably improves the Ba position. The correspond
effective ionic charges forM2 are: Y~12.28!, Ba~11.70!,
Cu1~11.98!, Cu2~11.61!, O1~21.52!, O2~21.40!,
O3~21.40!, O4~21.88!.

We now investigate the renormalization of the phon
dispersion along theS;(1,0,0), D;(0,1,0), andG;S
;(1,1,0) direction for the highest phonon branches
symmetry-type 1 and 2 in our notation, which are associa
with the planar Cu-O2/3 bond-stretching vibrations~noteD2
in our notation corresponds toD4 in the notation of Refs. 1
and 5!. In Fig. 8 the displacement patterns of the oxyg
bond-stretching modes are shown at the symmetry pointG
5(0,0,0), X5(p/a,0,0), Y5(0,p/b,0) and S
5(p/a,p/b,0). Moreover, the O1-chain modesB2u

G andB2u
X

polarized in they direction atG andX are displayed, see th

-

6
3
2

TABLE I. Structural parameters for YBa2Cu3O7 for the modelsM1 andM2 as defined in the text. The
lattice constantsa, b, care in units of Å and the internal positions of the ions in units ofc. The experimental
results~Exp! are from Ref. 17.

a b c z(Ba) z(Cu2) z(O2) z(O3) z(O4)

M1 3.779 4.031 11.854 0.1966 0.3498 0.3875 0.3740 0.157
M2 3.837 4.030 12.388 0.1842 0.3412 0.3942 0.3813 0.161
Exp 3.814 3.885 11.660 0.1843 0.3546 0.3781 0.3777 0.157
6-6
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FIG. 8. Displacement pattern
of the oxygen bond-stretching
modes at the high-symmetry
points G5(0,0,0), X5(p/a)
3(1,0,0), Y5(p/b)(0,1,0), and
S5(p/a,p/b,0). In addition to
the upper right, the O1-chain
modesB2u

G and B2u
X polarized in

the y direction are shown.
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two patterns to the upper right of Fig. 8. TheS point modes
are oxygen breathing modes where the two types of vib
tions,Ag

s andB1u
s , are distinguished from each other by th

relative phase of the elongations in the two CuO planes. AX
andY, respectively, only one oxygen sublattice O2 or O3
vibrating along the Cu-O bonding axis. The vibrations are
phase forAg

x,y and in opposite phase forB1u
x,y with respect to

the two CuO planes. At theG point these modes essential
show the same behavior as the corresponding modes a
zone boundary.

On account of thea-b-anisotropy thex- and y-polarized
modes (B3u

G ,B2g
G ) and (B2u

G ,B3g
G ), respectively, have differ-

ent frequencies. According to recent neutron measu
ments1,18 the mode splitting betweenB3u

G andB2u
G associated

with this anisotropy is about 1.4 THz that is close to t
splitting betweenB2g

G and B3g
G (1.6 THz) measured by Ra

man spectroscopy.19

As the reference model to calculate the phonon anoma
we use the modelM2 allowing in addition for dipole-
fluctuations on the ions inz direction ~model M3 in the
following!. These fluctuations have been calculated acco
ing to a modified Sternheimer method in the framework
the local-density approximation taking self-interaction
fects into account, see Ref. 9 for details. Dipole fluctuatio
in x- or y-direction have been neglected. In the CuO plan
they are strongly screened and in the ionic layers thez di-
poles have been found to be most important.20 Charge fluc-
tuations as the dominating screening mechanism in
HTSC are taken into account within the 41 BM, i.e., for t
Y 5d, Cu 3d and O 2p orbitals. Detailed calculations of th
full phonon dispersion in the symmetry directionsD,S(G
2S) using such a model have been performed in Ref.
For our purpose here, to study the oxygen bond-stretch
anomalies, we propose similarly as in Ref. 7 for La2CuO4, a
simpler diagonal model independent of the wave vectorq for
the polarizability matrixPkk8(q) from Eq.~10!. Accordingly
we approximatePkk8(q) by a diagonal matrix where th
diagonal elements are obtained from the partial densitie
states at the Fermi levelEF
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Zk~EF!5
2

N (
nk

d~En~k!2EF!Ckn
eff~k!, ~18!

Ckn
eff~k!5 (

mPk
uCmn~k!u2. ~19!

In Eq. ~19! the tight-binding orbitals related to a certain a
gular quantum number are summed up to an effective orb
numberk. The total density of states at the Fermi level
given in this representation by

Z~EF!5(
k

Zk~EF!. ~20!

The Zk(EF) have been calculated from the 41 BM of th
electronic band structure. Finally, we obtain in units
~eV!21:

P~Y!50.024, P~Cu1!50.502, P~Cu2!50.401,

P~O1!50.211, P~O2!50.629,

P~O3!50.381, P~O4!50.411.

Calculating the phonon dispersion with such a model (M4)
produces only small differences in comparison with the f
41 BM. In particular the phonon anomalies are represen
very well by this model, the deviations are less than
THz.16

Motivated by our findings concerning the amplification
the phonon anomalies in La2CuO4 by the growing impor-
tance of the CF in the more extended 4s and 4p orbitals of
the Cu ion, which are not considered in the tight-binding
of Ref. 15 leading to the 41 BM or the simplified modelM4,
respectively, we propose another model (M5). Additionally
to the orbital polarizabilities definingM4 we assume inM5
small on-site polarizabilities for Cu 4s and Cu 4p orbitals:

P~Cu2 4s!5P~Cu2 4p!50.025~eV!21.
6-7
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A comparison of the calculated results for the modelsM4
and M5 including CF with the modelM3 without CF is
given in Table II for the phonon anomalies atX, Y, and S.
The data clearly demonstrate the importance of the no
cally induced CF for the decrease in frequency of the oxy
bond-stretching modes. For exampleAg

x is renormalized by
2.5 THz from 22.27 THz inM3 to 19.77 THz inM5 or Ag

y

by 3.44 THz from 20.59 THz to 17.15 THz, etc. In the e
periments because of effects of twinning it cannot be dis
guished between theX and Y point. As a consequence, th
experimentally reported phonon softening of about 5 T
Refs. 1, 5, and 18 when going fromG to X/Y has to be
related to the calculated difference in frequency (Dano) be-
tweenB3u

G ~highest mode! and theB1u
Y ~lowest mode!. From

Table II and III we extractDano54.61 THz for M4 and
Dano55.13 THz forM5, respectively. Thus, the magnitude
the anomaly is in a good agreement with the experiments
particular forM5. Comparing to the situation in La2CuO4 we
get in YBa2Cu3O7 a doubling of the anomalous oxyge
bond-stretching modes with strong nonlocal coupling in
large part of the Brillouin zone.

The full dispersion curves with the anomalously ren
malized oxygen bond-stretching modes, marked by the o
circles atX, Y, andS, are shown in Figs. 9~a! and 9~b! for the
modelsM4 andM5. The line types in the figure denote th
corresponding irreducible representations~ID! of the small
point group of the wave vectorq ~ID! 1 corresponds to the

TABLE II. Frequencies in THz of the oxygen bond-stretchin
modes of YBa2Cu3O7 at the points of symmetryX, Y, andS ~see
Fig. 8!. The modelsM3, M4, M5 are defined in the text.X
5(p/a,0,0), Y5(0,p.b,0), S5(p/a,p/b,0).

M3 M4 M5

X Ag 22.27 20.27 19.77
B1u 20.60 19.38 18.95

Y Ag 20.59 17.71 17.15
B1u 18.73 17.19 16.67

S Ag 23.55 21.84 20.84
B1u 22.21 20.80 20.03

TABLE III. Frequencies in THz of the oxygen bond-stretchin
modesB3u

G ,B2g
G ,B2u

G ,B3g
G and of the chain modeB2u

G in the last
column ~see also Fig. 8! dependent on the magnitude of the cov
lent scaling parameterRc

0@aB# for the Cu1-O1 bond. The first row
represents the results for the modelsM4 andM5. The results in the
second and third row have been obtained by assuming a sm
covalency (Rc

0520.1) and a larger covalency (Rc
0520.18), re-

spectively. The results forM4 andM5 are the same because char
fluctuations are not excited in these modes for symmetry reas
only the LO-TO splits are closed in the odd modes (B2u

G ,B3u
G ).

Rc
0 B3u

G B2g
G B2u

G B3g
G B2u

G

20.1474 21.80 21.24 19.43 18.88 19.03
20.10 21.41 20.86 19.09 18.50 19.66
20.18 21.56 21.01 19.52 18.94 17.98
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full curves, ID 2 to the dotted curves, ID 3 to the broke
curves, and ID 4 to the dash-dotted curves. We extract
the effect of the CF in the more extended orbitals, taken i
account inM5, enhances the phonon anomalies, similarly
found for La2CuO4.

The calculateda-b-anisotropyDu[n(B3u
G )2n(B2u

G ) and
Dg[n(B2g

G )2n(B3g
G ) can be read off from Table III as abou

2.4 THz. This overestimates the experimental resultsDu
51.4 THz andDg51.6 THz. We further have investigate
this anisotropy effect on the phonons16 and found that it de-
pends crucially on the bonding in the CuO chain. We ha
simulated different degrees of covalency of the Cu1-O1 bo
in our modeling by choosing the covalent scaling parame
Rc

0 (Cu1-O1) of that bond in one way or the other. Assumi
a moderate degree of covalent bonding (Rc

0520.1aB) and
determining the remaining Cu-O scaling parameters by f
variation according to the scaling procedure for the energ10

we obtain the results listed in the second row of Table
The anisotropy splitting is nearly the same as forM4 and
M5 in this case. On the other hand, if the covalent chara
of the Cu1-O1 bond is increased~Rc

0520.18aB , see Table
III ! the a-b-anisotropy is reduced to about 2 THz. This is
better agreement with the experiment and points to the
portance of covalency for the copper-oxygen bonding in
chain.

Figure 10 displays the calculated phonon dispersion
the two cases just discussed. The less covalent situatio

ler

s,

FIG. 9. Calculated phonon dispersion curves of YBa2Cu3O7 ac-
cording to the modelsM4 ~a! andM5 ~b! as explained in the text
The anomalous oxygen bond-stretching modes are marked by
circles atX, Y, and S. The line types correspond to the differe
irreducible representations that characterize the modes 1, soli
dotted; 3, dashed; 4, dotted-dashed.
6-8
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NONLOCAL ELECTRON-PHONON COUPLING OF IONIC . . . PHYSICAL REVIEW B 64 054516
shown in Fig. 10~a! and the more covalent one in Fig. 10~b!.
The anomalous planar bond-stretching modes atX, Y, andS
are only weakly influenced~open circles!. However, the O1
modes polarized iny direction corresponding to the near
dispersionless branch ofS4 symmetry~full circles atG and
X! are strongly varied with the covalency of the Cu1-O
bond. Both, atG and atX the O1 ions are vibrating with larg
amplitude along the chain direction, see Fig. 8. This oxyg
chain mode has not been detected in the neutron experim
till now18 and our modeling could give some hints where
the spectrum one should look for this mode. In case o
moderate covalent bonding this mode is predicted in the
quency range of the two anomalous branches starting atB3u

G

and B2u
G , see Fig. 10~a!. Increasing the covalency in th

Cu1-O1 bond the chain mode is shifted to lower frequenc
@Fig. 10~b!#. Simultaneously we observe in theD direction an
anticrossing of the two highestD1 branches. Such a featur
together with effects of twinning might lead in the expe
ments to the observed loss of well-defined phonon peak
part of the Brillouin-zone. Differently spoken, the existen
of anticrossing points to a strong covalency of the Cu
bond in the chain and consequently the chain mode sh
exist in the frequency range of the anticrossing effect.
completeness we add that in case of nearly ionic forces
sumed for the Cu1-O1 bond (Rc

0520.05aB) the chain mode
becomes the highest mode in the spectrum and thea-b-

FIG. 10. Calculated phonon dispersion of YBa2Cu3O7 depen-
dent on the covalency of the Cu1-O1 bond characterized by
scaling parameterRc

0. ~a! Rc
0520.1aB , ~b! Rc

0520.18aB . The
planar oxygen bond-stretching modes at the symmetry points
marked by open circles and the oxygen chain mode are marke
full circles. The line types of the branches are as in Fig. 9.
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anisotropy splitting is clearly overestimated (Du/g[5 THz).
This means that a weakly covalent Cu1-O1 bond can
ruled out.

IV. SUMMARY AND CONCLUSIONS

Our calculations have shown that the experimentally
served anomalous softening of the planar oxygen bo
stretching modes in La2CuO4 and YBa2Cu3O7 is due to non-
local electron-phonon interaction effects of the ionic char
fluctuation type. These results point to a common origin
the anomalies and to their existence in the other HTSC
well. The nonlocal coupling effects, not present in conve
tional metals and superconductors, are typical for the HT
because of their ionic nature favoring localized intrac
charge fluctuations. An enhancement of softening in the
timally doped metallic phase of the HTSC has been show
be related to the growing importance of the charge fluct
tions in the more extended orbitals of the electronic str
ture, in spite of their weak occupation. In YBa2Cu3O7 a dou-
bling of the strongly coupling anomalous oxygen bon
stretching modes is obtained as compared to La2CuO4.

The investigation of the electronic polarizability fo
La2CuO4 and YBa2Cu3O7 indicates that Fermi-surface nes
ing is not the source of the phonon anomalies. Us
La2CuO4 as an example, we realize that the size of ph
space for the strong nonlocal coupling effects in the oxyg
bond-stretching vibrations extends to a large part of the B
louin zone. From these findings it can be concluded t
nonlocal electron-phonon coupling of ionic CF type is
important ingredient of the pairing mechanism in the HTS
More general, our calculations point to the fact that mater
that reconcile strong bonding characterized by a domina
ionic component with metallic properties are promising ca
didates for high-Tc materials via the nonlocal electron
phonon mechanism. This conclusion is additionally su
ported by the calculations in Ref. 21 where it is shown, t
in a small cone around thec axis a nonlocal, nonadiabati
insulatorlike out-of-plane charge response exists, whi
leads to strong coupling effects for the electrons in the C
plane providing a favorable situation for pairing. Furthe
more, as far as the planar oxygen bond-stretching modes
concerned, there is also evidence for the importance of t
contribution to Cooper pairing from tunneling spectrosco
on Bi2Sr2CaCu2O8.

22–24

The physical picture of pairing that arises from the no
local EPI effects found to be important for the HTSC by o
calculations~which neglect spin fluctuations! is the follow-
ing: The first electron of the pair generates an excited sys
composed of atomic displacements and localized io
charge fluctuations while the second electron of the pair,
tarded in time, is attracted by this formerly excited syste
consisting of coupled lattice and charge degrees of freed
Relevant phonon modes for this coupling mechanism are
Cu-in-plane-oxygen bond-stretching modes studied in
paper, which can be treated in adiabatic approximation a
as discussed in Ref. 21 for La2CuO4, modes from the nona
diabatic cone around thec axis like the axial oxygen and th
axial lanthanum breathing mode at theZ point.
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Discussing the experimentally observed large phon
anomalies in YBa2Cu3O7 in addition to the effect of the CF
the a-b-anisotropy of this material must be taken into a
count. The anisotropy is influenced in a sensitive way by
degree of covalence of the Cu1-O1 bond.

Finally, we have investigated the position of the oxyg
chain mode in the spectrum in dependence of the covale
c-

ne

ev

05451
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of this bond. The latter mode has not been found in
experiments up to the present.
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