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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 about34, and 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.
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I. INTRODUCTION

The effects of strong electron correlation in transiti
metal oxide compounds such as the high-temperature su
conducting cuprates have been studied extensively by a l
number of researchers.1 While most of the studies have bee
made from the magnetic point of view,2 the importance of
the lattice effects has been recognized.3–8 The phenomena
are complex and few analytical means are available to s
the problem particularly near the metal-insulator transiti
Numerical techniques, on the other hand, can offer relia
and useful reference points, even though they are limite
small systems in low dimensions.9 We earlier studied a two
band Peierls-Hubbard Hamiltonian by the exact diagonal
tion method applied to a small one-dimensional system,
found that at half-filling ferroelectricity is enhanced near t
crossover condition for many-body states.10–13For instance,
when the lower Hubbard level of a transition metal ion, su
as Ti, is close to the upper Hubbard level of an oxygen i
ferroelectric lattice deformation induces charge transfer
local spin-resonance between Ti and O, and results i
strongly enhanced electron-lattice interaction favoring fer
electricity. This is because lattice deformation affects
only the single electron band energy but also the spin
change interaction through the on-site electron repulsion
ergy. The total change in the ground state energy can
much greater than for the noninteracting electron system

A similar enhancement of electron-lattice interaction d
to deformation-induced charge transfer is expected to oc
in the cuprates which can have profound implications
superconductivity.10 However, it is more difficult to apply
the exact diagonalization technique on the cuprates since
550163-1829/97/55~5!/3163~10!/$10.00
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superconductivity occurs at a relatively low level of dopin
(;15%) and a simulation of this doping effect suffers fro
significant size effects. In order to shed some light to t
difficult problem in this paper we first vary parameters th
affect the excitation gap and then change the electron den
to examine the effect of hole doping.

II. METHOD

We describe electrons in a binaryp-d system, whered
represents thed orbital of a transition metal ion such a
Cu21 andp is thep orbital of oxygen, by a one-dimensiona
two-band Hubbard Hamiltonian;

H5(
i ,s

«das
1~ i !as~ i !1(

j ,s
«pbs

1~ j !bs~ j !

1(
i
Udnd↑~ i !nd↓~ i !1(

j
Upnp↑~ j !np↓~ j !

1(
i j

t i j @as
1~ i !bs~ j !1bs

1~ j !as~ i !#, ~1!

where

nds~ i !5as
1~ i !as~ i !

~2!

nps~ j !5bs
1~ j !bs~ j !

andi and j labeld andp atoms, respectively,s denotes spin
as

1( i ) is an electron creator on thed atom at sitei , bs
1( j ) is

an electron creator on thep atom at sitej , «d , and«p are the
3163 © 1997 The American Physical Society
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single site energy of thed andp state. We assume that th
transfer matrixt i j is nonzero only for the nearest-neighb
pairs, and depends upon the atomic displacement as

t i j5t i j
0 F12a~ui2uj !

Ri2Rj

uRi2Rj u
G , ~3!

whereui is the displacement of thei th ion in the unit of the
cell length,Ri denotes the position of thei th ion in space,
anda is the electron-lattice coupling constant.

In order to loosely represent the cuprates, we choose
following parameters:

«d50,

«p52eV,

t0 ~ for the nearest-neighbor Cu-O pair!51eV,

a51,

Ud58eV ~ in the undoped state!,

Up54 eV,

and initially assume34 filling, or 3 electrons per unit cell. In
the undoped state the hole is mostly on thed site ~Cu!, ex-
cept for some leakage to thep site ~O! due to hybridization.
The lattice effect on this system will be studied at first
varying the value ofUd . As a consequence of doping hole
spend more time on oxygen sites, thus theeffectiveon-site
repulsion energy should be reduced. Thus varyingUd is ex-
pected to produce similar, if not the same, effect as dop
holes.

It is useful to consider the effect of varying the value
Ud first by neglecting the hopping term,t i j . When the value
of Ud is sufficiently large the upper Hubbard state of thed
orbital is higher than that of thep orbital, and the hole oc-
cupies thed upper Hubbard level. The electron configurati
can be denotedd1p2. For the cuprates this corresponds to t
Cu21O22 state. If the value ofUd is reduced, at

Ud5Uc05Up1~«p2«d!56 eV ~4!

the two upper Hubbard levels crossover. WhenUd becomes
less thanUc0 the hole moves to thep site. This state is the
Cu1O2 state, denoted asd2p1. If we include the hopping
term, the levels develop into bands and the crossover p
becomes a continuous range. AsUd is reduced from a large
value the system first undergoes a phase transition atUuc
~upper critical point! by the delocalization of holes from th
d site. The system is most likely metallic when it is in th
parameter range. When the value ofUd is further reduced it
becomes a Mott insulator again atU lc ~lower critical point! if
the bandwidth is smaller thanUp . In the real cuprates the
value ofUp would not be large enough to drive the syste
insulating when the value ofUd is small, and the system
would remain metallic. However, in this work we assum
otherwise in order to illustrate the effect of the lattice co
pling to the holes on oxygen ions. The schematic electro
density of states is shown in Fig. 1 for these three regime
is of interest to investigate the effect of lattice distortio
~phonons! near such transitions. The Hamiltonian~1! was
he

g
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-
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numerically diagonalized using the Lanczos method14,15 for
finite-size one-dimensional systems composed of 4d and
4p sites ~414 system!, 6d and 6p sites ~616 system!, as
well as 8d and 8p sites~818 system!. As a boundary con-
dition we used both the simple periodic boundary condit
~a ring without a twist! as well as thep-twisted torus condi-
tion, in which the phase of the wave function is changed
p after going around the ring once. The total spin was se
be zero. The ground-state energy, the one electron excita
energy, local charges, and spin correlation functions w
calculated using a supercomputer, HITAC S-3800.

III. RESULTS

The nature of the phase transitions associated with
level crossover were studied by calculating the charge tra
fer excitation gap,Eg , and the second-nearest-neighbor sp
correlation,K25^Si•Si11&, for Cu and O for the undeformed
structure as a function ofUd . The second-nearest-neighb
spin correlation,K2, shown in Fig. 2 exhibits discontinuitie
at two values ofUd , U lc54.7 eV for O spin correlation and
at Uuc56.9 eV, for Cu spin correlation, suggesting pha
transitions. The intermediate phase develops around
crossover condition for the case oft50, Uc056 eV, as ex-
pected. The excitation gapeg was evaluated by calculatin
the one electron excitation energy,

Eg5E0~N11!1E0~N21!22E0~N!, ~5!

FIG. 1. Schematic one-electron density of states for three
rameter regions.~a! Ud.Uuc, holes are in the copper upper Hub
bard band, ~b! Uuc.Ud.U lc , the system is metallic,~c!
U lc.Ud , holes are in the upper Hubbard band of oxygen.

FIG. 2. Dependence of the second-nearest-neighbor spin c
lation K25^Si•Si1 l& on Ud calculated for the 414 system.
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55 3165ELECTRON-LATTICE INTERACTION IN CUPRATES: . . .
whereE0(N) is the ground-state energy withN electrons.
The excitation gap does not close as expected for the m
lic state, but merely becomes minimum aroundUc0 as shown
in Fig. 3. This could be due to the size effect, but it is a
possible that this intermediate state is not truly metallic, a
is a strange metal or strange insulator, due to a fairly la
magnitude ofUp . While this point needs further investiga
tion, this distinction does not appear to be so important to
effect being discussed here.

In order to evaluate the strength of the electron-latt
interaction we then assumed periodic lattice distortions in
frozen phonon approximation. The change in the electro
ground-state energy per unit cell,DE5@E(u)2E(0)#/L,
whereL is the number of unit cells in the system, was c
culated for various longitudinal optical phonon modes,

ui5udcos~kRi1d!,

~6!

uj5upcos~kRj1d!,

whereRi5 i , Rj5 j1 1
2, d is the phase of the mode and th

unit-cell constant is taken to be unity. As shown in Fig. 4, t
zone-center (k50) mode is the ferroelectric mode~a!. As
the for the zone-boundary (k5p) modes we consider thre
types of breathing or antiferroelectric modes depending
the choice ofd; ~b! oxygen-displacing mode~Cu breathing

FIG. 3. Ud dependence of the one electron excitation ene
calculated for the 414 system.

FIG. 4. LO phonon modes,~a! ferroelectric mode,k50; ~b!
zone-boundary oxygen displacing~copper breathing! mode,k5p;
~c! zone-boundary copper displacing~oxygen breathing! mode,
k5p; ~d! zone-boundary pairing mode,k5p.
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mode!, ~c! Cu-displacing mode~oxygen breathing mode!,
and~d! the Cu-O pairing mode for which both Cu and O a
displaced. While~d! is merely a linear combination of~b!
and~c!, because of the expected strong nonlinearity10–13 this
mode will be included in addition. The lattice energy was n
considered here, since our purpose is to evaluate the stre
of the interaction rather than to determine the equilibriu
distortion of the electron-lattice system. However, in order
make comparisons of different modes meaningful the r
value of the relative atomic displacements,^(ui2uj )

2&1/2,
wherei and j are the nearest neighbors, was kept constan
0.1.

In many cases the electronic energy was found to
crease as the lattice was distorted with the optical phono
The energy changes due to the distortio
DE5@E(u)2E(0)#/L, are shown in Fig. 5 for various
modes atk5p for the 414 system. As in the case of earlie
calculations significant decrease in the energy was obse
near the critical values ofUd . The oxygen displacing mode
results in a minimum inDE at 4.9 eV, while the coppe
displacing mode produces a mirror image with a minimum
7 eV. The values ofUd corresponding to the two minima ar
close to the transition points observed for the spin correla
shown in Fig. 2, suggesting that the maxima in the electr
lattice coupling are associated with the phase transitio
Note that belowU lc hoes are mainly on oxygen, while abov

y FIG. 5. Energy change per unit cell due to distortion,DE, for
the 414 system atk5p, for the modes~b!–~d!.

FIG. 6. Wave-vector dependence ofDE, evaluated at various
values ofk as a function ofUd for the oxygen displacing modes
The result fork52p/3 is for the 616 system. Others are for th
414 system.
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Uuc they are mainly on Cu. In agreement with Ref. 8 t
mode which pairs up holes are softened whent is modulated
by deformation. The Cu-O pairing mode leads to tw
minima at these critical values. The energy change for
mode~d! is slightly larger than the average of those for~b!
and ~c!, underscoring the nonlinearity of the phenomena
similar calculation was carried out for the case of«p5«d .
The result was almost identical except that the crosso
point was shifted by 2 eV. Since the system is truly meta
at least whenUd5Up , this result appears to suggest that t
question whether the intermediate phase betweenU l c and
Uuc is truly metallic or not is immaterial to this effect.

The amount of energy change is strongly dependent u
k as shown in Fig. 6. HereDE is shown as a function o
Ud for the oxygen displacing modes at several values ok.
The result fork52p/3 was obtained for the 616 system,
while others were calculated for the 414 system. Clearly
only the zone-boundaryk5p mode most strongly reduce
the electron energy. This should be contrasted to the h
filling case we studied earlier where zone-centerk50 ferro-
electric mode showed a maximal change. This suggests
the maximum electron-lattice interaction occurs at or n
k52kF

0 where kF
0 is the Fermi wave vector of the corre

sponding noninteracting electrons. Indeed for2
3 filling the

maximum interaction was observed to occur atk52p/3. It
may thus appear that the role ofUd in the observed enhance
ment of the electron-lattice coupling is merely to bring abo
the metallic behavior; when the common upper Hubb
band for d and p is formed and the metallic behavior
realized, the usual Fermi surface nesting mechanism go
work. However, if that is the case the coupling should
maximum at the middle of the intermediate region, arou
Uc056eV. Instead the maximum interaction occurs shar
at the two transition points, where the charge transfer ga
small. In the middle of the intermediate~metallic! region the
coupling is weak. Furthermore, as we mentioned ab
whether the intermediate region is truly metallic or not
unclear. Therefore this strong interaction must be closely
lated to the phase transition itself, rather than to the Fe
surface nesting. In this sense we consider this phenome
representsunconventionalelectron-lattice coupling.

FIG. 7. Energy change per unit cell due to distortion~b! and~c!,
DE, calculated in the Hartree approximation and compared with
results in Fig. 5.
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In order to assess the effect of electron correlation on
magnitude of this effect we also calculated the coupling
ergy in the Hartree approximation,

Un↑n↓⇒U~^n↑&n↓1^n↓&n↑2^n↑&^n↓&! ~7!

and assuming that̂ni ,s&5^ni12,s& which promotes antifer-
romagnetic order. The changes in the energy thus calcul
are shown in Fig. 7. Compared to the results in Fig. 5
energy change is much smaller, by more than a factor o
and is only weakly dependent onUd . This result clearly
indicates the importance of electron correlation which is
glected in the Hartree approximation. The strength of el
tron correlation is seen in the nearest-neighbor Cu-O s
correlationK15^Si•Sj& shown in Fig. 8. The intrapairK1
for the Cu-O pair for whicht is increased by deformation
becomes sizable in magnitude near the phase boundary
dependence onUd is similar to that of the energy an
J(J;t2/U for largeU), suggesting that this spin correlatio
is the principal reason for the large energy gain. The interp
spin correlation is reduced by the deformation. As a resul
this change the superexchange interaction is modified, re
ing in large changes in the second-neighbor~Cu-Cu or O-O!
spin correlation as shown in Fig. 9.

The deformation leads also to the formation of a cha
density wave~CDW!. As shown in Fig. 10, whenUd is large
a pair of Cu atoms which move closer to each other by
formation increases the hole density on the oxygen atom
between, and create a CDW on oxygen sublattice. W

e

FIG. 8. Ud dependence of the nearest-neighbor Cu-O spin c
relation,K15^Si•Sj& with the copper displacing mode, Fig. 6~c!.

FIG. 9. Ud dependence of the second-nearest-neighbor cop
spin correlation,K25^Si•Si11&, with the copper displacing mode
Fig. 6~c!.
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55 3167ELECTRON-LATTICE INTERACTION IN CUPRATES: . . .
Ud is smaller that Ulc , an almost exact mirror image i
formed. The CDW is produced on Cu by the oxygen displ
ing mode, and the O-O spin correlations and the Cu-O s
correlations are modified as expected.

In order to evaluate the effect of the system size calcu
tions were performed also for thep-twisted boundary con-
dition and for the 616 as well as 818 systems. It was found
that the results for three systems, the 414, 616 with thep
twist, and 818 systems, which we call Group A, are ve
similar as shown in Fig. 11, except for slight differences
the critical values ofUd . On the other hand the 414 system
with thep twist and the 616 system with the regular bound
ary condition, Group B, showed no sharp features with sh
lower minima, as shown in Fig. 12. The minima for the 616
system, however, are significantly deeper than those of
414 system with thep twist. It is likely that the abruptnes
of the changes at the phase boundaries for the Group A
size effect in one-dimensional systems as discussed in
16. In fact our preliminary results on two-dimensional sy
tems show similar, but more symmetric, V-shaped minim
The depth of the minima, however, remains practically u
changed with the size for the Group A. The depth of t
minima for the Group B appears to converge toward

FIG. 10. Ud dependence of the charge densities on oxyg
squeezed by a pair of copper atoms O~1!, on oxygen between the
pair O(2), and on copper, when the copper displacing mode@Fig.
6~c!# is activated.

FIG. 11. Energy change per unit cell due to distortion~b! and
~c!, DE, for the 414 system, the 616 system with thep-twisted
boundary condition, and the 818 system with the normal boundar
condition.
-
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values for Group A as the sample size is increased. There
it is most likely that the depth of the minima is correct
represented by the results of the Group A while the abru
ness of the transition is exaggerated, although further stu
are necessary on this point.

Similar calculations were performed with hole dopin
The results for the 616 system with two and four extra hole
added are shown in Fig. 13 for the case of the oxygen
placing mode~b!, and in Fig. 14 for the Cu displacing mod
~c!. WhenUd is large as in the cuprates the oxygen displa
ing mode is strongly softened by doping, while the Cu d
placing mode is hardened. For a typical value ofUd in cu-
prates, 10 eV, this results in the oxygen LO phon
softening of the order of 10 meV due to hole doping of 33
Due to the size effect, however, the present result may
accurately reflect the real magnitude. It is interesting to n
that the amount of softening is about the same for the cas
two hole doping (13 doping! and the case of four hole dopin
( 23 doping! for the oxygen mode~Fig. 13!, and is even re-
versed in the case of the Cu mode, indicating the stro
softening occurs only for relatively low doping levels. Th

n

FIG. 12. Energy change per unit cell due to distortion~b! and
~c!, DE, for the 414 system with thep-twisted boundary condition,
and the 616 system with the normal periodic boundary conditio

FIG. 13. Energy change per unit cell due to oxygen mode d
tortion ~b!, DE, for the 616 system with the periodic boundar
condition, for the undoped system with 18 electrons (3

4 filling !, the
doped system with two extra holes~16 electrons,13 doping!, and
with four extra holes~14 electrons, 2/3 doping!.
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3168 55S. ISHIHARA, T. EGAMI, AND M. TACHIKI
tendency of initial rapid softening with doping and slo
hardening afterward is similar to the results of the crosso
in the undoped system shown in Figs. 5 and 11. There
the system with the value ofUd just belowU lc could loosely
represent the doped cuprates in their behavior.

FIG. 14. Energy change per unit cell due to copper mode
tortion ~c!, DE, for the 616 system with the periodic boundar
condition, for the undoped system with 18 electrons (3

4 filling !, the
doped system with two extra holes~16 electrons,13 doping!, and
with four extra holes~14 electrons,23 doping!.

FIG. 15. Variation of the Cu-O spin correlation as a function
Ud , undeformed~closed circle!, deformed with the oxygen displac
ing mode~b!, for the intrapair spins between whicht is increased
~open downward triangle! and interpair spins between whicht is
decreased~open upward triangle!.
r
re

The strong softening is due to the increased Cu-O s
correlation as shown in Fig. 15. Again the effect of deform
tion is much smaller for the system with23 doping. Charge
correlation between the nearest oxygen neighbors is sh
in Fig. 16. The result indicates that holes repel each othe
expected. This result does not necessarily imply that ther
no tendency to form static bipolarons, because the lattic
frozen and is not involved in the energy minimization in th
work. The interaction between holes mediated by the lat
will be studied in the future works. Since the zone-bound
LO phonon increases the Cu-O exchange constantJpd for a
half of the Cu-O pairs and decreases it for the other half,
effective Cu-Cu exchange is almost unchanged as indic
in terms of the Cu-Cu spin correlation shown in Fig. 17.

IV. DISCUSSION

A. Comparison with experimental results

The results above predict softening of the zone-bound
LO phonon due to strong electron-phonon interaction.
deed the softening of such a mode has been observed
YBa2Cu3O72d ,

17 La22xSrxCuO4,
17 and (Ba12xKx)BiO3

~Ref. 18! by neutron inelastic scattering as an insulating p
ent compound is doped with holes. The softening is m
pronounced for the oxygen displacing mode at the (p,0)
point ~zone boundary in the direction of the Cu-O bond! in
all three cases. In La22xSrxCuO4 the energy of the (p,0)

-

f

FIG. 16. Variation of the O-O charge density correlation as
function ofUd , undeformed~closed circle!, deformed with the oxy-
gen displacing mode~b!, for the intrapair and interpair oxygen io
correlations~open triangles!.
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55 3169ELECTRON-LATTICE INTERACTION IN CUPRATES: . . .
mode is reduced from 19.2 THz~79 meV! for x50 to 17.4
THz ~72 meV! for x50.1,17 and 70 meV forx50.15.19,20 In
YBa2Cu3O72d the mode softens from 18.5 THz~77 meV!
for d51, to as low as about 14 THz~58 meV! for d50.17 In
highly oxygenated YBa2Cu3O72d the LO mode is mixed
with other modes with similar frequency. I
Bi2Sr2(Ca12xYx)Cu2O8 asx is changed from 1 (Tc,4 K! to
0 (Tc;80 K! the LO modes in the range of 50 to 80 me
softens appreciably, although in this case the wave ve
dependence has not been resolved.21

The phonon softening in YBa2Cu3O7 has been explained
in terms of the Fermi surface nesting.22 However, in
La22xSrxCuO4 the Fermi surface is rotated by 45° compar
to YBa2Cu3O7 and indeed the calculated phonon suscepti
ity is sharply peaked around the (p,p) point, with almost no
intensity at the (p,0) point.23 Therefore it is impossible to
explainboth by the Fermi surface nesting. Phenomenolo
cally the softening of the oxygen LO mode at (p,0) implies
the presence of anattractive interaction, or a negative forc
constant between oxygen atoms. Since oxygen ions r
each other electrostatically, it is not easy to explain this
traction by classical mechanisms. The mechanism discu
here provides a natural explanation of this attractive poten
in terms of the spin exchange interaction. Indeed the
served magnitudes of the phonon softening are similar to
results shown above. Our results also predicthardeningof
the Cu displacing mode at (p,0). Unfortunately the Cu LO
mode is mixed up with other modes with similar energi
and is not easy to identify. Experimental verification of th
point is of great interest.

Since the present calculation is done for a on
dimensional system, it is not possible to differentiate the
fect of the (p,0) half-breathing phonon from that of th
(p,p) breathing phonon. However, the (p,0) phonons
propagate along the Cu-O bond and thus retains a o
dimensional character. The (p,p) phonons produce charg
changes in the nearest-neighbor oxygen sites, so that i
introduce Coulomb repulsion and hopping between them,
(p,p) mode will be less favored, as indicated by our rec
calculations on two-dimensional systems which will be
ported separately.

FIG. 17. Variation of the Cu-Cu spin correlation as a function
Ud undeformed~closed symbol! and with the oxygen displacing
mode ~b! ~open symbol! for undoped,13 hole doped, and23 hole
doped systems.
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It is interesting to note that a (p,0) charge ordering is
likely to be present in La22xBaxCuO4 with x5 1

8.
24 Super-

conductivity is suppressed in this compound near the1
8

composition25 probably due to charge ordering. According
the recent magnetic neutron-scattering measurement
La1.48Nd0.4Sr0.12CuO4,

24 at low temperatures charges are l
calized on every fourth row of Cu-O chain in the~1 0 0!
direction in the plane, with the charge density of1

2 within the
row, forming stripes. While the nature of charge orderi
within the row is not yet known, the charge density of1

2 is
suggestive of the (p,0)-type charge ordering. It is possible
imagine that the holes are always dressed with the (p,0)
half-breathing mode as suggested by the present calcula
and when the periodicity corresponding to the avera
charge density is commensurate with the (p,0) mode, i.e.,
when the average charge density is rational, static cha
density wave is formed and pinned by the lattice.

Another signature of this coupling mechanism is t
strong nonlinearity of electron-lattice coupling.10–13Near the
crossover point the lattice deformation induces large cha
transfer, drastically changing the electronic ground state,
this change is the origin of such a strong interaction. Con
quently the response is quite nonlinear. This nonlinearity
expected to cause strong anharmonicity in the lattice. Ind
while the lattice anharmonicity evaluated by the LDA calc
lations is not strong,26,27 various lattice anomalies indicatin
very substantial lattice anharmonicity have been observe28

As for the LO modes the neutron-inelastic-scattering res
on La22xSrxCuO4 ~Ref. 17! indicate that the phonon lifetime
is anomalously short around the (p,0) point, while even
within the same branch the energy width of the (0,0) po
phonon is resolution limited. Phenomenologically thisq de-
pendence of the energy width implies that the Cu-O poten
is harmonic, but the O-O attractive interaction is anh
monic, which is exactly what the present mechanism p
dicts. A recent neutron-inelastic-scattering measureme19

showed a strong asymmetry in the peakshape as a functio
energy transfer for the (p,0) LO mode, which further attes
to the unusual nature of this mode.

There is no apparent mark of strong electron-lattice c
pling on the electronic structure itself. However, the e
tended saddle point which has been observed in all the
perconducting cuprates studied by photoemission so far29,30

except for electron-doped Nd22xCexCuO4 may be indicative
of this coupling. Bulutet al.31 explained this phenomenon i
terms of the many-body spin-polarons, but an alternative
planation is possible with the phonon dressing. It should
noted that the extended saddle point extends alongD almost
exactly halfway from the original saddle point (X or M ).
The nearly complete absence of dispersion indicates tha
states are already localized, or can readily be localized
forming a wave packet. Such wave packets produced
summing the Bloch states fromp/2 to 3p/2 are the Wannier
functions with the width twice the usual Wannier functio
and located at alternating sites. They can couple strongl
the (p,0) LO modes discussed here. It is therefore poss
that this coupling is the origin of the flatness of this extend
saddle point, by inducing these electrons to localize, or
least to be heavily dressed by phonons. They may poss
be dressed by paramagnons at the same time.
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The nonlinearity of the coupling and strong electron c
relation are likely to result in formation of small local do
mains or regions where wave packets of electrons
phonons reside in a palaronic state, just as in the correla
bag proposed by Goodenough.5 In fact various local struc-
tural probes indicate the presence of such local struct
variations.28 Holes on oxygen atoms are more likely found
this region. However, at this moment we do not know h
many holes reside in the region, and cannot conjecture if
domain will be a polaron, a bipolaron, or merely a region
segregated holes.32 It is possible that these regions take
form of stripes as conjectured by Zaanen and Gunnarso33

In the charged region the Cu hole density will be sligh
reduced, thus electrons are transferred from oxygen to c
per. This would result in the weakening of the Cu-O bo
and local extension of the Cu-O bond length, but since
charged region is constrained by the matrix which is in
underdoped state, the Cu-O-Cu bond will be buckled w
the in-plane oxygen displaced along thec axis5 and the api-
cal oxygen will move closer to copper. This explains t
anomalous local atomic displacements of oxygen ato
along thec axis that are frequently observed by local stru
tural probes28,34 and the strong coupling between thec-axis
phonons and the in-plane charge dynamics.35 Outside the
charged region the hole density is low and local Cu s
coupling will be strong. The charge carriers in the stron
coupled regions would behave quite differently from t
nearly free carriers on the fast dispersing portion of
Fermi surface, resulting in two kinds of charge carriers.
fact the presence of two kinds of carriers has been sugge
by the IR absorption36 and NMR37,38measurements, as we
as theories.39,40

It is interesting to note that special care must be exerc
to describe the crossover effects and the zone-boundary
phonon softening discussed here by the prevailing one-b
model.41,42 For instance in thet-J model the phonon modu
lation of t andJ would not describe the present effects. I
deed as shown in Fig. 17 the zone-boundary LO pho
hardly affects the Cu-Cu spin correlation. The LO phon
would couple to the local level of Cu, and this couplin
should depend upon the total charge density.

B. Relevance to superconductivity

The strong electron-lattice coupling predicted by t
present calculation invites a speculation that this interac
may form a basis for lattice mediated superconductivity
the cuprates. The idea is even more attractive in the ligh
the recent results of inelastic-neutron-scattering meas
ments which place severe restrictions on the strength of m
netic excitation43 or the spatial extension of magnet
correlation44 both of which are necessary for the spi
fluctuation mechanism45–47 to explain the high-temperatur
superconductivity~HTSC! phenomena successfully. For in
stance the (p,0) LO phonon modes are expected to cou
strongly to the Wannier functions made of the states in
extended saddle point as we discussed above, and could
ate hole pairs. Indeed the superconducting gap is maxim
in the direction of the extended saddle point. While this p
sibility remains purely a speculation at this moment it wou
be useful to discuss what properties the cuprate supercon
tor is likely to exhibit if this mechanism is indeed at work
-
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It is well known that the high-temperature supercondu
tivity arises near the phase boundary between the Mott in
lator and a metal.48 Indeed the increases in the low
temperature dc conductivity as a function of char
concentration extrapolated from the high-temperat
conductivity49 and optical conductivity50 and that in the elec-
tronic specific heat51 coincide with the maximum inTc .
Varma argued that the interband charge transfer excit
which become strong as the pseudogap narrows could
vide the pairing force.52 The present mechanism natural
explains this close connection between the superconduct
and the Mott-insulator-to-metal transition. In other mech
nisms, however, the correspondence between the m
insulator transition and the maximum inTc is coincidental.
For instance in the spin-fluctuation mechanism45–47 Tc in-
creases as the magnetic fluctuation softens, and thenTc de-
creases as the magnetic correlation is further weakened
this picture the coincidence of the disappearance of anti
romagnetism and metal-insulator transition is largely ac
dental, even though the metallic behavior certainly disru
antiferromagnetic order.

Another possible characteristic of the superconductor
to the electron-phonon interaction enhanced by electron
relation is that the isotope effect must be small, since mos
the screening is achieved by electronic polarization.
shown in Refs. 10–13 and confirmed by Resta and Sore16

the effective charge associated with the deformation is m
larger than the real charge. This is because the lattice po
izationP induces large electronic polarizationp through the
deformation-induced charge transfer. Consequently the
tope effect should be minimum whenTc is maximum, since
the electronic component of screening is maximum the
These agree with the experimental observations which
difficult to explain otherwise.53 Furthermore it is possible to
imagine that thed-wave superconductivity would result from
this mechanism. Even though the issue of the symmetry
the order parameter is still controversial,54–59 the d symme-
try has always been cited as an argument against the ph
mediated superconductivity. However,d-wave superconduc
tivity may result from electron-phonon coupling with th
background of antiferromagnetism.60 While the BCS mecha-
nism prefers thes-wave, in the present case coupling
achieved by LO phonons with a special symmetry, preferr
x or y direction. The attractive phonon-mediated interacti
near the (p,0) point and the repulsive interaction due
magnetic fluctuation near the (p,p) point could lead to the
d-wave superconductivity.

V. CONCLUSION

The effect of lattice distortion on a strongly correlate
electron system such as the cuprates was studied by e
diagonalization of the two-band Peierls-Hubbard Ham
tonian. The band filling was chosen to be near3

4, correspond-
ing to the electron concentration in the high-temperature
perconducting cuprates. The electron-lattice coupling w
studied first by varying the strength of the copper on-s
repulsion and then actually introducing doped holes in
system. The result shows that at small doping or near
transition from the Mott insulator to a metal the zon
boundary longitudinal optical phonon modes couple ve
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strongly to electrons and significantly reduce the total ener
of electrons. This effect is produced as a result o
deformation-induced charge transfer and deformatio
induced spin coupling. We propose that this effect explai
the pronounced softening of the (p,0) LO phonon by doping
which has been observed for YBa2Cu3O72d ,
La22xSrxCuO4, as well as (Ba12xK) xBiO3. If this coupling
were to produce superconductivity it would provide a natur
explanation for some prominent characteristics of the HTS
phenomena, such as the fact thatTc is maximum while the
isotope effect is minimum at the doping level correspondin
to the Mott-insulator-to-metal transition. This mechanism
could be seen as amagneticmechanism in a wider sense
since the local dynamic spin correlation is providing much o
the driving force. However, the lattice~phonon! is crucial as
the trigger mechanism in the present scheme. Also it shou
be noted that the static or quasistatic spin correlation wou
suppress this mechanism, in contrast to the widely discuss
y
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O
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f
-
s

l
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g
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ld
ld
ed

spin-fluctuation mechanism. The main thrust of the prese
mechanism is the concerted effect of lattice, spin, a
charge, all conspiring to pair up holes.
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60H.-B. Schüttler, K. Yonemitsu, and J. Zhong, J. Superconduct.8,

555 ~1995!.


