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Origin of phonon anomalies in La2CuO4
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The experimentally observed softening of the oxygen breathing mode at theX point, OX
B , and of a second

CuO bond stretching mode ofD1 symmetry at the wave vectorq5(0.5,0,0) in the doped metallic phase of
La-Cu-O is investigated and shown to be driven by long-range, nonlocal electron-phonon interaction effects of
monopole charge-redistribution type. The amplification of softening for both modes by about 1 THz, recently
found in inelastic neutron scattering for an optimally doped La1.85Sr0.15CuO4 probe as compared with an
underdoped La1.9Sr0.1CuO4 crystal is explained by the growing importance of the more extended orbitals in
the charge response in particular at the Cu ion. Such an enlarged contribution of the more extended orbitals
leads to a reduction of the dominant self-interaction,U, of the electrons mainly at the Cu and allows for an
enhancement of the monopole charge redistributions whose magnitude determines the softening of the phonon
modes. The existence of a specific mixture of localized and more extended states at the Fermi energy is crucial
for the appearance of the strong nonlocal electron-phonon coupling of ionic origin and for the reinforcement of
the phonon mediated part of pairing in the high-temperature superconductors.@S0163-1829~97!02005-5#
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The details of the theoretical description of the electro
density response developed in order to investigate local
nonlocal electron-phonon interaction~EPI! effects in the
high-temperature superconductors~HTSC’s! can be found in
Refs. 1 and 2. Within this formulation the displaceme
induced change of the electronic density, i.e., the vectorfi
Pa
a(r ), is given by

Pa
a~r !5

]r~r !

]Ra
a U

0

5@Pa
a~r !#RIM2(

bk
rk~r2Rk

b!Xka
ba . ~1!

a denotes the unit cell,a the sublattice,Ra
a5Ra1Ra gives

the location of the ions in the crystal, andr(r ) is the electron
density at the space pointr . The derivative has to be taken
the equilibrium positions of the ions. The index ‘‘RIM’’ in
Eq. ~1! means ‘‘rigid ion model’’ and indicates the rigid pa
of the density response. TheRk

b describe the localization
centers of the charge fluctuations~CF’s! of typek in the unit
cell, i.e., the ionic shells in a dominantly ionic system.

Because the term~phonon-induced! charge fluctuation,
which is used here in the sense as introduced for examp
Ref. 3, may be misleading to some readers we shall reca
meaning. First of all its rigorous mathematical definition
terms of the appropriate quantities of~linear! response theory
is provided by combining Eqs.~2!, ~6!, and~7!; see below. In
a physical picture the CF’s considered here are charge r
rangements of monopole type due to the forces as induce
the displaced ions in a certain phonon mode, i.e., one
imagine that electronic charge is added or taken away f
the outer shells of the overlapping ions making up the cry
due to these forces. During such an electronic polariza
process charge can be transferred between the different s
of a certain ion~for example in case of the copper ion whe
we allow for CF’s of 3d, 4s, and 4p type! or equally well
550163-1829/97/55~5!/3308~6!/$10.00
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between the shells of different ions~say between the coppe
and the oxygen!. If the adiabatic approximation applies t
the calculation of the phonon frequencies, the CF’s arestatic
quantities because the electronic polarizabilityP in Eq. ~2!
can be treated in its static~frequency independent! approxi-
mation. However, in a nonadiabatic treatment of t
phonons, which seems to be essential for certain mo
propagating along thec axis in the HTSC’s,P must be used
in its full frequency dependent form, i.e., dynamical scree
ing applies. In this case the charge rearrangements den
as CF’s becomedynamicalquantities~plasmons! and one
enters the phonon-plasmon scenario discussed in Refs. 2
4.

The densitiesrk(r ) are the form factors of the CF’s, i.e
they determine the shape and the degree of spatial exten
of the change in the density associated with the differ
CF’s being admitted in a particular model. In the prese
model we allow for La 5d, Cu 3d, 4s, 4p, and O 2p CF’s.
Consistent with these electronic degrees of freedom we
culate the electronic polarizabilityP in the tight-binding rep-
resentation from the tight-binding analysis of the first pr
ciples electronic band structure for LaCuO as given in Re
leading altogether to a 31-band model. Our result for
recalculated tight-binding band structure is shown in Fig.
compare with Fig. 2 in Ref. 5. Therk are approximated
by the spherically averaged orbital density of the La 5d,
Cu 3d, 4s, 4p, and O 2p shell, respectively.

The quantityX in Eq. ~1! gives the self-consistent reac
tion of the CF’s in response to an ion displacement. In
physical picture the second term in Eq.~1!, including X,
contains the electronic polarization nonlocally induced
the phonons whose degree of localization obviously va
with doping in the HTSC’s as can be seen by our discuss
of the phonon anomalies below. In turn this charge polari
3308 © 1997 The American Physical Society
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55 3309ORIGIN OF PHONON ANOMALIES IN La2CuO4
tion is coupled back to the ions leading to an additio
contribution to the ionic displacements besides the coup
effect resulting from the first term in Eq.~1! arising from
local EPI. The second term in Eq.~1! describes nonrigid as
well as nonlocal phonon-induced redistributions of the d
sity. The latter are clearly nonrigid because they are bey
the contribution from the rigid displacement of the ions@first
term in Eq.~1!#. But they are also nonlocal because the d
placement of an ion (aa) may induce CF’s (bk) on a dif-
ferent ion, say (bb). For example in the planar breathin
mode, OX

B , discussed below, the moving Oxy ions induce
CF’s on the Cu ion staying at rest; see the correspond
contour plots below. Of course, there may be also a lo
contribution, namely, if there are CF’s on the displaced
itself. The same reasoning applies to the phonon indu
changes of the crystal potential at the ion sites~nonlocal
EPI!.

X can be expressed in compact matrix-notation using
ear response theory as

X5P«21B with «511ṼP. ~2!

« denotes the dielectric function andB yields the interaction
between the CF’s and the displaced ions. The effective in
action between the electrons,Ṽ, and the quantityB can be
calculated from the ionic self-energies and the pair potent
between the ions by allowing for variable occupation of t
electron orbitals. For the exact definition ofṼ andB in terms
of the derivatives of the crystal energy in pair-potenti
approximation with respect to the ion coordinates and
charge fluctuation degrees of freedom, respectively; see,
Ref. 4.

@Pa
a(r )#RIM in Eq. ~1! constitutes the explicit change o

the density due to the movement of the rigid ions and
proximates the local part of the EPI. The method of Gord
and Kim6 is used to determine the pair potentials from t
ionic densities which on the other hand are obtained from
modified version of the Herman-Skillman program taki
into account averaged self-interaction corrections.7 More-
over, the ionic densities are calculated consistently with
fective ionic charges as obtained from the orbital occupa
numbers resulting from a tight-binding analysis of the el
tronic band structure in the 31-band model. Including ad

FIG. 1. Electronic band structure of La2CuO4 in the 31 band
tight-binding model fitted to the first-principles LAPW band stru
ture. The Fermi energyEF is taken as the zero of the energy.
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tionally covalence corrections for certain pair potentials su
a model serves as a reference system for the insulating p
of the HTSC’s and leads to good results for the structu
parameters and the phonon dispersion of insulating LaCu2

For a description of the doped metallic phase of t
HTSC’s the nonlocal contributions of the electronic dens
response and the EPI@second term in Eq.~1!# are also taken
into account. In other words, the metallic character of bo
ing and the metallic compressibility is established in o
theory by the more or less localized CF’s on the outer el
tron shells of the ions~together with the corresponding ele
tronic polarizabilityP) which are calculated in agreeme
with the ionic model making the occupation numbers of t
orbitals variable. Ultimately, the dynamical matrixt(q) can
be decomposed analogously toPa

a from Eq. ~1! as

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

ab~q!#RIM2
1

AMaMb
(
k

@Bi
ka~q!#*Xj

kb~q!

~3!

@Bi
ka(q) andXj

kb(q) are the Fourier transform ofBka
i

oa
and

Xkb
j

ob
, respectively;Ma denotes the ion mass# and the

phonon-induced change of the electron density in the m
(qs) is given by

dr~r ,qs!5 (
a,a,i

Pa
i

a
~r !ua

i

a
~qs!. ~4!

HerePa
a is expressed by Eq.~1! andua

a(qs) means the am-
plitude of the displacement of an ion (aa) in the mode
(qs) with frequency vs(q) and polarization vector
ea(qs),

ua
a~qs!5S \

2Mavs~q! D
1/2

ea~qs!eiq•Ra
a
. ~5!

The experimental results for the oxygen dominated hi
frequency phonon branchesD1 and S1 in La-Cu-O to be
discussed in this paper have been reproduced from Ref.
Fig. 2. They show the characteristic softening for OX

B @end-
point of theS;(1,1,0) direction# and even more strongly fo
a second CuO bondstretching mode atq5(0.5,0,0). The lat-
ter is calledD1/2 in the following. Also shown are the dis
placement patterns for OX

B and D1/2 and the observed
linewidths of the modes together with the experimental re
lution. Note that both OX

B and D1/2 involve also a small
symmetric displacement of the apex oxygens not displa
in the figure.

Concerning the softening of OX
B and D1/2 new neutron

scattering experiments show for an optimally dop
La1.85Sr0.15CuO4 crystal that these modes further decrea
in frequency by about 1 THz as compared with the results
the La1.9Sr0.1CuO4 probe given in Fig. 2.

9 This leads for the
S1 branch to a downward curved dispersion when approa
ing theX point fromG along theS direction, in contrast to
the upward curved data for the underdoped crystal show
Fig. 2, and for theD1 branch to a deeper minimum a
D1/2. Exactly these features, even quantitatively, are
tained by our calculations using the 31-band model in
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3310 55FALTER, KLENNER, HOFFMANN, AND CHEN
expression for the polarizability and allowing in a consiste
manner for CF’s of La 5d, Cu 3d, 4s, 4p, and O 2p type;
see the full curve in Fig. 3.

The softening of these modes is absent in the ionic re
ence model where only local EPI effects in terms of rigid
shifted ionic densities„@Pa

a(r )#RIM in Eq. ~1!… are taken into
account.1,2 Comparing with the present calculation the ch
acteristic phonon anomalies seen for the metallic phase
sequently arise because of the strong nonlocal EPI effec
charge fluctuation type embodied in the second term of

FIG. 2. Experimental results for the highestD1 andS1 branches
in insulating La2CuO4 and metallic La1.9Sr0.1CuO4 as reproduced
from Ref. 8. The bottom part of the left figure shows the obser
linewidths together with the experimental resolution. Further giv
are the displacement patterns for the OX

B and theD1/2 mode in the
CuO plane.

FIG. 3. Calculated results~full curves! for the highestD1 and
S1 branch for metallic LaCuO using the 31-band model from
tight-binding analysis~Ref. 5! of the first principles electronic ban
structure for the electronic polarizabilityP and allowing for La
5d, Cu 3d, 4s, 4p, and O 2p charge fluctuations. The Fermi energ
is chosen at the van Hove singularity. The dotted curves repre
calculations where the more extended 4s and 4p electronic degrees
of freedom at the Cu ion have been suppressed, as compared
complete calculation displayed by the full curves.
t

r-

-
n-
of
q.

~1!. An earlier model calculation for the insulating phase
La-Cu-O allowing additionally to the rigid charge respon
of the purely ionic model also for nonlocal CF’s restricte
however, by the gap in the energy spectrum of the electro1

already indicates a weak minimum forD1/2 but an upward
dispersion for theS1 branch similar as the experimental r
sults for the insulator in Fig. 2. Besides the LO-TO splittin
atG the dispersion curves from the insulator model in Ref
also resemble those represented as dotted lines in Fig
Here we have arbitrarily omitted the more extended 4s and
4p electronic degrees of freedom at the Cu ion as compa
to the complete calculation including these electron sta
and represented by the full lines in Fig. 3. This leads to
significant reduction of the CF’s at the Cu because the o
charge fluctuating states left at the Cu ion now belong to
strongly localizedd electrons, a situation most adequate f
the insulating phase and for the underdoped phase whe
the latter case, however, delocalization starts growing.
multaneously with the suppression of the CF’s by localiz
tion an increase of the corresponding phonon frequen
related to the metal-insulator transition as seen in both,
experiments and the calculations, follows quite natura
Moreover, in the insulating and less strongly in the und
doped phase we can expect a growing on of the on-
Coulomb-XC interactions because of the importance of t
localized Cu 3d states. In order to investigate the influen
of such a localization effect on the CF’s and the phon
dispersion we have enlarged in a model calculation all
Cu on-site Coulomb-XC interactions by a factor 1.5~see the
broken curves in Fig. 4! and by 2.0, respectively~see the
dotted curves in Fig. 4!. As a result we find a strong suppre
sion of the Cu 3d, 4s, and 4p CF’s generated by the movin
oxygen ions via nonlocal EPI and a corresponding incre
of the phonon frequencies which is also seen in the exp
ments for the underdoped probe and the insulating one. N
that for symmetry reasons there are no CF’s at the mov
oxygen ions in OX

B. However, in theD1/2 mode the Oy are
silent in case the Ox are moving and vice versa. Thu

d
n

nt

the

FIG. 4. Full curves are the same as in Fig. 3. The broken
dotted curves represent calculations where all the Cu on-
Coulomb-XC interactions (d-d, s-s, p-p, s-d, p-d, p-s) have been
increased by a factor 1.5 and 2.0 as compared to their calcul
values~full curves!, respectively.
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55 3311ORIGIN OF PHONON ANOMALIES IN La2CuO4
in addition to the CF’s at the Cu ion also CF’s at the sile
oxygens become possible. This fact leads to an additio
source for softening in case ofD1/2 as compared to OX

B

where only CF’s at the silent Cu ions are possible. For co
pleteness it should be remarked that there are also small
at the apex oxygens and the La ions forD1/2 and OX

B .
The physical reason for the enhanced screening and

corresponding softening for OX
B andD1/2 in case of the op-

timally doped crystal can be extracted from our calculatio
to be related to the large contributions to the CF’s from
Cu 4s and 4p orbitals. The latter represent in an orbit
picture the more extended part of the electron states and
density response while the Cu 3d states represent the loca
ized more correlated part of the electronic structure lead
in our calculation to large on-site Coulomb-XC interactions,
U, in contrast to the on-siteU ’s for Cu 4s and 4p ~and also
for La 5d and O 2p) being much smaller. The phonon
induced CF’s are given by

dzk
~qs!52(

a,i
S \

2Mavs~q! D
1/2

ei
a~qs!Xi

ka~q!eiq•R
k
, ~6!

and in terms of these quantities the corresponding chang
the electron density are given by Eqs.~1!, ~4!, and~5! can be
decomposed into a local rigid-ion part and a nonlocal char
fluctuation contribution

dr~r ,qs!5@dr~r ,qs!#RIM1(
ak

rk~r2Rk
a!dzk

~qs!eiq•R
a
.

~7!

The CF’s at the Cu ion for the two modes are~in units of
1023 electrons! as follows:

D1/2→Cu 3d 14.34, Cu 4s 10.41, Cu 4p 6.97;

OX
B→Cu 3d 15.92, Cu 4s 20.69, Cu 4p 9.4.

Thus a major part of the CF’s is due to the more exten
states, despite their weak occupation (4s0.3,4p0.24) as ob-
tained for the electron configuration from a tight-bindin
analysis of the first principles electronic band structure;
Ref. 2. An impression for the degree of localization~exten-
sion! for the different Cu states involved can be extrac
from Fig. 5 where the orbital form factorsrk ~times 4pr 2)
are plotted.

Concerning the magnitude of the CF’s it is quite intere
ing to compare the situation in the HTSC’s with that in
typical classical ionic oxide material. The calculated CF’s
D1/2 and OX

B , i.e., for a typical HTSC, are about a factor 1
larger than the CF’s recently obtained for MgO~Ref. 10! for
the longitudinal optical mode at theL point of the Brillouin
zone where the oxygen ions are moving at about the s
frequency~as in case ofD1/2 or OX

B) against the silent Mg
ions.

The enhanced screening effect brought about by the gr
ing importance of the more extended states in case of
optimal doped probe can also be discussed at least qua
tively in a simpler model with a reduced set of electron
degrees of freedom, like the one proposed in Ref. 1 wh
CF’s are only allowed for the Cu 3d and the Ox,y 2p states
of the ions in the CuO plane. The contribution of the mo
t
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extended electronic degrees of freedom not explicitly cons
ered in this model results in renormalized~screened! on-site
Coulomb-XC interactions, mainly at the Cu ion. Using suc
reasoning, the anomalous softening for OX

B and D1/2 now
seen in the experiments and in Fig. 3 already has been
dicted in Ref. 1.

Further experimental evidence other than phonons for
growing importance of the delocalized states in case of
optimal doped probe comes from optical conductivity me
surements; see, e.g., Ref. 11, which clearly demonstrate
in the high-Tc regime an itinerant-carrier contribution deve
ops in the conductivity spectrum.

Figures 6 and 7 display our calculated results of
phonon-induced charge density redistribution forD1/2 and
OX

B according to Eqs.~6! and ~7!. Figure 6~a! shows the
contribution of the nonlocal part and Fig. 6~b! the total one.
As mentioned shortly the moving Ox generates forD1/2 via
nonlocal EPI CF’s at the silent Cu and Oy ions resulting in a
charge transfer within and between the CuO chains. T
charge redistribution from the local EPI essentially leads
dipolar charges at the moving ions; see Fig. 6~b!. In case of
the oxygen breathing mode OX

B ~only the nonlocal contribu-
tion is shown in Fig. 7! the moving Ox,y induce CF’s at the
Cu and we obtain an electronic charge transfer from that
ion where the CuO bonds are compressed to the Cu w
the CuO bonds are stretched. On the whole, negativ
charged stripes of ions~for OX

B along the diagonals in the
CuO plane and forD1/2 along thex or y axes, respectively!
alternate with positively charged chains of ions. These loc
ized oppositely charged arrays generated nonlocally by
lattice deformation in the particular phonon mode are en
getically stabilized by their mutual Coulomb interactions.

In summary our calculations have shown that the el
tronic state in LaCuO and most probably also in the other
based HTSC’s consists of a specific mixture of hybridiz
localized and delocalized components. The comparativ
large localized Cu 3d part~see for example the values for th
Cu 3d CF’s above! is crucial for the appearance of the stron
nonlocal ionic EPI effects of CF type found in our calcul
tions. With only delocalized states present the phon

FIG. 5. Charge density form factors~times 4pr 2) for the Cu ion
as calculated for the electron configuration (3d9.24, 4s0.3, 4p0.24)
determined from a tight-binding analysis of the first principles ba
structure of La-Cu-O; see Ref. 2.r radial distance in units ofaB .
3d ~full curve!; 4s ~dotted curve!; 4p ~broken curve!.
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3312 55FALTER, KLENNER, HOFFMANN, AND CHEN
induced changes of the potential an electron feels in the c
tal would be very effectively screened and local EPI wou
dominate as in case of conventional metals and super
ductors. In the optimally doped LaCuO crystal we find f
the phonon anomalies OX

B andD1/2 an enhanced contributio
to the screening from the more extended orbitals which
the other hand still can experience the strong nonlocal io
coupling to the ions. This would not be possible in a conv

FIG. 6. Contour plot of the charge-density redistributiondr
~scaled by a factor 104) within the 31-band model according to Eq
~7! induced by theD1/2 mode. Part~a! of the figure gives the
nonlocal contribution of the charge fluctuations@second term in Eq.
~7!# and part~b! displays the total change in the electronic dens
including the local part from the rigidly shifted ions. The movin
Ox ions are indicated as dots.dr.0 ~full lines! means that elec-
trons are accumulated in the particular region of space. Units a
electrons/aB

3 .
s-

n-

n
ic
-

tional homogeneous electron gas metal with the carriers o
in delocalized states. In case the more extended electr
component becomes sufficiently large, which most like
will happen in the overdoped regime of the HTSC’s, t
importance of the nonlocal EPI effects is diminished. Mo
over, their significant contribution to the phonon mediat
part of the pairing mechanism can be expected to be stro
reduced different from the situation found for the optima
doped crystal.

Finally, these strong nonlocal EPI effects will lead
modifications of the quasiparticle properties in the HTSC
like band structure renormalization and lifetime effects n
glected in our calculation for the electronic polarizabilit
Thus quite different from the low-Tc materials an unusua
quasiparticle transport and optical response caused by
strong nonlocal coupling of the electrons to the phonons w
be a consequence. In particular inelastic charge scatte
from thermal phonons nonlocally and partly nonadiabatica
coupled to the electrons (c-axis phonons! will become
important.2 Furthermore, the low-lyingc-axis plasmon found
in our recent calculations2,4,12 mixing with certain c-axis
phonons of appropriate symmetry is very likely to becom
strongly damped or even overdamped by the strong nonl
EPI.

We thank Dr. L. Pintschovius for communicating h
experimental results prior to publication. Financial supp
by the Deutsche Forschungsgemeinschaft is gratefully
knowledged.

in

FIG. 7. Contour plot of the nonlocal contribution to the char
density redistributiondr ~scaled by a factor 104) within the 31-
band model according to Eq.~7! induced by the OX

B mode. The
moving Ox and Oy ions are represented as dots.dr.0 ~full lines!
means that electrons are accumulated in the particular regio
space. Units are in electrons/aB
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