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Nonlocal electron-phonon coupling of ionic charge-fluctuation type and phonon anomalies
in high-temperature superconductors
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The experimentally observed strong renormalization of the high-frequency copper-in-plane-oxygen bond-
stretching vibrations in the metallic phase of Y,Ba;O; and LgCuQ, is investigated. In this context the effect
of the a-b anisotropy in YBaCu;O; 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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. INTRODUCTION La,CuQ, and demonstrated that it is driven by long-ranged,
nonlocal electron-phonon interaction effects of ionic charge-
Inelastic neutron-scattering experiments on  high-fluctuation (CF) type®’ In the present paper we extend our
temperature superconductdtsTSC) give clear evidence of calculations of the Cu-in-plane-oxygen bond-stretching
a strong electron-phonon coupling, for a review see Ref. lanomalies to YBgCu,O; in order to clarify their physical
In particular, characteristic phonon anomalies generated by @rigin in this material and compare it with the situation
large electron-lattice interaction have been detected ifiound in LaCuQ,. Furthermore, the amount of phase space
La,CuQ,.>~* Here a strong softening of the high-frequency Of the strong electron-phonon coupling is explored and
Copper-in-p|ane-oxygen bond-stretching modes is found aEermi-surface nesting as a possible scenario is discussed.
holes are doped in the insulating parent compound, i.e., we Section Il presents a review of the theory and the model-
have an unmistakable and important example for a direci?d- In Sec. Il the anomalous behavior of the oxygen bond-
correlation of hole doping with the phonon anomalies. TheStrétching modes in L&uO, and YBaCus0O; is calculated
doping leads to a strong decrease of the planar oxygeﬂnd shown to be generated in both materials by nonlocal

breathing mode § [~ (w/a,w/a.0), a: latice constaht y 0 SEERIEO, TEETE DICE P cvace fo stion
and even more strongly for a second CuO bond-stretchin ype. ' b b 9

L . %oupling and the effect of tha-b anisotropy in YBaCu;O;
;/(I)ﬁz)a\l/\t/li?lg at wave vectoN’=(#/a,0,0), calledA /2 in the on the anomalies is investigated. The final section presents a

Similar to the observations in dopedJGuQO, pronounced summary and the conclusions.
phonon anomalies for the Cu-in-plane-oxygen bond-
stretch?ng vibrat_ions ha}ve also beleg obse.rved by neutrony; THEORETICAL CONSIDERATIONS AND MODELING
scattering experiments in YB@u;O,.> The highestA; and
A, branches along the 100/010 direction show a strong de- A detailed description of our microscopic approach of the
crease in frequency towards the zone boundary. Compared édectronic density response, the lattice dynamics and the
the insulating reference compound YBa,Os, i.e., without  electron-phonon interactiofEPl) in the HTSC can be found,
the characteristic electron-phonon coupling effects, there is tor example, in Refs. 8 and 9. In this formulation the local
softening of about 5 THz. These renormalization effects obpart of the electronic charge response is approximated by an
served in YBaCu;0; are qualitatively very similar to those ab initio rigid-ion model(RIM) taking into account ion soft-
observed in doped LE&wW,O, for the A;/2 mode. Quantita- €ning in terms of effective ionic charges as calculated from a
tively the effects are somewhat larger in Y@BanO,. It tight-binding analysis of the electronic band structure. In ad-
should be remarked that the interpretation of the measure@ition, scaling of the short-range part of the pair potentials
data for the 100/010 direction in YB@uO- is complicated between the ions is considered in order to simulate covalence
by the loss of well-defined phonon peaks about halfway teffects in the calculation®. Scaling is performed in such a
the zone boundary due to effects of twinning and possiblavay that the energy-minimized structure is a close as pos-
anticrossing with other phonon branches. The presentlgible to the experimental one. The tight-binding analysis sup-
available data that cannot distinguish between(1he,0 and plies the effective ionic charges as extracted from the orbital
(0,1,0 direction and their interpretation is given in Refs. 1, occupation number®),, of the u (tight-binding orbital in
5. From these experimental results it seems reasonable gtiestion:
assume that the anomalous phonon softening observed and
correspondingly the large electron-phonon coupling is a ge- 9
neric feature of the HTSC. _ 2

Recently, we have studied the softening ¢f &hdA /2 in BRI % ICunlOI" @)

0163-1829/2001/6%)/05451610)/$20.00 64 054516-1 ©2001 The American Physical Society



CLAUS FALTER AND GEORG A. HOFFMANN PHYSICAL REVIEW B64 054516

C.n(K) stands for thew component of the eigenvector of an expression for the force constants, and accordingly, the
bandn at wave the vectok in the first Brillouin-zone; the ~dynamical matrix in harmonic approximation can be derived:
summation in Eq(1) runs over all occupied states aid B B
gives the number of elementary cells in tEeriodio crys- G (A =[t]"(A)Jrim
tal. The rigid-ion model with the corrections just mentioned 1
then servers as a reference system for the description of the - kag\1*r -1 B B(q).
insulating phase of HTSC. For a representation of(tien- \/MQMB;,}' [BH@FIC (@] B H(@)
rigid) electronic density response and screening of the )
HTSC, particularly in the metallic phase, more or less local-
ized electronic CF in the outer shells of the ions are considEtf}ﬁ(q)]R,M denotes the contribution of the RIM to the dy-
ered. The latter dominate the long-ranged, nonlocal contriburamical matrix.M,, ,M ; are the masses of the ions aqds
tion of the electronic density response and the EPI in thea wave vector from the first Brillouin-zone. The quantities
HTSC. In addition, dipole-fluctuation®dF) can be treated B(q) andC(q) represent the Fourier transforms of the cou-
within our approacii.Thus, the starting point of our model pling coefficients as calculated from the energy,
are the ionic densities in the perturbed state, which are given
2

by b PERD) ©

B 9LAIRG

pa(r>=p2(r>+§prSF<r>+pa~fp5<r>, (2 and

0 : . . . ab (92E(R,§)
wherep,, is the density of the unperturbed ion localized at CKK,:W. @)

the sublatticen of the crystal. TheQ, andp<F describe the

amplitudes and the form fgctors of _the charge ﬂuc_tuationsrhe derivatives in Eqe6) and(7) have to be performed at
and the last term in Eq2) gives the dipolar deformation of ' the equilibrium positions« denotes the electronic degrees of
an ion o with amplitude (dipole moment p, and a radial  freedom (charge-fluctuations and dipole-fluctuations in the
density distributionog. f is the unit vector in the direction present modelin an e|ementary cell of the CrystaL T

of r. Thepi" are approximated by a spherical average of thecoefficients describe the coupling between the EDF and the
orbital densities of the outer ionic shells calculated in local-ions and theC coefficients the interaction between the EDF.
density approximatiofLDA) taking self-interaction effects The equationg5)—(7) are generally valid and, in particular,
(SIO) into account? The dipole density;B is obtained from are independent of our specific model for the decomposition
a modified Sternheimer method in the framework of LDA- of the perturbed density in Eq2) and of the pair approxi-
SIC, see Refs. 9 and 12. mation (3) for the energy.

The total energy of the crystal is investigated by assuming The pair interactions,; can be decomposed into long-
that the density of the crystal can be approximated by a suranged Coulomb contributions and short-ranged terms. The
perposition of overlapping densities of the individual ionslatter are separated into the interaction between the ion cores
Pn- The pg are calculated within SIC-LDA taking environ- and the charge density from E@), the interaction between
ment effects via a Watson sphere potential and the effectivéhe densityp,, with the densityp; (Hartree contributiopand
charges of the ions into account. Such an approximatio@ term representing the sum of the kinetic one-particle and
holds well in the HTSCG%*® Moreover, applying the pair- the exchange-correlation contribution of the interaction be-
potential approximation we get for the total energy: tween the two ions. A detailed description of g, and the

calculation of the coupling coefficien& andC for the EDF
1 is given in Ref. 9. In this context it should be mentioned that
E(R )=, E2(§)+—E' ¢QB(R2— R%,0). (3  the matrixC,, (q) of the EDF-EDF interaction whose in-
aa 2 EZ, verse appears in E¢) for the dynamical matrix can also be
written as
The energyE depends on the configuration of the iofi
and the electronic degrees of freeddi@DF) {{} of the C=11"%+V. (8)
charge density, i.e{Q,} and{p,} in Eqg. (2). E2 are the 1 _ o ) . )
energies of the single iona,b denote the elementary cells in IT ~contams the kinetic one-particle part to the interaction
the crystal and, 8 the sublattices. The second term in Eq.and V the Hartree and exchange-correlation contribution.
(3) is the interaction energy of the system, expressed by théhe quantityC™* needed for the calculation of the dynami-
pair interactions$,z. The prime in Eq/(3) means that the cal matrix is closely related to the density-response function
self-term has to be omitted. BotlE2 and ¢, in general ~ (Matri) and to the inverse-dielectric functidmatrix) &,
depend upor via p,, . respectively. Written in matrix notation we have the relation

From the adiabatic condition - -
C l=II(1+VII) '=le ! e=1+VII. (9)

JE(R,{) -0 4) The CF-CF submatrix of the matrikl can be calculated
al ' approximatively from a tight-binding analysis of th#érst
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principles electronic band structure. In this case the elec- a)
tronic polarizabilityIT is given by,

2 fror(k+) = fo(k)
HKKr(Q)——Nn]n, En,(k+q)—En(k)[C
k

+A)[CL (K Cernr (k+a)]*. (10

*(K)Cenr (K

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

The self-consistent change of the EQE in a phonon

144

¥

Im

mode (o) characterized by the displacements FIG. 1. Displacement pattern of the high-frequency copper-in-
plane-oxygen bond-stretching vibrations of,CaO, (a) for Oé and
h 1/2 (b) for the A;/2 minimum. In case oA ;/2 the real parfRe) and the
ud(qo)= (— e*(qo)e =y, (qo)eld R imaginary part(Im) are shown.
“ 2M w,(q)
(11)

Ill. DISCUSSION OF THE PHONON ANOMALIES IN
can be expressed in the form La,CuO,4 AND YBa,Cuz0-

A. Origin of the phonon anomalies in La,CuQ,

el Ri= 5§K(qg)eiqﬂa. The physical origin of the strong softening of the high-
frequency copper-in-plane-oxygen bond-stretching modes,
(12)  called(phonon anomalies in the following, for L&LUO, has
N been discussed so far in Refs. 6 and 7. In these papers we
w,(0) ande’(qo) are the phonon frequency and the polar-p,ye studied the experimentally observed phonon softening
ization vector for the modeqer), andX*“(q) describes the during the transition from the insulating to the metallic phase
self-consistent reaction of the EDF in the phonon mode. I3 the underdoped regime. In order to discriminate between
can be shown to be given by the charge response in the insulator and the metal suitable
models have been constructed being consistent with rigorous
X(q)=TI(q)e~*(q)B(q)=C~*(q)B(q). (13} sum rules for the density response in the long-wavelength
limit of the various phases. For the case of the underdoped
Finally, we introduce as a quantity, which gives the strengttphase a response sum-rule halfway between that of an insu-
of the electron-phonon interaction in a certain phonon mOantor and a metal has been proposed expressing a loss in the
namely, the change of the total self-consistent crystal poterpartial density of states for the Cud3states at the Fermi
tial felt by an electronpVeq(r,qo). Weighting this quantity  |evel. For details of the modeling including ion softening for
with the corresponding density form-facteg(r —R%) of the  the ionic reference system we refer to Refs. 6 and 7.
EDF located aR? in the crystal, we get For convenience we display in Fig. 1 the displacement
patterns of the anomalie’s,;/2 and C§ In Fig. 2 a compari-
. . son of the calculated results with the experim&ffsis
WK(QU)ZJ dVp,(r—=Ry) Ver(r,qo) (14 shown and a good agreement is found. In particular, the in-
crease in softening induced by the insulator-metal transition
as a direct measure for the strength of electron-phonon cowia the underdoped phase is correctly described. From our
pling in the mode ¢o). V3(qo) can be expressed by the calculations in Refs. 6 and 7 for k@uQ, it can be con-

coupling coefficients from Eq$6), (7) in the following way: ~ cluded that the phonon softening is driven by long-ranged,
nonlocal electron-phonon interaction effects leading to ionic

charge fluctuations on the outer shells of the ions as the
eiqRiEé‘VK(qo)eiq‘Ra, dominating screening mechanism. In particular, the amplifi-
cation of softening for\ ;/2 and CE in the optimally doped,
19 metallic phase of LgCuQ, [full curve in Fig. 2b)] has been
explained by the growing importance of the CF in the more
extended orbitals of the electronic structure. To be more spe-
cific, this additional renormalization can be related according
ab _ pab _ kingab Tab’ b'b to our calculations to the contribution of the Cs 4nd Cu
Wies=Bes™ " Bs bE,E Vi Xurg: (16) 4p orbitals despite their weak accupatidithe physical ex-
planation for such a behavior is related to the fact that the
KN in Eq. (16) denotes the contribution of the kinetic en- large on-site repulsion of the strongly localized Qli@bital
ergy to the coupling paramet& in Eq. (6). leads in tendency to a suppression of the charge fluctuations

8L3(qo)=| — > X (q)u,(qo)

sVi(qo) =

; W (@)U, (o)

whereW(q) is the Fourier transform of

054516-3



CLAUS FALTER AND GEORG A. HOFFMANN PHYSICAL REVIEW B64 054516

a) 24 b) 24 K
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M5°*(a) / Re Moy-aa(a) [eV7']

FIG. 2. (a) Experimental results for the highedt; and 3,
branch for La_,Sr,CuQ, according to Refs. 1, 2, and 4. The open
circles represent the insulating phase=Q), the full circles repre-
sent the optimally doped metallic phase=(0.15), and the dia-
monds represent the underdoped phase ((.1). The lines are a FIG. 3. Intraband contribution of the scalar electronic polariz-
guide to the eye(b) Calculated results for the phonon branches ability T1,(q), according to Eq(17) for La,CuQ, within the 31-
shown in(a) according to Ref. 7. The dotted curve gives the resultshand model for the Fermi energg-=0 (dotted curvg and Eg
for the insulating phase, the dashed curve for the underdoped phase—58 meV (solid curvé. The inset displays the nesting effect at
and the full curve for the optimally doped metallic phase. For com-the wave vectoX=(/a)(1,1,0). A~(1,0,0,5~(1,1,0. The bro-
parison, the results of thab initio rigid-ion model without any  ken lines display the dominant matrix eleméht,(q) according to

charge fluctuationgreference model for the insulating phase of the Eq. (10) related to the Cu@ orbital for Er=—58 meV. a is the
HTSO are also displaye(dashed-dotted curye lattice constant.

according to Eq(12) via the quantityX or C(V), respec- structure. The inset in Fig. 3 displays the nesting effect for
tively, while, on the other hand, the more extended Qu 4 the wave vectog=X=(/a)(1,1,0) within the(31 BM) for

and Cu 4 orbitals, with a strongly reduced on-site repulsion, the Fermi energyeg=0 and Er=—58 meV, respectively.
allow for an increase of the CF at the Cu ion. This, finally The latter case corresponds in a rigid band model to opti-
results in an amplification of the phonon anomalies in themally doped LaCuQ, where the Fermi energy lies at the van
optimally doped probe. Further experimental evidence otheHove singularity(VH) of the density of states. Moreover, in
than phonons for the growing importance of the delocalizedrig. 3 the intraband contributiomE&n') of the scalar polar-
states in case of the optimally doped probe comes from opzability from Eq. (17) is shown forEr=0 (dotted curve
tical conductivity measuremenfsthat demonstrate that in and the van Hove cagéull curve). For comparison also the
the optimally doped higA-, regime an itinerant-carrier con- dominant matrix elemerit .(q) of the Cu 3 orbital of the

tribution develops in the conductivity spectrum. full polarizability matrix given in Eq(10) is plotted(broken
curve for Ep=—58meV. The polarizability is calculated
B. Fermi-surface nesting and phonon anomalies along theA- and X-direction where the phonon anomalies

_ I ) ~ . appear. A nesting effect ihly(g) can only be discerned
In the following part we will investigate the question if ;.5,nd thex point. For Er=—58meV the polarizability

Fermi-surface nesting could provide an alternative explanapeak is enhanced and slightly shifted away frsrrowardT".
tion for the phonon anomalies. It is well known that strong g, the contrary, in the middle of thé direction where the

nesting at some wave vectqror large matrix elements af phonon anomalies are strongd$g(q) approaches a mini-
or both may lead via an increased polarizabiflyq) to & 1, Thus, there is no explanation of the strong phonon
softening of certain phonon modes at this wave Vector. Aanormalization along tha direction by nesting of the Fermi

posiibFIe mleaSl:cre th(‘;“t_ could indi(,igte .thehtendellflcy tolwa,rgurface. The softening of the planar-oxygen breathing mode
such Fermi-surface driven anomalies Is the scalar po a”ZO)B( at the X point is primarily also not related to Fermi-

ability surface nesting, because the nesting effect sedhyi) is

2 foo(k+q)— o (K) strongly supp_ressgd by the components of the eigenvectors

Ho(q)=—— > — n (17)  C,a(k) contributing to the full polarizability matrix
N o En(k+q)—En(k) IT, . (q) of the crystal. Such a message can be extracted
" from the broken curve in Fig. 3 representing the dominant

Our electronic structure calculations for JGuO, Ref. 16  matrix-elementlI(Cu 3d,Cu 3d) of II,,.(q). The remain-
used in the calculations of the polarizability rely on a tight-ing matrix elementdl,.,,(q) in the 31 BM are an order of
binding analysis of the first-principles electronic band struc-magnitude smaller, which can be deduced from Fig. 4 where
ture as given in Ref. 15, leading altogether to an 31-bandhe real part of certain relevant matrix elements are given.
model (31 BM). This is consistent with the allowed CF for ~ Similar conclusions as for L&uO, can be provided for
La 5d-, Cu 3d-, 4s-, 4p-, and O D-orbitals in our model.  YBa,Cu;0,.'® Here a tight-binding analysis according to
Structure inIl, depends mostly on parallel sheets of theRef. 15 leads to a 41-band moddil BM) and CF are al-
Fermi surface, with a stronger nesting leading to sharpelowed for Y 5d-, Cu 3d- and O 2 orbitals. The Ba orbitals

054516-4



NONLOCAL ELECTRON-PHONON COUPLING OF ION . .. PHYSICAL REVIEW B 64 054516

N’ X

Re N(q) [1/eV]

FIG. 4. Selected matrix elements of the polarizability matrix r
I, (q) from Eq. (10) for La,CuQ, in the 31-band model.
(Er=—-58 me\). The line types are as follows: solid line, N'
(Cuxd)-(O,2p); dotted line, (Cud)-(O,2p); dashed line,
(02p)-(0O,2p); dotted-dashed line, (@p)-(Oy2p); dotted-
dotted-dotted-dashed line, {£p)-(0,2p).

are neglected in this tight-binding fit. As already remarked
strong phonon anomalies corresponding toAh& anomaly

in La,CuO, are observed at theX=(w/a,0,0) andY
=(0,7/b,0) point in YBgCu;O; that cannot be untied ex-
perimentally because of twinning and possible anticrossing
with other branches. In order to test if nesting plays a role for
these anomalies we have calculated along the relevant sym- r N

metry directions>, ~(1,0,0),A~(0,1,0) and alond"— S(S

~(mla,w/b,0)) the contribution tolly(q) from four bands FIG. 6. Phonon-induced changes of the crystal poteritfal
of the band structure around the Fermi surface. The result ieV) 6V.(go) of La,Cu0, from Egs.(14-16 for the dominant
presented in Fig. 5. In particular Xt Y, andS minima ap- Cu3d orbital in theq,=0 plane. In(a) the result for the highest

pear in the polarizability, i.e., there is no indication that nestPhonon branch with the @anomaly at theX poir_mt is given and in
ing may be the source for the anomalies. AN (oIa)(10,0), 5 gven. aee slsa Fig, 7o oo
atN’=(m/a)(1,0,0), is given. See also Fig. 7.

From our findings we conclude that the phonon anomalie
and the strong electron-phonon coupling can be understood
in a local picture in terms of nonlocally excited CF in the terplay between strong correlation effects related to the lo-
outer shells of the ions, which are controlled by the kineticcalized Cu & orbitals with their tendency to suppress the
one-particle contributiodl ~?! to the electronic coupling co- ionic CF with low energy Vvid/ (the calculated on-site repul-
efficient C in Eq. (8) together with the contribution of the sion in units ofe?/ag for Cu 3d has the large value of 1.0p5
potential energy V, i.e., the Hartree- and exchange- and the contribution of the more extended orbit@s2p, Cu
correlation part ofC. In this context we realize that the in- 4s, Cu 4p with a smaller calculated on-site repulsion: 0.671,

0.356, 0.279 which tend to enhance the CF is an essential

5.5 feature for an understanding of the charge response in a
quantitive manner and of its influence on the phonons.
5.0F 1
— C. On the size of phase space for strong nonlocal
—'% 45r ] electron-phonon coupling
) We now explore, using L&uUQ, as an example, the size
= 40 ] of phase space where strong nonlocal electron-phonon cou-
pling of ionic origin appears. We will show that the strong
35F coupling effects leading to the phonon anomalies are not
restricted to a small portion of the Brillouin zone but extend
3.0 to a large part. As a measure for the electron-phonon cou-

x ¢ a vrf S pling strength we apply the phonon-induced changes of the

FIG. 5. Scalar electronic polarizabilififo(q) from Eq.(17) for ~ Self-consistent crystal potentiaiV,(qo) defined in Egs.
YBa,Cus0; within the 41-band model. In the figure the contribution (14—(16). _ o _
to IIo(q) from the four band{33—36 around the Fermi level is The result foroV,(qo) is shown in Fig. 6 in theg,=0
displayed.> ~(1,0,0), A~(0,1,0), € —S)~(1,1,0), X=(/a) plane of the Brillouin zone for the Cud3orbital being most
x(1,0,0), Y=/b(0,1,0), S=(w/a,n/b,0). a, b are lattice con- important. In part(a) of the figure the data fobV, of the
stants. phonon branch with the highest frequency in the spectrum is
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announces correctly the phase transition from the tetragonal
to the low-temperature orthorhombic structure.

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

Frequency [THz]

D. Phonon anomalies anda-b anisotropy in YBa,Cu;O; and
the oxygen chain mode

A tight-binding analysis of the 41 BM yields reduced
effective ionic charges for those sublattices, which have
been considered in the tight-binding band structure of Ref.
] ] 15. We obtain the following charges as an expression of

_ FI(_S. 7. Calculated phonon dispersion for,Cai0, along the 1o mixed ionic-covalent bonding in YBAu,0,:Y (+2.39),
directions A~(1,0,0), ~(1,1,0), X-N’), and (N'-N). Nf Ba(+2.00), Cul(+1.98), Cu2+1.61), 01152,
=_(7T/a)(1,0,0), N=(7T/a,0_,7r/c). The results hava_e l_)een 0btamed_ 02(—1.55, 03(—1.60, O4—1.88. Cul and O1 belong to
with the model proposed in Ref. 7 for the deSCI’IplIOF! of the optl-,[he chain, Cu2, 02, O3 to the plane and O4 is the apex
mally doped metallic phase. See also the full curves in FHig). 2 oxygen

Performing in addition covalent scaling of the short range
given with the Gf anomaly at theX=(/a)(1,1,0) point. part of the pair-potentials for the Cu-O pairs, we get the
Part (b) displays the result fooV, of the second highest structural parameters for YB@u,0; characterized as model
branch with theA /2 anomaly aN’ = (7/a)(1,0,0). For ex- M1 in Table I. These parameters, exept for Ba, differ at most
ample, we obtain for the magnitude 6V, for the Cu 31 by about 2.5% from the experimental data. The relative po-
orbital in the G mode 104.70 meV and in thk,/2 anomaly  sition for Ba is overestimated by about 7%. Notice, that Ba
77.85 meV, respectivelyiV . is vanishing for symmetry rea- was not considered in the tight-binding fit of the band struc-
sons for the O P orbital in (% while in the A;/2 anomaly ture and has been assumed to be fully ionic. It is possible to
we get a value of 8.09 meV. The calculation demonstrategnprove the results for the structure and for the phonon
that in a large part of the zone around thé éand theA,/2  dispersion by allowing for ion softening of the Ba ion too.
anomaly strong phonon-induced changes in the potential cabhis has been achieved in the mod&P of Table I, which
be found. In Fig. 7 the complete calculated phonon disperconsiderably improves the Ba position. The corresponding
sion of LgCuQ, is displayed along the symmetry directions effective ionic charges foM2 are: Y(+2.28, Ba(+1.70),
A~(1,0,0, 3~(1,1,0, and for X to N’ and N’ to N  Cul(+1.98, Cu2+1.61), 0O1(-152, 02-1.40,

=(mla,0,w/c). In the latter direction, i.e., perpendicular to O3(—1.40, O4—1.88.
the q,=0 plane inc direction, the anomalous modes practi- We now investigate the renormalization of the phonon
cally have no dispersion. This means that the strong couplingispersion along thex~(1,0,0), A~(0,1,0), andI'~S
also extends to the, direction of the BZ. Moreover, from ~(1,1,0) direction for the highest phonon branches of
the shape of the experimentally observedbranch in Fig. ~symmetry-type 1 and 2 in our notation, which are associated
2(a) that displays a broader minimum as compared with thevith the planar Cu-O2/3 bond-stretching vibratidnste A,
theoretical results in Fig.(B) it can be concluded that the in our notation corresponds ty, in the notation of Refs. 1
phase space of strong coupling is even larger than predicteand 5. In Fig. 8 the displacement patterns of the oxygen
by the calculations. bond-stretching modes are shown at the symmetry pdints

Concerning the unstable phonon branciimdirection in  =(0,0,0), X=(=/a,0,0), Y=(0,#/b,0) and S
Fig. 7 it should be remarked that this branch corresponds at (#/a,/b,0). Moreover, the O1-chain modB§u andB>2<u
the X point to the tilt mode and the instability of this mode polarized in they direction atl’ and X are displayed, see the

TABLE I. Structural parameters for YB&u;O; for the modelsM1 andM2 as defined in the text. The
lattice constants, b, care in units of A and the internal positions of the ions in unitg.ofhe experimental
results(Exp) are from Ref. 17.

a b c ZBa) z(Cu2) z(02) z(03) z(04)
M1 3.779 4.031 11.854 0.1966 0.3498 0.3875 0.3740 0.1576
M2 3.837 4.030 12.388 0.1842 0.3412 0.3942 0.3813 0.1613
Exp 3.814 3.885 11.660 0.1843 0.3546 0.3781 0.3777 0.1572
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FIG. 8. Displacement patterns
of the oxygen bond-stretching
modes at the high-symmetry
points I'=(0,0,0), X=(w/a)
X(1,0,0), Y=(=/b)(0,1,0), and
S=(m/a,w/b,0). In addition to
the upper right, the O1-chain
modesBY, and BX, polarized in
they direction are shown.

B Ay B, A5 55,

g g9
two patterns to the upper right of Fig. 8. TBgoint modes 2 .
are oxygen breathing modes where the two types of vibra- Z(Ep)= NEK S(En(k)—Ep)CHa(k), (18)
n

tions, Ay andBj,,, are distinguished from each other by the
relative phase of the elongations in the two CuO planeX At
andY, respectively, only one oxygen sublattice O2 or O3 is cef(k)= 2 IC,n(K)|% (19)
vibrating along the Cu-O bonding axis. The vibrations are in o pox KO

phase forAy” and in opposite phase f@;/ with respect to

the two CuO planes. At thE point these modes essentially In Eqg. (19) the tight-binding orbitals related to a certain an-

show the same behavior as the corresponding modes at t&/ar guantum number are summed up to an effective orbital
zone boundary. number k. The total density of states at the Fermi level is

On account of thea-b-anisotropy thex- andy-polarized ~ 9iven in this representation by
modes BY,,B5,) and B5,,Bj,). respectively, have differ-
ent fr%guenmes. According to regent nerutron measure- Z(Ep)=> Z,(Ep). (20)
mentg*® the mode splitting betweeB;, andB?,, associated K
with this anisotropy is about 1.4 THz that is close to the
splitting betweenB}, and B, (1.6 THz) measured by Ra-
man spectroscopy.

The Z,(Ef) have been calculated from the 41 BM of the
electronic band structure. Finally, we obtain in units of

-1.
As the reference model to calculate the phonon anomalie(sev) '
we use the modeMZ a[lowihg ip addition for fjipole— T1(Y)=0.024, TI(Cul)=0.502, II(Cu2)=0.401,
fluctuations on the ions iz direction (model M3 in the
following). These fluctuations have been calculated accord- _ _
ing to a modified Sternheimer method in the framework of [(01)=0.211, 11(02)=0.629,
the local-density approximation taking self-interaction ef- T1(03)=0.381, TI(0O4)=0.411.

fects into account, see Ref. 9 for details. Dipole fluctuations

in x- or y-direction have been neglected. In the CuO planealculating the phonon dispersion with such a modé#)
they are strongly screened and in the ionic layerszlug produces only small differences in comparison with the full
poles have been found to be most importntharge fluc- 41 BM. In particular the phonon anomalies are represented
tuations as the dominating screening mechanism in th@ery well by this model, the deviations are less than 0.1
HTSC are taken into account within the 41 BM, i.e., for the THz 16

Y 5d, Cu3d and O 2 orbitals. Detailed calculations of the  Motivated by our findings concerning the amplification of
full phonon dispersion in the symmetry directiods>(I"  the phonon anomalies in L@uQ, by the growing impor-
—9S) using such a model have been performed in Ref. 16tance of the CF in the more extendes dnd 4p orbitals of
For our purpose here, to study the oxygen bond-stretchinghe Cu ion, which are not considered in the tight-binding fit
anomalies, we propose similarly as in Ref. 7 fo,€Ca0,, a  of Ref. 15 leading to the 41 BM or the simplified modél,
simpler diagonal model independent of the wave vegtfir  respectively, we propose another modelg). Additionally
the polarizability matrix 1, (q) from Eq.(10). Accordingly  to the orbital polarizabilities defininlyl4 we assume iM5

we approximatell,,.(q) by a diagonal matrix where the small on-site polarizabilities for Cusdand Cu 4 orbitals:
diagonal elements are obtained from the partial densities of

states at the Fermi levél I1(Cu2 4s)=11(Cu2 4p)=0.025eV) L.
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TABLE II. Frequencies in THz of the oxygen bond-stretching a)
modes of YBaCu;O; at the points of symmetry, Y, and S (see 221
Fig. 8. The modelsM3, M4, M5 are defined in the textxX
=(m/a,0,0), Y=(0,7.b,0), S=(=/a,w/b,0).

N
o

M3 M4 M5

[o4]

Frequency [THz]

X Aq 22.27 20.27 19.77
By, 20.60 19.38 18.95
Y A, 20.59 17.71 17.15
By, 18.73 17.19 16.67
S A, 23.55 21.84 20.84
Buy 22.21 20.80 20.03

A comparison of the calculated results for the modéld

and M5 including CF with the modeM3 without CF is
given in Table Il for the phonon anomalies ¥t Y, and S

The data clearly demonstrate the importance of the nonlo-
cally induced CF for the decrease in frequency of the oxygen
bond-stretching modes. For exam;ﬁg is renormalized by
2.5 THz from 22.27 THz irM 3 to 19.77 THz inM5 orAg

by 3.44 THz from 20.59 THz to 17.15 THz, etc. In the ex-
periments because of effects of twinning it cannot be distin-
guished between th¥ and Y point. As a consequence, the
experimentally reported phonon softening of about 5 THz FIG. 9. Calculated phonon dispersion curves of ¥Ba&0- ac-
Refs. 1, 5, and 18 when going froii to X/Y has to be cording to the model#1 4 () andM5 (b) as explained in the text.
related to the calculated difference in frequendy,{) be- The anomalous oxygen bond-stretching modes are marked by open
tweentu (highest modpand theBIu (lowest mode From f:ircles .atX, Y, and S The line types corrgspond to the differgnt
Table Il and Il we extractA ;= 4.61THz for M4 and irreducible representations that characterize the modes 1, solid; 2,
A,=5.13 THz forM 5, respectively. Thus, the magnitude of dotted; 3, dashed; 4, dotted-dashed.

the anomaly is in a good agreement with the experiments, in

particular forM 5. Comparing to the situation in L&uO, we  full curves, ID 2 to the dotted curves, ID 3 to the broken
get in YBaCuwO; a doubling of the anomalous oxygen curves, and ID 4 to the dash-dotted curves. We extract that
bond-stretching modes with strong nonlocal coupling in athe effect of the CF in the more extended orbitals, taken into
large part of the Brillouin zone. account inM5, enhances the phonon anomalies, similarly as
The full dispersion curves with the anomalously renor-found for LgCuQ,.
malized oxygen bond-stretching modes, marked by the open The calculateda-b-anisotropyA ,= »(BL,) — »(BL,) and
circles atX, Y, andS, are shown in Figs.® and 9b) forthe A = v(ng) - v(ng) can be read off from Table Ill as about
modelsM4 andM5. The line types in the figure denote the 2.4 THz. This overestimates the experimental resilts
corresponding irreducible representatidiis) of the small  =1.4THz andA=1.6 THz. We further have investigated
point group of the wave vectar (ID) 1 corresponds to the this anisotropy effect on the phondfsind found that it de-
pends crucially on the bonding in the CuO chain. We have
TABLE Ill. Frequencies in THz of the oxygen bond-stretching Simulated different degrees of covalency of the Cu1-O1 bond
mOdeSBgungnggu!ng and of the chain mod®}, in the last  in our modeling by choosing the covalent scaling parameter
column (see also Fig. Bdependent on the magnitude of the cova- Rg (Cul-01) of that bond in one way or the other. Assuming
lent scaling parameteR% ag] for the Cul-O1 bond. The first row a moderate degree of covalent bondir@(: —0.1ag) and
represents the results for the modeld andM5. The results in the determining the remaining Cu-O scaling parameters by free
second and third row have been obtained by assuming a smallgiyriation according to the scaling procedure for the en@rgy
covalency Ri=—0.1) and a larger covalencyRf=—0.18), re-  \ye obtain the results listed in the second row of Table II.
spectlv_ely. The results fQVI4 gndMS are the same because charge T anisotropy splitting is nearly the same as K4 and
fluctuations are not_ excited in thgse modes for symmertry reasongy 5 in this case. On the other hand, if the covalent character
only the LO-TO splits are closed in the odd modé&s,(,B5,). of the Cu1-O1 bond is increaseéBS: —0.18;, see Table

III') the a-b-anisotropy is reduced to about 2 THz. This is in

Frequency [THz]

R 8, B, B, B B . | . |

better agreement with the experiment and points to the im-

—0.1474 21.80 21.24 19.43 18.88 19.03 portance of covalency for the copper-oxygen bonding in the
—0.10 21.41 20.86 19.09 18.50 19.66 chain.

~0.18 21.56 21.01 19.52 18.94 17.98 Figure 10 displays the calculated phonon dispersion for

the two cases just discussed. The less covalent situation is
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a) anisotropy splitting is clearly overestimated (4=5 THz).
22 This means that a weakly covalent Cul-O1 bond can be
ruled out.

N
[=]

IV. SUMMARY AND CONCLUSIONS

Our calculations have shown that the experimentally ob-
served anomalous softening of the planar oxygen bond-
stretching modes in L&uO, and YBaCu;0; is due to non-
local electron-phonon interaction effects of the ionic charge-
fluctuation type. These results point to a common origin of
the anomalies and to their existence in the other HTSC as
well. The nonlocal coupling effects, not present in conven-
b) tional metals and superconductors, are typical for the HTSC
because of their ionic nature favoring localized intracell
charge fluctuations. An enhancement of softening in the op-
timally doped metallic phase of the HTSC has been shown to
be related to the growing importance of the charge fluctua-
tions in the more extended orbitals of the electronic struc-
ture, in spite of their weak occupation. In Y20, a dou-
bling of the strongly coupling anomalous oxygen bond-
stretching modes is obtained as compared tgCL&);.

The investigation of the electronic polarizability for
La,CuQ, and YBaCu;0; indicates that Fermi-surface nest-
ing is not the source of the phonon anomalies. Using
La,CuQ, as an example, we realize that the size of phase

FIG. 10. Calculated phonon dispersion of BasO, depen-  Space for the strong nonlocal coupling effects in the oxygen
dent on the covalency of the Cul-O1 bond characterized by th@ond-stretching vibrations extends to a large part of the Bril-
scaling parameteR?. (a) R9=—0.1ag, (b) R%=—0.18;. The louin zone. From these findings it can be concluded that
planar oxygen bond-stretching modes at the symmetry points ardonlocal electron-phonon coupling of ionic CF type is an
marked by open circles and the oxygen chain mode are marked bynportant ingredient of the pairing mechanism in the HTSC.
full circles. The line types of the branches are as in Fig. 9. More general, our calculations point to the fact that materials

o o that reconcile strong bonding characterized by a dominating
shown in Fig. 10e) and the more covalent one in Fig.(b  jonic component with metallic properties are promising can-
The anomalous planar bond-stretching mode¥,at, andS  gjgates for highf, materials via the nonlocal electron-
are only weakly influencedopen circles However, the O1  phonon mechanism. This conclusion is additionally sup-
modes polarized ity direction corresponding to the nearly nported by the calculations in Ref. 21 where it is shown, that
dispersionless branch &f, symmetry(full circles atl’ and i a small cone around the axis a nonlocal, nonadiabatic
X) are strongly varied with the covalency of the Cul-Oljnsylatorlike out-of-plane charge response exists, which
bond. Both, al” and atX the O1 ions are vibrating with large |eads to strong coupling effects for the electrons in the CuO
amplitude along the chain direction, see Fig. 8. This oxygemjane providing a favorable situation for pairing. Further-
chain mode has not been detected in the neutron experimerisore, as far as the planar oxygen bond-stretching modes are
till now*® and our modeling could give some hints where in¢concerned, there is also evidence for the importance of their
the spectrum one should look for this mode. In case of g&ontribution to Cooper pairing from tunneling spectroscopy
moderate covalent bonding this mode is predicted in the freg, Bi,Sr,CaCyOg. 2224
quency range of the two anomalous branches startifi},at The physical picture of pairing that arises from the non-
and B}, see Fig. 1(). Increasing the covalency in the local EPI effects found to be important for the HTSC by our
Cul-01 bond the chain mode is shifted to lower frequenciegalculations(which neglect spin fluctuationss the follow-
[Fig. 10b)]. Simultaneously we observe in thedirection an  ing: The first electron of the pair generates an excited system
anticrossing of the two higheat; branches. Such a feature composed of atomic displacements and localized ionic
together with effects of twinning might lead in the experi- charge fluctuations while the second electron of the pair, re-
ments to the observed loss of well-defined phonon peaks itarded in time, is attracted by this formerly excited system
part of the Brillouin-zone. Differently spoken, the existenceconsisting of coupled lattice and charge degrees of freedom.
of anticrossing points to a strong covalency of the Cu-ORelevant phonon modes for this coupling mechanism are the
bond in the chain and consequently the chain mode shoul@u-in-plane-oxygen bond-stretching modes studied in this
exist in the frequency range of the anticrossing effect. Fopaper, which can be treated in adiabatic approximation and,
completeness we add that in case of nearly ionic forces ass discussed in Ref. 21 for J@auQ,, modes from the nona-
sumed for the Cul-O1 bondREz —0.05p) the chain mode diabatic cone around theaxis like the axial oxygen and the
becomes the highest mode in the spectrum andatie  axial lanthanum breathing mode at tAgooint.

0

Frequency [THz]

Frequency {THz]
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Discussing the experimentally observed large phononef this bond. The latter mode has not been found in the
anomalies in YBgCu;0; in addition to the effect of the CF experiments up to the present.
the a-b-anisotropy of this material must be taken into ac-
count. The anisotropy is influenced in a sensitive way by the ACKNOWLEDGMENT
degree of covalence of the Cul-O1 bond.

Finally, we have investigated the position of the oxygen We greatly appreciate the financial support by the
chain mode in the spectrum in dependence of the covalendypeutsche Forschungsgemeinschaft.
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