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Origin of phonon anomalies in La,CuO,
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The experimentally observed softening of the oxygen breathing mode t ioént, O, and of a second
CuO bond stretching mode df; symmetry at the wave vectar=(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 4:8r, ,:CuO, probe as compared with an
underdoped LagSry,CuQ, 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,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 supercondy&0163-1827)02005-5

The details of the theoretical description of the electronichetween the shells of different ioisay between the copper
density response developed in order to investigate local anand the oxygen If the adiabatic approximation applies to
nonlocal electron-phonon interactiofEPl) effects in the the calculation of the phonon frequencies, the CF'sstatic
high-temperature superconduct@rTSC’s) can be found in  quantities because the electronic polarizabilityin Eq. (2)
Refs. 1 and 2. Within this formulation the displacement-can be treated in its statifrequency independenapproxi-
induced change of the electronic density, i.e., the vectorfielthation. However, in a nonadiabatic treatment of the
P2(r), is given by phonons, which seems to be essential for certain modes

propagating along the axis in the HTSC’s]I must be used
ma by v ba in its full frequency dependent form, i.e., dynamical screen-
R _[Pa(r)]RIM_é Pe(r—ROXa- (1) ing applies. In this case the charge rearrangements denoted
0 as CF's becomalynamical quantities(plasmon$ and one
a denotes the unit celly the sublatticeR%=R?+R* gives  enters the phonon-plasmon scenario discussed in Refs. 2 and
the location of the ions in the crystal, apfr) is the electron 4.
density at the space point The derivative has to be taken at  The densitiep (r) are the form factors of the CF's, i.e.,
the equilibrium positions of the ions. The index “RIM” in they determine the shape and the degree of spatial extension
Eqg. (1) means “rigid ion model” and indicates the rigid part of the change in the density associated with the different
of the density response. THR® describe the localization CF’s being admitted in a particular model. In the present
centers of the charge fluctuatiof@F’s) of type « in the unit ~ model we allow for La 8, Cu 3d, 4s, 4p, and O 2 CF's.
cell, i.e., the ionic shells in a dominantly ionic system. Consistent with these electronic degrees of freedom we cal-

Because the terniphonon-induced charge fluctuation, culate the electronic polarizabilify in the tight-binding rep-
which is used here in the sense as introduced for example ii¢sentation from the tight-binding analysis of the first prin-
Ref. 3, may be misleading to some readers we shall recall itsiples electronic band structure for LaCuO as given in Ref. 5
meaning. First of all its rigorous mathematical definition in leading altogether to a 31-band model. Our result for the
terms of the appropriate quantities(thear response theory recalculated tight-binding band structure is shown in Fig. 1;
is provided by combining Eq$2), (6), and(7); see below. In  compare with Fig. 2 in Ref. 5. The, are approximated
a physical picture the CF’s considered here are charge reaby the spherically averaged orbital density of the Ld, 5
rangements of monopole type due to the forces as induced yu 3d, 4s, 4p, and O D shell, respectively.
the displaced ions in a certain phonon mode, i.e., one can The quantityX in Eg. (1) gives the self-consistent reac-
imagine that electronic charge is added or taken away frontion of the CF's in response to an ion displacement. In a
the outer shells of the overlapping ions making up the crystaphysical picture the second term in E(), including X,
due to these forces. During such an electronic polarizatioontains the electronic polarization nonlocally induced by
process charge can be transferred between the different sheltee phonons whose degree of localization obviously varies
of a certain ion(for example in case of the copper ion where with doping in the HTSC's as can be seen by our discussion
we allow for CF’s of 31, 4s, and 4 type) or equally well  of the phonon anomalies below. In turn this charge polariza-

P(r) = ap(r)
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6 tionally covalence corrections for certain pair potentials such

I I a model serves as a reference system for the insulating phase
| of the HTSC’s and leads to good results for the structural
] parameters and the phonon dispersion of insulating LatuO.
For a description of the doped metallic phase of the

)
|
/

fv/ HTSC's the nonlocal contributions of the electronic density

E ] response and the EPdecond term in Eq1)] are also taken

o into account. In other words, the metallic character of bond-

w ] ing and the metallic compressibility is established in our
] theory by the more or less localized CF’s on the outer elec-

tron shells of the iongtogether with the corresponding elec-

tronic polarizability IT) which are calculated in agreement

with the ionic model making the occupation numbers of the
r A z U X z r Az orbitals variable. Ultimately, the dynamical matti¢g) can

FIG. 1. Electronic band structure of L&uO, in the 31 band pe decomposed ana|ogous|y|:f§ from Eq. (1) as
tight-binding model fitted to the first-principles LAPW band struc-

ture. The Fermi energi. is taken as the zero of the energy.

1
tiP(@) =t () ]am— =—==2 [B{“(@)]*X{*(q)
tion is coupled back to the ions leading to an additional ! ! VM Mg« I :
contribution to the ionic displacements besides the coupling ©)

effect resulting from the first term in Eql) arising from ) 0a

local EPI. The second term in E€L) describes nonrigid as [B{*“(d) andX*(q) are the Fourier transform ®«e and
well as nonlocal phonon-induced redistributions of the den-xi%, respectively; M, denotes the ion mapsand the
sity. The latter are clearly nonrigid because they are beyond i , L

the contribution from the rigid displacement of the idfisst ~ Phonon-induced change of the electron density in the mode
term in Eq.(1)]. But they are also nonlocal because the dis-(d¢) is given by

placement of an ionga) may induce CF's lj«) on a dif-

ferent ion, say 03). For example in the pIapar preathing Sp(r,qo)= 2 PZ(V)UZ(QU)- (4)
mode, G, discussed below, the moving,ions induce aai i [

CF's on the Cu ion staying at rest; see the correspondin% o a

contour plots below. Of course, there may be also a localtere P is expressed by Eql) andu,(qo) means the am-
contribution, namely, if there are CF's on the displaced ionPlitude of the displacement of an iorad) in the mode
itself. The same reasoning applies to the phonon inducetflo) Wwith frequency w,(q) and polarization vector
changes of the crystal potential at the ion sitesnlocal €*(do),

EPI).
. . . . . 1/2
X can be expressed in compact matrix-notation using lin- a _ o iq-R%
ear response theory as Uy(qo) = 2M_0.(q) e“(qo)e’ Ta. (5
X=Tle B with e=1+VII. 2) The experimental results for the oxygen dominated high-

frequency phonon branches, and3; in La-Cu-O to be
& denotes the dielectric function amdyields the interaction ~discussed in this paper have been reproduced from Ref. 8 in
between the CF's and the displaced ions. The effective interFig. 2. They show the characteristic softening fof f2nd-
action between the electrong, and the quantityd can be  point of theX ~(1,1,0) directior) and even more strongly for
calculated from the ionic self-energies and the pair potential@ second CuO bondstretching modeyat(0.5,0,0). The lat-
between the ions by allowing for variable occupation of theter is calledA,/2 in the following. Also shown are the dis-
electron orbitals. For the exact definition'dfandB in terms ~ Placement patterns for © and A;/2 and the observed
of the derivatives of the crystal energy in pair-potential-linewidths of the modes together with the experimental reso-
approximation with respect to the ion coordinates and thdution. Note that both @ and A,/2 involve also a small
charge fluctuation degrees of freedom, respectively; see, e.gymmetric displacement of the apex oxygens not displayed
Ref. 4. in the figure.

[P2(r)]rmm in Eg. (1) constitutes the explicit change of ~ Concerning the softening of $Hand A,/2 new neutron
the density due to the movement of the rigid ions and apscattering experiments show for an optimally doped
proximates the local part of the EPI. The method of Gordonl-a; gsSrg.1sCUO, crystal that these modes further decrease
and Kinf is used to determine the pair potentials from thein frequency by about 1 THz as compared with the results for
ionic densities which on the other hand are obtained from &he La; oSr, CuO, probe given in Fig. 2.This leads for the
modified version of the Herman-Skillman program taking2; branch to a downward curved dispersion when approach-
into account averaged self-interaction correctibridore-  ing the X point fromI" along the3, direction, in contrast to
over, the ionic densities are calculated consistently with efthe upward curved data for the underdoped crystal shown in
fective ionic charges as obtained from the orbital occupatiorfFig. 2, and for theA; branch to a deeper minimum at
numbers resulting from a tight-binding analysis of the elec-A,/2. Exactly these features, even quantitatively, are ob-
tronic band structure in the 31-band model. Including additained by our calculations using the 31-band model in the
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FIG. 4. Full curves are the same as in Fig. 3. The broken and

FIG. 2. Experimental results for the highes{ and., branches dotted curves represent calculations where all the Cu on-site

in insulating LaCuO, and metallic Lq,QSr_OiCuOAt as reproduced dCoqumbXC interactions @-d, s-s, p-p, s-d, p-d, p-s) have been
from Ref. 8. The bottom part of the left figure shows the observe .

. . ) . . . Increased by a factor 1.5 and 2.0 as compared to their calculated
linewidths together with the experimental resolution. Further glvenvalues(full curves, respectivel

are the displacement patterns for thé énd theA ;/2 mode in the » fesp y:

CuO plane. . . . .
(1). An earlier model calculation for the insulating phase of

expression for the polarizability and allowing in a consistent-2-Cu-O allowing additionally to the rigid charge response

, . of the purely ionic model also for nonlocal CF'’s restricted,
?eaenPheer ;Slrl Slfrieoifnlﬁga_’g(_:u 3, 4s, 4p, and O P type; however, by the gap in the energy spectrum of the electrons

The softening of these modes is absent in the ionic refer‘:’““:"ady indicates a weak minimum fér;/2 but an upward

: -, dispersion for the; branch similar as the experimental re-
ence model where only local EPI effects in terms of rigidly . 1 . "
shifted ionic densitie$ P2(r) Jau in Eq. (1)) are taken into sults for the insulator in Fig. 2. Besides the LO-TO splitting

account-2 Comparing with the present calculation the char- &1 the dispersion curves from the insulator model in Ref. 1

acteristic phonon anomalies seen for the metallic phase COI?'—'SO resemble those represented as dotted lines in Fig. 3.

sequently arise because of the strong nonlocal EPI effects éjer;ev:l;?r:r?i\ée dzrk;g;asnz ?rrgégi?nﬂ;? t?;gueiétﬁgifﬁd ared
charge fluctuation type embodied in the second term of E P 9 P

qt'o the complete calculation including these electron states
and represented by the full lines in Fig. 3. This leads to a
significant reduction of the CF’s at the Cu because the only
charge fluctuating states left at the Cu ion now belong to the
strongly localizedd electrons, a situation most adequate for
the insulating phase and for the underdoped phase where in
the latter case, however, delocalization starts growing. Si-
multaneously with the suppression of the CF’s by localiza-
tion an increase of the corresponding phonon frequencies
related to the metal-insulator transition as seen in both, the
experiments and the calculations, follows quite naturally.
Moreover, in the insulating and less strongly in the under-
doped phase we can expect a growing on of the on-site
CoulombXC interactions because of the importance of the
localized Cu 3 states. In order to investigate the influence
of such a localization effect on the CF's and the phonon
dispersion we have enlarged in a model calculation all the
Cu on-site CoulombxC interactions by a factor 1.&ee the
broken curves in Fig. and by 2.0, respectivelysee the
dotted curves in Fig. 4 As a result we find a strong suppres-
sion of the Cu 8, 4s, and 4 CF’s generated by the moving
structure for the electronic polarizabilit and allowing for La oxygen 1ons via nonloc:_:ll EPI .andl a Correspon_dlng Increase
5d, Cu 3, 4s, 4p, and O 2 charge fluctuations. The Fermi energy of the phonon frequencies which is also seen in the experi-
is chosen at the van Hove singularity. The dotted curves represefR€NtS for the underdoped probe and the insulating one. Note
calculations where the more extendeslahd 4o electronic degrees that for symmetry reasons there are no CF's at the moving

of freedom at the Cu ion have been suppressed, as compared to B¥ygen ions in G. However, in theA,/2 mode the Q are
complete calculation displayed by the full curves. silent in case the @ are moving and vice versa. Thus

22t

Frequency (THz)
Ny
=]

18

z A r b2 X

FIG. 3. Calculated result§ull curves for the highestA; and
3,1 branch for metallic LaCuO using the 31-band model from the
tight-binding analysigRef. 5 of the first principles electronic band
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in addition to the CF’s at the Cu ion also CF’s at the silent ,
oxygens become possible. This fact leads to an additional [
source for softening in case df,/2 as compared to b [
where only CF’s at the silent Cu ions are possible. For com-
pleteness it should be remarked that there are also small CF's~
at the apex oxygens and the La ions fo5/2 and (ﬁ

The physical reason for the enhanced screening and th
corresponding softening for i)andAllz in case of the op-
timally doped crystal can be extracted from our calculations &
to be related to the large contributions to the CF's from the

0.8}

0.6

0B (o

0.4F

Cu 4s and 4p orbitals. The latter represent in an orbital 0.21 R 7]

picture the more extended part of the electron states and the T S

density response while the Cul 3tates represent the local- 0.0l »ur e Y

ized more correlated part of the electronic structure leading 0 2 ¢ () 4 6
B.

in our calculation to large on-site Coulom{e interactions, FIG. 5. Charge density form factofémes 4xr2) for the Cu ion
fU’ "II Con(;[rastdto the Onl;S|.tQ s for ﬁu 4s ?Ind 43h(andhalso as calculated for the electron configurationd?3*, 4s°3 4p°®?4
,Or as a}n O ZP) eing much smaller. The phonon- determined from a tight-binding analysis of the first principles band
induced CF'’s are given by structure of La-Cu-O; see Ref. R.radial distance in units odig .
12 3d (full curve); 4s (dotted curvg 4p (broken curve
5§(qv) — _ 2
K

! e*(qo)XF(q)e'd R, (6)

f
2M,04(0) extended electronic degrees of freedom not explicitly consid-

and in terms of these quantities the corresponding change €fed in this model results in renormalizéstreenegon-site
the electron density are given by E@$), (4), and(5) can be CoulombXC interactions, mainly at the Cu ion. Using such
decomposed into a local rigid-ion part and a nonlocal chargereasoning, the anomalous softening fof @nd A,/2 now
fluctuation contribution seen in the experiments and in Fig. 3 already has been pre-
dicted in Ref. 1.
_ a o) Aig-R® Further experimental evidence other than phonons for the
5p(r,q(r)—[5p(r,qa)]R,M+§ Pu(r =R LI growing importance of the delocalized states in case of the
(7) optimal doped probe comes from optical conductivity mea-
surements; see, e.g., Ref. 11, which clearly demonstrate that
in the highT . regime an itinerant-carrier contribution devel-
ops in the conductivity spectrum.

Figures 6 and 7 display our calculated results of the
phonon-induced charge density redistribution fo5/2 and
O;B(—>Cu 3d 15.92, Cu 4 20.69, Cu 4 9.4. OE a.cco.rding to Eqgs(6) and (7). Figu.re &a) shows the

contribution of the nonlocal part and Fig$ the total one.
Thus a major part of the CF’s is due to the more extended\s mentioned shortly the moving ,Ogenerates fol /2 via
states, despite their weak occupatiors{34p®?4 as ob-  nonlocal EPI CF’s at the silent Cu and,@ns resulting in a
tained for the electron configuration from a tight-binding charge transfer within and between the CuO chains. The
analysis of the first principles electronic band structure; seeharge redistribution from the local EPI essentially leads to
Ref. 2. An impression for the degree of localizati@xten-  dipolar charges at the moving ions; see Fith)6In case of
sion) for the different Cu states involved can be extractedthe oxygen breathing mode{Q(only the nonlocal contribu-
from Fig. 5 where the orbital form factoys, (times 4ar?) tion is shown in Fig. Y the moving Q , induce CF’s at the
are plotted. Cu and we obtain an electronic charge transfer from that Cu

Concerning the magnitude of the CF'’s it is quite interest-ion where the CuO bonds are compressed to the Cu where
ing to compare the situation in the HTSC's with that in athe CuO bonds are stretched. On the whole, negatively
typical classical ionic oxide material. The calculated CF's forcharged stripes of iongfor O% along the diagonals in the
A,/2 and Cﬁ i.e., for a typical HTSC, are about a factor 10 CuO plane and foA /2 along thex or y axes, respectively
larger than the CF’s recently obtained for M@Ref. 10 for  alternate with positively charged chains of ions. These local-
the longitudinal optical mode at the point of the Brillouin  ized oppositely charged arrays generated nonlocally by the
zone where the oxygen ions are moving at about the samlattice deformation in the particular phonon mode are ener-
frequency(as in case ofA4/2 or OE) against the silent Mg getically stabilized by their mutual Coulomb interactions.
ions. In summary our calculations have shown that the elec-

The enhanced screening effect brought about by the growtronic state in LaCuO and most probably also in the other Cu
ing importance of the more extended states in case of theased HTSC’s consists of a specific mixture of hybridized
optimal doped probe can also be discussed at least qualittecalized and delocalized components. The comparatively
tively in a simpler model with a reduced set of electroniclarge localized Cu 8 part(see for example the values for the
degrees of freedom, like the one proposed in Ref. 1 wher€u 3d CF's aboveis crucial for the appearance of the strong
CF's are only allowed for the CuBand the Q , 2p states  nonlocal ionic EPI effects of CF type found in our calcula-
of the ions in the CuO plane. The contribution of the moretions. With only delocalized states present the phonon-

The CF's at the Cu ion for the two modes die units of
102 electrons as follows:

A./2—Cu 3d 14.34, Cu 410.41, Cu 4 6.97;
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FIG. 7. Contour plot of the nonlocal contribution to the charge
density redistributiondp (scaled by a factor 9 within the 31-
band model according to Eq7) induced by the & mode. The
moving O, and Q, ions are represented as dofg.>0 (full lines)
means that electrons are accumulated in the particular region of
space. Units are in electromg).

tional homogeneous electron gas metal with the carriers only
in delocalized states. In case the more extended electronic
component becomes sufficiently large, which most likely
will happen in the overdoped regime of the HTSC’s, the
importance of the nonlocal EPI effects is diminished. More-
over, their significant contribution to the phonon mediated
part of the pairing mechanism can be expected to be strongly
reduced different from the situation found for the optimally
, doped crystal.
0.5 Finally, these strong nonlocal EPI effects will lead to
(b) (¢,0,0) modifications of the quasiparticle properties in the HTSC's
FIG. 6. Contour plot of the charge-density redistribution Ik band structure renormalization and lifetime effects ne-
(scaled by a factor ) within the 31-band model according to Eq. 9lected in our calculation for the electronic polarizability.
(7) induced by theA,/2 mode. Part(@ of the figure gives the Thus quite different from the low-, materials an unusual
nonlocal contribution of the charge fluctuatidisecond term in Eq.  quasiparticle transport and optical response caused by the
(7)] and part(b) displays the total change in the electronic density Strong nonlocal coupling of the electrons to the phonons will
including the local part from the rigidly shifted ions. The moving be a consequence. In particular inelastic charge scattering
O, ions are indicated as dotsp>0 (full lines) means that elec- from thermal phonons nonlocally and partly nonadiabatically
trons are accumulated in the particular region of space. Units are igoupled to the electronsc{axis phonons will become
electronsd . important? Furthermore, thellzow—lying—axis plasmon found
induced changes of the potential an electron feels in the crys"Jh our reciznt calcu!a:|oﬁ§' m|txmg with <|:_irtlaur1tc-SX|s
tal would be very effectively screened and local EPI wouldP onolnsdo appdroprla € symn:je Yy 'desryh' ely 1o ecolme |
dominate as in case of conventional metals and superco trongly damped or even overdamped by the strong nonloca
ductors. In the optimally doped LaCuO crystal we find for '
the phonon anomaliesi)andAllz an enhanced contribution We thank Dr. L. Pintschovius for communicating his
to the screening from the more extended orbitals which orexperimental results prior to publication. Financial support
the other hand still can experience the strong nonlocal ioniby the Deutsche Forschungsgemeinschaft is gratefully ac-
coupling to the ions. This would not be possible in a convenknowledged.
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