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Electron-lattice interaction in cuprates: Effect of electron correlation
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Strong electron-phonon coupling in the cuprates enhanced by electron correlation is suggested by exact
diagonalization of a two-band Peierls-Hubbard Hamiltonian in one dimension. To describe the cuprates the
band filling was chosen to be aboiuand the effect of changing the copper on-site repulsion and the charge
density was examined. The zone-boundary longitudinal optical phonon modes were found to couple very
strongly to holes as a result of charge transfer and changes in the local spin correlation induced by deformation.
In particular the oxygen mode was found to soften significantly with doping, in agreement with the experi-
mental observation. These results suggest strong synergetic effects of spin-charge-lattice coupling in this
system. Implications of these effects to the superconductivity of the cuprates are discussed.
[S0163-18297)05205-3

[. INTRODUCTION superconductivity occurs at a relatively low level of doping
(~15%) and a simulation of this doping effect suffers from
The effects of strong electron correlation in transitionsignificant size effects. In order to shed some light to this
metal oxide compounds such as the high-temperature supetifficult problem in this paper we first vary parameters that
conducting cuprates have been studied extensively by a largéfect the excitation gap and then change the electron density
number of researchetaivhile most of the studies have been t0 examine the effect of hole doping.
made from the magnetic point of viethe importance of
the lattice effects has been recognizeliThe phenomena Il. METHOD
are complex and few analytical means are available to solve We describe electrons in a binapyd system, whered
the problem particularly near the metal-insulator transition. : e !
Numerical techniques, on the other hand, can offer reliabl epzrfsents .th(d orb|tall of a transition metal lon such as
and useful reference points, even though they are limited t u™" andp is thep Orb'ta.‘l of _°X¥9€”’ by a one-dimensional
small systems in low dimensiofia/Ve earlier studied a two- wo-band Hubbard Hamiltonian;
band Peierls-Hubbard Hamiltonian by the exact diagonaliza-
tion method applied to a small one-dimensional system, and H =_E sda;(i)a,,(i)Jr_E epby (1)by(j)
found that at half-filling ferroelectricity is enhanced near the ho Lo
crossover condition for many-body statds*® For instance,
when the lower Hubbard level of a transition metal ion, such + 2 Ugng; (g () + 2 Upnpi (g, (i)
as Ti, is close to the upper Hubbard level of an oxygen ion, : ]
ferroelectric lattice deformation induces charge transfer and
local spin-resonance between Ti and O, and results in a +Z tij[a;(i)ba(j)+b;(j)ao(i)], @
strongly enhanced electron-lattice interaction favoring ferro- g
electricity. This is because lattice deformation affects not,pere
only the single electron band energy but also the spin ex-

change interaction through the on-site electron repulsion en- Ng,(i)=a_ (i)a,(i)
ergy. The total change in the ground state energy can be @
much greater than for the noninteracting electron system.

A similar enhancement of electron-lattice interaction due npg(j)=b;(j)bg(j)

to deformation-induced charge transfer is expected to occur

in the cuprates which can have profound implications forandi andj labeld andp atoms, respectivelyr denotes spin
superconductivity® However, it is more difficult to apply a, (i) is an electron creator on tieatom at sitd, b,/ (j) is

the exact diagonalization technique on the cuprates since tran electron creator on theeatom at sitg, &4, ande, are the
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single site energy of thd andp state. We assume that the UH
transfer matrixt;; is nonzero only for the nearest-neighbor G
pairs, and depends upon the atomic displacement as

t; =t0 1 RRy 3
ij = L _a(Ui—Uj)m ) 3
whereu; is the displacement of thigh ion in the unit of the
cell length,R; denotes the position of thigh ion in space, LH.
and « is the electron-lattice coupling constant.
In order to loosely represent the cuprates, we choose the

: Cu (o] Cu O Cu (0]
following parameters:
U; > U U,.>U;> Uy U; < Ug;
sd=0,
FIG. 1. Schematic one-electron density of states for three pa-
gp=2€eV, rameter regionsa U4>U ., holes are in the copper upper Hub-
bard band, (b) U,>Uy4>U,, the system is metallic,(c)
t® (for the nearest-neighbor Cu-O peirleV, U,.>Uy, holes are in the upper Hubbard band of oxygen.
a=1, numerically diagonalized using the Lanczos metfidafor
. finite-size one-dimensional systems composed df ahd
Ug=8eV (in the undoped staje 4p sites (4+4 system, 6d and 6 sites(6+6 system, as
U —4 eV vv_e_II as & and & sites(84_r8 systen?n. As a boundary con-
p ' dition we used both the simple periodic boundary condition

and initially assumé filling, or 3 electrons per unit cell. In (a ring without a twist as well as ther-twisted torus condi-

the undoped state the hole is mostly on thsite (Cu), ex-  tion, in which the phase of the wave function is changed by

cept for some leakage to thpesite (O) due to hybridization. 7 after going around the ring once. The total spin was set to

The lattice effect on this system will be studied at first bybe zero. The ground-state energy, the one electron excitation
varying the value otJ4. As a consequence of doping holes energy, local charges, and spin correlation functions were
spend more time on oxygen sites, thus #ffectiveon-site  calculated using a supercomputer, HITAC S-3800.

repulsion energy should be reduced. Thus varyings ex-

pected to produce similar, if not the same, effect as doping
holes. Il. RESULTS

It is useful to consider the effect of varying the value of 1o nature of the phase transitions associated with the
U, first by neglecting the hopping terrt); . When the value g\l crossover were studied by calculating the charge trans-
of Uy is sufficiently large the upper Hubbard state of the  ¢o gy citation gapE,, and the second-nearest-neighbor spin
orb|FaI is higher than that of thp orbital, and the hple oc- correlationK,=(S - S . 1), for Cu and O for the undeformed
cupies thed uppgzrzHubbard level. The e_Iectron configuration gt cture as a function dfl4. The second-nearest-neighbor
car;+be ;jfanoted p. For the cuprates this corresponds 10 thegpin correlationK ,, shown in Fig. 2 exhibits discontinuities
Cu®"O”" state. If the value o4 is reduced, at at two values ofJ4, U,.=4.7 eV for O spin correlation and

at U,.=6.9 eV, for Cu spin correlation, suggesting phase

Ug=Ueo=Upt(2p=2a)=6 eV @ pansitions. The intermedpiate phase devel%%s ar?)u?]d the
the two upper Hubbard levels crossover. Wiénpbecomes  crossover condition for the casetof 0, U =6 eV, as ex-
less thanU, the hole moves to thp site. This state is the pected. The excitation gag, was evaluated by calculating
CutO~ state, denoted ad?p’. If we include the hopping the one electron excitation energy,
term, the levels develop into bands and the crossover point
becomes a continuous range. Wg is reduced from a large
value the system first undergoes a phase transitiod gt
(upper critical poink by the delocalization of holes from the
d site. The system is most likely metallic when it is in this 0.00
parameter range. When the valueldyf is further reduced it
becomes a Mott insulator again@aj; (lower critical poinj if
the bandwidth is smaller thad,. In the real cuprates the
value of U, would not be large enough to drive the system
insulating when the value ofly is small, and the system
would remain metallic. However, in this work we assumed
otherwise in order to illustrate the effect of the lattice cou- 010 . o A 10
pling to the holes on oxygen ions. The schematic electronic U, (V)
density of states is shown in Fig. 1 for these three regimes. It
is of interest to investigate the effect of lattice distortions FIG. 2. Dependence of the second-nearest-neighbor spin corre-
(phonong near such transitions. The Hamiltonidh) was lation K,=(S-S ) on Uy calculated for the 44 system.

Eq=Eo(N+1)+Eo(N—1)—2E4(N), (5)

-0.02

-0.04

-0.06 -

<§;. 8>

-0.08 -




55 ELECTRON-LATTICE INTERACTION IN CUPRATES: ... 3165

4 T T T T T T T T T T
0 -
"0000»0“00‘0000-0}
s 3
2 E
7 m
w <
—o— Oxygen mode
25 F -+~ Copper mode ]
-—+— Pairing mode
0 L L L -30 1 1 1 1 1 1 )
2 4 6 8 10 2 3 4 5 6 7 8 9 10
U, (ev) U, (eV)

FIG. 3. U4 dependence of the one electron excitation energy FIG. 5. Energy change per unit cell due to distortiarE, for
calculated for the 44 system. the 4+4 system ak=, for the modegh)—(d).

where Eo(N) is the ground-state energy wild electrons. mode, (c) Cu-displacing modeoxygen breathing mode
The excitation gap does not close as expected for the meta#nd(d) the Cu-O pairing mode for which both Cu and O are
lic state, but merely becomes minimum arouwng as shown displaced. While(d) is merely a linear combination db)
in Fig. 3. This could be due to the size effect, but it is alsoand(c), because of the expected strong nonlinedtit}? this
possible that this intermediate state is not truly metallic, andnode will be included in addition. The lattice energy was not
is a strange metal or strange insulator, due to a fairly larggéonsidered here, since our purpose is to evaluate the strength
magnitude ofU,. While this point needs further investiga- of the interaction rather than to determine the equilibrium
tion, this distinction does not appear to be so important to thélistortion of the electron-lattice system. However, in order to
effect being discussed here. make comparisons of different modes meaningful the rms
In order to evaluate the strength of the electron-latticevalue of the relative atomic displacement$y; —u;)?)*?
interaction we then assumed periodic lattice distortions in thavherei andj are the nearest neighbors, was kept constant at
frozen phonon approximation. The change in the electroni®.1.

ground-state energy per unit cel\E=[E(u)—E(0)]/L, In many cases the electronic energy was found to de-
whereL is the number of unit cells in the system, was cal-crease as the lattice was distorted with the optical phonons.
culated for various longitudinal optical phonon modes, The energy changes due to the distortion,
AE=[E(u)—E(0)]/L, are shown in Fig. 5 for various
U;=ugycog kR + §), modes ak= 7 for the 4+4 system. As in the case of earlier

(6) calculations significant decrease in the energy was observed
near the critical values dfl ;. The oxygen displacing mode
U;=upcoskR;+9), results in a minimum iNAE at 4.9 eV, while the copper
. g displacing mode produces a mirror image with a minimum at
whereR;=i, Rj=]+3, J is the phase of the mode and the 7 o\, The values ot , corresponding to the two minima are
unit-cell constant is taken _to be unity. As shpwn in Fig. 4, theg|ose to the transition points observed for the spin correlation
zone-center K=0) mode is the ferroelectric mod@). AS  ghown in Fig. 2, suggesting that the maxima in the electron-
the for the zone-boundank & ) modes we consider three |atice coupling are associated with the phase transitions.

types of breathing or antiferroelectric modes depending o\ te that below . hoes are mainly on oxygen, while above
the choice of§; (b) oxygen-displacing modéCu breathing

O Cu
@ ) o) o e e

(meV)

(0) Crh @ ) @ (On o) o

AE

() O & O @ O & O «»

25 1 ) 1 ) 1

(d) O., ® @ 7y O_) ® @ 7Y 2 3 4 5 6 7 8

U, (eV)
FIG. 4. LO phonon modesa) ferroelectric modek=0; (b) FIG. 6. Wave-vector dependence AE, evaluated at various
zone-boundary oxygen displacirigopper breathingmode, k= ; values ofk as a function ofU, for the oxygen displacing modes.

(c) zone-boundary copper displacingxygen breathing mode,  The result fork=27/3 is for the 6+6 system. Others are for the
k=r; (d) zone-boundary pairing modk= 7. 4+4 system.
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FIG. 7. Energy change per unit cell due to distortibpand(c), relation,K,=(S- S with the copper displacing mode, Figich

AE, calculated in the Hartree approximation and compared with the

SO In order to assess the effect of electron correlation on the
results in Fig. 5.

magnitude of this effect we also calculated the coupling en-
ergy in the Hartree approximation,

U, they are mainly on Cu. In agreement with Ref. 8 the
mode which pairs up holes are softened whé&modulated
by deformation. The Cu-O pairing mode leads to two

minima at these critical values. The energy change for th romagnetic order. The changes in the energy thus calculated
mode (d) is slightly larger than the average of those by are shown in Fig. 7. Compared to the results in Fig. 5 the

and (c), underscoring the nonlinearity of the phenomena. Aenergy change is much smaller, by more than a factor of 3,

similar calculation was c_arrie_d out for the casesgf=¢4. and is only weakly dependent dd,. This result clearly
Th_e result was almost |dent|cal except tha_t the CroSSOVEfgicates the importance of electron correlation which is ne-
point was shifted by 2 eV. Since the system is truly metallicyjecteq in the Hartree approximation. The strength of elec-
at least wher4=U,, this result appears to suggest that theyon correlation is seen in the nearest-neighbor Cu-O spin
question whether the intermediate phase betwdep and  ¢grrelation K;=(S-S;) shown in Fig. 8. The intrapaiK,
Uy is truly metallic or not is immaterial to this effect. for the Cu-O pair for whicht is increased by deformation
The amount of energy change is strongly dependent upopecomes sizable in magnitude near the phase boundary. Its
k as shown in Fig. 6. HerdE is shown as a function of dependence onJy is similar to that of the energy and
U4 for the oxygen displacing modes at several value&.of J(J~t?/U for largeU), suggesting that this spin correlation
The result fork=27/3 was obtained for the 66 system, is the principal reason for the large energy gain. The interpair
while others were calculated for thet4 system. Clearly spin correlation is reduced by the deformation. As a result of
only the zone-boundari= 7 mode most strongly reduces this change the superexchange interaction is modified, result-
the electron energy. This should be contrasted to the haling in large changes in the second-neighi@u-Cu or O-O
filling case we studied earlier where zone-cetiter0 ferro- ~ SPin correlation as shown in Fig. 9. .
electric mode showed a maximal change. This suggests that The deformation leads also to the formation of a charge
the maximum electron-lattice interaction occurs at or neaflensity wavgCDW). As shown in Fig. 10, wheblq is large
k=2k? wherek? is the Fermi wave vector of the corre- & Pair of Cu atoms which move closer to each other by de-
sponding noninteracting electrons. Indeed fofilling the formation increases the hole density on the oxygen atom in
. . : between, and create a CDW on oxygen sublattice. When
maximum interaction was observed to occukat2/3. It

may thus appear that the role @f; in the observed enhance-
ment of the electron-lattice coupling is merely to bring about
the metallic behavior; when the common upper Hubbard 0.0 $0-00--0-0-0-0-0-000x
band ford and p is formed and the metallic behavior is o1
realized, the usual Fermi surface nesting mechanism goes at
work. However, if that is the case the coupling should be
maximum at the middle of the intermediate region, around
U.o=6eV. Instead the maximum interaction occurs sharply 04l
at the two transition points, where the charge transfer gap is
small. In the middle of the intermediatmetallic region the
coupling is weak. Furthermore, as we mentioned above -0.6 S
whether the intermediate region is truly metallic or not is
unclear. Therefore this strong interaction must be closely re-
lated to the phase transition itself, rather than to the Fermi FIG. 9. U, dependence of the second-nearest-neighbor copper
surface nesting. In this sense we consider this phenomengin correlationK,=(S-S ), with the copper displacing mode,
representsinconventionaklectron-lattice coupling. Fig. 6(c).

Unin=U((n;)n +(nn;—(n;(n)) (7)

gnd assuming tham; ,)=(n;.» ) Which promotes antifer-

<§;. S,

—+— |Intra-pair
—o— Inter-pair
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FIG. 10. U, dependence of the charge densities on oxygen Uy (eV)

squeezed by a pair of copper atomé+®, on oxygen between the
pair O(—), and on copper, when the copper displacing midelg.
6(c)] is activated.

FIG. 12. Energy change per unit cell due to distort{bh and
(c), AE, for the 4+4 system with ther-twisted boundary condition,
and the 6-6 system with the normal periodic boundary condition.

Uq is smaller that Y, an almost exact mirror image is yajues for Group A as the sample size is increased. Therefore
formed. The CDW is produced on Cu by the oxygen displacit is most likely that the depth of the minima is correctly
ing mode, and the O-O spin correlations and the Cu-O spifepresented by the results of the Group A while the abrupt-

correlations are modified as expected. ness of the transition is exaggerated, although further studies
In order to evaluate the effect of the system size calculaare necessary on this point.
tions were performed also for the-twisted boundary con- Similar calculations were performed with hole doping.

dition and for the 6-6 as well as 88 systems. It was found The results for the 66 system with two and four extra holes
that the results for three systems, the4} 6+6 with them  added are shown in Fig. 13 for the case of the oxygen dis-
twist, and 8+-8 systems, which we call Group A, are very placing modeb), and in Fig. 14 for the Cu displacing mode
similar as shown in Fig. 11, except for slight differences in(c). WhenUy, is large as in the cuprates the oxygen displac-
the critical values ofJ 4. On the other hand the+# system  ing mode is strongly softened by doping, while the Cu dis-
with the 7 twist and the 6-6 system with the regular bound- placing mode is hardened. For a typical valuelgf in cu-

ary condition, Group B, showed no sharp features with shalprates, 10 eV, this results in the oxygen LO phonon
lower minima, as shown in Fig. 12. The minima for the®  softening of the order of 10 meV due to hole doping of 33%.
system, however, are significantly deeper than those of thBue to the size effect, however, the present result may not
4+4 system with ther twist. It is likely that the abruptness accurately reflect the real magnitude. It is interesting to note
of the changes at the phase boundaries for the Group A is tat the amount of softening is about the same for the case of
size effect in one-dimensional systems as discussed in Refyo hole doping ¢ doping and the case of four hole doping
16. In fact our preliminary results on two-dimensional sys-(% doping for the oxygen modéFig. 13, and is even re-
tems show similar, but more symmetric, V-shaped minimaversed in the case of the Cu mode, indicating the strong
The depth of the minima, however, remains practically un-softening occurs only for relatively low doping levels. This
changed with the size for the Group A. The depth of the
minima for the Group B appears to converge toward the

-
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FIG. 13. Energy change per unit cell due to oxygen mode dis-
FIG. 11. Energy change per unit cell due to distortibhand  tortion (b), AE, for the 6+6 system with the periodic boundary
(c), AE, for the 4+4 system, the 66 system with ther-twisted  condition, for the undoped system with 18 electroééilqing), the
boundary condition, and thet@8 system with the normal boundary doped system with two extra hol¢&6 electrons,% doping, and
condition. with four extra holeg14 electrons, 2/3 doping
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tendency of initial rapid softening with doping and slow % -0.04
hardening afterward is similar to the results of the crossover £ 006
in the undopf_ed system show_n in Figs. 5 and 11. Therefore E’ o8l 23 hole doped |
the system with the value &f 4 just belowU  could loosely v
represent the doped cuprates in their behavior. 010 ; — é ; T
U, (eV)
T T T T T
FIG. 16. Variation of the O-O charge density correlation as a
R function of U4, undeformedclosed circlg, deformed with the oxy-
o gen displacing modé), for the intrapair and interpair oxygen ion
3 correlations(open triangles
(e 02 —— Undeforlmed I
sl o intpal Undoped The strong softening is due to the increased Cu-O spin
. ! . ! . ! . correlation as shown in Fig. 15. Again the effect of deforma-
2 4 6 8 10 tion is much smaller for the system withdoping. Charge
T T " ' " correlation between the nearest oxygen neighbors is shown
oo in Fig. 16. The result indicates that holes repel each other as
A oo LmumM expected. This result does not necessarily imply that there is
o W e no tendency to form static bipolarons, because the lattice is
& o2l e 7 frozen and is not involved in the energy minimization in this
v o ; ; ; ;
work. The interaction between holes mediated by the lattice
03| 1/3 hole doped - will be studigd in the future works. Since the zone-boundary
! I B— LO phonon increases the Cu-O exchange consigntor a
2 4 6 8 10 half of the Cu-O pairs and decreases it for the other half, the
0ol ' ' ' B effective Cu-Cu exchange is almost unchanged as indicated
' 2/3 hole doped in terms of the Cu-Cu spin correlation shown in Fig. 17.
" oot .
) L,
3 5 IV. DISCUSSION
© 02 -
4 ‘“‘33323“““““* A. Comparison with experimental results
03t MidAadace : :
! L ! The results above predict softening of the zone-boundary

6
U, (eV)

8

10

LO phonon due to strong electron-phonon interaction. In-
deed the softening of such a mode has been observed for
YBa,Cu;0;_ 5,1 La,_,Sr,CuQ,'” and (Ba_.K,)BiOs

FIG. 15. Variation of the Cu-O spin correlation as a function of (Ref. 18 by neutron inelastic scattering as an insulating par-

U4, undeformedclosed circlg, deformed with the oxygen displac-
ing mode(b), for the intrapair spins between whiths increased
(open downward triangjeand interpair spins between whithis

decreasedopen upward triang)e

ent compound is doped with holes. The softening is most
pronounced for the oxygen displacing mode at theQj
point (zone boundary in the direction of the Cu-O borial
all three cases. In La,Sr,CuQ, the energy of the £,0)
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It is interesting to note that an(,0) charge ordering is
likely to be present in La ,BaCuQ, with x=%.2* Super-

M conductivity is suppressed in this compound near $he

o0 [ottoang | compositioR® probably due to charge ordering. According to

R T e d the recent magnetic neutron-scattering measurement on
; Lay 4N 4SSy 1CU0,,%* at low temperatures charges are lo-
calized on every fourth row of Cu-O chain in tH& 00
direction in the plane, with the charge densityzafithin the
row, forming stripes. While the nature of charge ordering
within the row is not yet known, the charge density3ois
suggestive of the#,0)-type charge ordering. It is possible to
imagine that the holes are always dressed with theD)
4 ' . ' a 10 half-breathing mode as suggested by the present calculation,
U, (V) and when the periodicity corresponding to the average
charge density is commensurate with the, mode, i.e.,
FIG. 17. Variation of the Cu-Cu spin correlation as a function of when the average charge density is rational, static charge
Uy undeformed(closed symbol and with the oxygen displacing density wave is formed and pinned by the lattice.
mode (b) (open symbol for undoped,3 hole doped, anc hole Another signature of this coupling mechanism is the
doped systems. strong nonlinearity of electron-lattice couplifi¢f.**Near the
mode is reduced from 19.2 THZ9 me\) for x=0 to 17.4 crossover poir_1t the Iattice_ deformation in_duces large charge
THz (72 me\) for x=0.117 and 70 meV forx=0.151%%|n trqnsfer, dra_sncally c.hqnglng the electronlp grounq state, and
YBa,Cu;0,_ 5 the mode softens from 18.5 THZ7 me\)  this change is the origin of such a strong interaction. Conse-
for 5=1, to as low as about 14 TH58 me\) for 5=017In  quently the response is quite nonlinear. This nonlinearity is
highly oxygenated YBgCu;O,_ s the LO mode is mixed €xpected to cause strong anharmonicity in the lattice. Indeed
with other modes with similar frequency. In While the lattice anharmonicity evaluated by the LDA calcu-
Bi,Sr,(Ca_,Y,)Cu,0g asx is changed from 1T,<4 K)to  lations is not strong®?’ various lattice anomalies indicating
0 (T.~80 K) the LO modes in the range of 50 to 80 meV very substantial lattice anharmonicity have been obseted.
softens appreciably, although in this case the wave vectois for the LO modes the neutron-inelastic-scattering results
dependence has not been resolted. on La_,Sr,CuQy, (Ref. 17 indicate that the phonon lifetime
The phonon softening in YB&u;O; has been explained is anomalously short around ther(0) point, while even
in terms of the Fermi surface nestiffg.However, in  within the same branch the energy width of the (0,0) point
La,_,Sr,CuQ, the Fermi surface is rotated by 45° comparedphonon is resolution limited. Phenomenologically thisle-
to YBa,Cu;O; and indeed the calculated phonon susceptibilpendence of the energy width implies that the Cu-O potential
ity is sharply peaked around ther(w) point, with almost no is harmonic, but the O-O attractive interaction is anhar-
intensity at the ¢,0) point?® Therefore it is impossible to monic, which is exactly what the present mechanism pre-
explain both by the Fermi surface nesting. Phenomenologi-dicts. A recent neutron-inelastic-scattering measuretfent
cally the softening of the oxygen LO mode at,0) implies  showed a strong asymmetry in the peakshape as a function of
the presence of aattractive interaction, or a negative force energy transfer for thezf,0) LO mode, which further attest
constant between oxygen atoms. Since oxygen ions rep&b the unusual nature of this mode.
each other electrostatically, it is not easy to explain this at- There is no apparent mark of strong electron-lattice cou-
traction by classical mechanisms. The mechanism discussquing on the electronic structure itself. However, the ex-
here provides a natural explanation of this attractive potentiaiended saddle point which has been observed in all the su-
in terms of the spin exchange interaction. Indeed the obperconducting cuprates studied by photoemission s3-3ar
served magnitudes of the phonon softening are similar to thexcept for electron-doped Nd,CeCuQ, may be indicative
results shown above. Our results also pretiimtdeningof  of this coupling. Bulutet al3! explained this phenomenon in
the Cu displacing mode at#(,0). Unfortunately the Cu LO terms of the many-body spin-polarons, but an alternative ex-
mode is mixed up with other modes with similar energies,planation is possible with the phonon dressing. It should be
and is not easy to identify. Experimental verification of thisnoted that the extended saddle point extends afordmost
point is of great interest. exactly halfway from the original saddle poinK (or M).
Since the present calculation is done for a one-The nearly complete absence of dispersion indicates that the
dimensional system, it is not possible to differentiate the efstates are already localized, or can readily be localized, by
fect of the (,0) half-breathing phonon from that of the forming a wave packet. Such wave packets produced by
(7r,7) breathing phonon. However, thewr{0) phonons summing the Bloch states from/2 to 37/2 are the Wannier
propagate along the Cu-O bond and thus retains a ondunctions with the width twice the usual Wannier function
dimensional character. Ther(w) phonons produce charge and located at alternating sites. They can couple strongly to
changes in the nearest-neighbor oxygen sites, so that if wise (7,0) LO modes discussed here. It is therefore possible
introduce Coulomb repulsion and hopping between them, ththat this coupling is the origin of the flatness of this extended
(7r,7) mode will be less favored, as indicated by our recentsaddle point, by inducing these electrons to localize, or at
calculations on two-dimensional systems which will be re-least to be heavily dressed by phonons. They may possibly
ported separately. be dressed by paramagnons at the same time.

0.1 T T T T
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The nonlinearity of the coupling and strong electron cor- It is well known that the high-temperature superconduc-
relation are likely to result in formation of small local do- tivity arises near the phase boundary between the Mott insu-
mains or regions where wave packets of electrons antator and a metdl® Indeed the increases in the low-
phonons reside in a palaronic state, just as in the correlatioremperature dc conductivity as a function of charge
bag proposed by Goodenouglin fact various local struc- concentration extrapolated from the high-temperature
tural probes indicate the presence of such local structuratonductivity*® and optical conductivi§ and that in the elec-
variations?® Holes on oxygen atoms are more likely found in tronic specific hedt coincide with the maximum irT..
this region. However, at this moment we do not know howVarma argued that the interband charge transfer excitons
many holes reside in the region, and cannot conjecture if thisshich become strong as the pseudogap narrows could pro-
domain will be a polaron, a bipolaron, or merely a region ofvide the pairing forc@? The present mechanism naturally
segregated holée. It is possible that these regions take aexplains this close connection between the superconductivity
form of stripes as conjectured by Zaanen and Gunnatson.and the Mott-insulator-to-metal transition. In other mecha-
In the charged region the Cu hole density will be slightly nisms, however, the correspondence between the metal-
reduced, thus electrons are transferred from oxygen to copnsulator transition and the maximum 1, is coincidental.
per. This would result in the weakening of the Cu-O bondFor instance in the spin-fluctuation mecharfism’ T, in-
and local extension of the Cu-O bond length, but since thereases as the magnetic fluctuation softens, and Thete-
charged region is constrained by the matrix which is in thecreases as the magnetic correlation is further weakened. In
underdoped state, the Cu-O-Cu bond will be buckled withthis picture the coincidence of the disappearance of antifer-
the in-plane oxygen displaced along thexis’ and the api- romagnetism and metal-insulator transition is largely acci-
cal oxygen will move closer to copper. This explains thedental, even though the metallic behavior certainly disrupts
anomalous local atomic displacements of oxygen atomsantiferromagnetic order.
along thec axis that are frequently observed by local struc- Another possible characteristic of the superconductor due
tural probe€3*and the strong coupling between thaxis  to the electron-phonon interaction enhanced by electron cor-
phonons and the in-plane charge dynamiic®utside the relation is that the isotope effect must be small, since most of
charged region the hole density is low and local Cu spirthe screening is achieved by electronic polarization. As
coupling will be strong. The charge carriers in the stronglyshown in Refs. 10-13 and confirmed by Resta and Sdfella
coupled regions would behave quite differently from thethe effective charge associated with the deformation is much
nearly free carriers on the fast dispersing portion of thdarger than the real charge. This is because the lattice polar-
Fermi surface, resulting in two kinds of charge carriers. Inization P induces large electronic polarizatipnthrough the
fact the presence of two kinds of carriers has been suggeste#formation-induced charge transfer. Consequently the iso-
by the IR absorptiotf and NMR’*8 measurements, as well tope effect should be minimum whdhn is maximum, since
as theorieg®4° the electronic component of screening is maximum there.

It is interesting to note that special care must be exercisethese agree with the experimental observations which are
to describe the crossover effects and the zone-boundary L@fficult to explain otherwis&® Furthermore it is possible to
phonon softening discussed here by the prevailing one-bari¢hagine that thel-wave superconductivity would result from
model***? For instance in thé-J model the phonon modu- this mechanism. Even though the issue of the symmetry of
lation of t andJ would not describe the present effects. In-the order parameter is still controversiar® the d symme-
deed as shown in Fig. 17 the zone-boundary LO phonoitry has always been cited as an argument against the phonon
hardly affects the Cu-Cu spin correlation. The LO phononmediated superconductivity. Howeverwave superconduc-
would couple to the local level of Cu, and this coupling tivity may result from electron-phonon coupling with the

should depend upon the total charge density. background of antiferromagnetisthWhile the BCS mecha-
nism prefers thes-wave, in the present case coupling is
B. Relevance to superconductivity achieved by LO phonons with a special symmetry, preferring

The strong electron-lattice coupling predicted by theX Oy direction. T_he attractive phono_n—m_ediated_ interaction
present calculation invites a speculation that this interactioR€@ the ¢,0) point and the repulsive interaction due to
may form a basis for lattice mediated superconductivity inmagnetic fluctuation near ther(w) point could lead to the
the cuprates. The idea is even more attractive in the light of-wave superconductivity.
the recent results of inelastic-neutron-scattering measure-
ments whi_ch _plaef:e severe restr_ictions on t_he strength of mag- V. CONCLUSION
netic excitatiof® or the spatial extension of magnetic
correlatiot* both of which are necessary for the spin- The effect of lattice distortion on a strongly correlated
fluctuation mechanisfi='to explain the high-temperature electron system such as the cuprates was studied by exact
superconductivity HTSC) phenomena successfully. For in- diagonalization of the two-band Peierls-Hubbard Hamil-
stance the 4,0) LO phonon modes are expected to coupletonian. The band filling was chosen to be ngatorrespond-
strongly to the Wannier functions made of the states in théng to the electron concentration in the high-temperature su-
extended saddle point as we discussed above, and could cigerconducting cuprates. The electron-lattice coupling was
ate hole pairs. Indeed the superconducting gap is maximurstudied first by varying the strength of the copper on-site
in the direction of the extended saddle point. While this pos+epulsion and then actually introducing doped holes in the
sibility remains purely a speculation at this moment it wouldsystem. The result shows that at small doping or near the
be useful to discuss what properties the cuprate supercondugansition from the Mott insulator to a metal the zone-
tor is likely to exhibit if this mechanism is indeed at work. boundary longitudinal optical phonon modes couple very
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strongly to electrons and significantly reduce the total energgpin-fluctuation mechanism. The main thrust of the present
of electrons. This effect is produced as a result ofmechanism is the concerted effect of lattice, spin, and
deformation-induced charge transfer and deformationeharge, all conspiring to pair up holes.

induced spin coupling. We propose that this effect explains
the pronounced softening of ther(0) LO phonon by doping
which  has been observed for YR2u0; s,
La,_,Sr,CuQ,, as well as (Ba_ ,K),BiOs. If this coupling The authors have greatly benefited from discussions with
were to produce superconductivity it would provide a naturalA. R. Bishop, J. T. Gammel, H. Rier, E. Mele, L. Pintscho-
explanation for some prominent characteristics of the HTS®ius, W. Reichardt, M. Braden, G. Shirane, Y. Endoh, J.
phenomena, such as the fact tifatis maximum while the Goodenough, K. A. Mlker, P. C. Hammel, D. Mihailovic, S.
isotope effect is minimum at the doping level correspondingMaekawa, S. J. L. Billinge, H. Matsumoto, T, Koyama, and
to the Mott-insulator-to-metal transition. This mechanismS. Takahashi. This work was supported by the National Sci-
could be seen as magneticmechanism in a wider sense ence Foundation through Grant No. DMR 93-00728, a
since the local dynamic spin correlation is providing much ofGrant-Aid for Scientific Research on Priority Area, “Science
the driving force. However, the lattig@honon is crucial as  of High-T, Superconductivity” provided by the Ministry of
the trigger mechanism in the present scheme. Also it shoul&ducation, Science and Culture, Japan. One of the authors
be noted that the static or quasistatic spin correlation wouldS. ) is supported by the Japan Society for the Promotion of
suppress this mechanism, in contrast to the widely discussescience.
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