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Superconductivity and partial violation of spin correlation in electron stripes

S. Kuwata
Faculty of Information Sciences, Hiroshima City University, Asaminami-ku, Hiroshima 731-3194, Japan
~Received 27 February 2001; revised manuscript received 13 June 2001; published 20 November 2001!

We examine the electronic state of the electron stripe which can be realized to stabilize local polarization
mainly caused by the ion displacement in thec axis direction. In an undoped state, the electrons in the ground
state are well localized to form a 2D electron-hole lattice with an antiferromagnetic~AF! order in the stripe
direction. From the stability of the elementary excitation of the electron stripe, the lattice constant in the stripe
direction,Da , is restricted as 6 Å&Da&8 Å. Upon doping carriers, when the AF state is partially violated
due to the transfer~hopping! of the localized charges, the lower bound toDa tends to be reduced to around 4
Å . Given the superconductivity~SC! mediated through the interaction with the elementary excitation of the
electron stripe, the optimal transition temperatureTc can be written asTc'c/Da

5/2, wherec is some structure-
dependent constant. If the electron stripe exists in layered cuprates, wherec is around 100 K•(4 Å)5/2, it is
found that SC withTc of order 100 K can be realized.

DOI: 10.1103/PhysRevB.64.224506 PACS number~s!: 74.72.2h, 73.20.2r
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I. INTRODUCTION

The interplay of the electron stripe, which has been
served on the CuO2 plane in layered cuprates,1–3 with high-
Tc superconductivity~SC! has been extensively discussed4

The electron stripe, which is a 1D charge ordered state,
quently shows~fluctuating! antiferromagnetic~AF! correla-
tion. From a theoretical point of view, the stripe formatio
has been examined, based mostly on the~extended! Hubbard
model5–10 or on the spin-fermion model.11

On the other hand, the electron stripe accompanies the
displacement mainly in thec axis direction, due to the
c-direction electric field generated by the electron stri
Conversely speaking, the electron stripe can be realize
stabilize local polarization caused by the ion displacemen12

provided that the chemical potential for the stripe format
should be less than about 1 eV.13 A relevant work emphasiz
ing the role of local polarization in the stripe formation h
also been found in Ref. 14. Compared to the~extended! Hub-
bard model, the above stripe-polarization model has fe
parameters~essentially one parameter in the ground state! to
be regarded as more simple to understand.

It seem natural to examine the possibility of high-Tc SC
based on the stripe-polarization model. If we assume that
can be realized through the interaction with the elemen
excitation of the electron stripe, the optimalTc can be writ-
ten asTc'c/Da

5/2, wherec andDa represent some consta
depending on the crystal structure and the electron lat
constant in the stripe direction, respectively.15 From this re-
lation, we are tempted to derive the lower bound toDa so as
to estimate the upper bound toTc . Different from the lattice
constantDb perpendicular to the stripe direction,Da is ex-
perimentally difficult to estimate, due to not only the sma
ness of the charge modulation but also the~partial! violation
of the spin correlation.

The aim of this article is, based on the stripe-polarizat
model, to estimate the lower bound toDa by examining the
electronic state of the electron stripe. In an undoped state
electron stripe shows an AF order in the stripe direction, w
6 Å&Da&8 Å. Upon doping carriers, when the AF corr
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lation should be partially violated due to the transfer~or
hopping! of the localized charges along the stripe, the low
bound toDa tends to be reduced to around 4 Å. If the ele
tron stripe exists in layered cuprates, wherec'100 K
•(4 Å)5/2, it is found that SC withTc of order 100 K can be
realized.

II. ELECTRON STRIPE

We begin with the model HamiltonianH which is com-
posed of three parts: the elastic energy due to the ion
placement in thec axis direction, the electron~hole! kinetic
energy, and the Coulomb potential between the neutraliza
charges~electrons and holes! and the polarization charge
s i(x1 ,x2) caused by the ion displacement and betwe
themselves, namely,16

H5
1

2 (
i

k iE @s i~x1 ,x2!#2dx1dx2

2
\2

2m (
a561/2

E ca
†~x!¹2ca~x!d3x

1
e2

2 E :n(tot)~x!U~x;x8!n(tot)~x8!:d3xd3x8, ~1!

where the summation overi extends to all ions within a
single layer,n(tot)(x)5( is i(x1 ,x2)d(x3)1(aca

†(x)ca(x),
U(x;x8)51/ux2x8u, and k i5(ki /ei

2)(V2/S) with ki the
c-direction force constant of thei th ion, ei the effective
charge,V the layer volume, andS the area of the CuO2 plane.

By using the Slater determinant for theN-particle state
and by eliminatings i(x1 ,x2) from the stability condition of
]^H&/]s i(x1 ,x2)50, the expectation value ofH can be
written as

^H&5(
i

^w i uK̂uw i&1
1

2 (
i , j

@^w i uD̂ i j uw j&2^w i uÊi j uw j&#,

~2!
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where ^xuK̂ux8&52\2/(2m)•d(x2x8)¹2, ^xuD̂ i j ux8&
5eiej^xuw i&@U(x2x8)2(12g ] ux3u)

21U(x12x28 )#^w j ux8&,

and ^xuÊi j ux8&5eiej^xuw j&U(x2x8)^w i ux8&, with g21

52p( i PVk i
21 ,] ux3u5]/]ux3u, andx65(x1 ,x2 ,6ux3u).

Assuming the translation invariance of the correspond
Hartree–Fock equation underx1→x11Da ,x2→x21Db , we
can obtain two states: an itinerant state and a well locali
one. In general, the mixed phase of the itinerant and lo
ized states cannot be allowed under the translation invaria
of the Hartree–Fock equation. However, in the stripe c
figuration, where the localized electrons and holes are e
in number, the mixed phase is compatible with the trans
tion invariance.17 This can be understood by considering th
the Coulomb interaction of the itinerant charge with the
calized electron cancels out that with the localized hole. H
it should be noticed that not all the charge configuratio
such that the localized electrons and holes are equal in n
ber can be realized. Consider, for example, the checkerb
configuration, where the localized electrons and holes
alternately aligned in thex1 andx2 axis directions. From the
stability condition of ]^H (tot)&/]Di50 (i 5a,b), where
H (tot)5H2m(aca

†ca , with m the chemical potential, it ha
been found that this configuration cannot be allowed.17 This
can be understood as follows. Rewriting the stability con
tion as 2E05( i 5a,bDi(]E0 /]Di), where E05^H (tot)&/N,
with N the total lattice number, and usingE05const.
1a/Da

31b/Db
31(higher order terms), wherea,b,0 due to

the attractiveness between the lattice, we find thatE0.0.
This is inappropriate due to the positiveness of the total
ergy despite the magnitude ofm.

Thus in the following, we deal with only the stripe con
figuration. Since in the mixed phase the localized and
itinerant states can be treated independently, we concen
on the electronic state of the localized charges. In the lo
ized state~assuming half filling, for simplicity!, it is natural
that the localized electrons and holes should be oscilla
around their equilibrium points. Adding the ion kinetic e
ergy term toH, can obtain the wave numberq-dependence o
the acoustic ‘‘phonon’’v of the 2D electron-hole lattice os
cillation. From the stability of the acoustic phonon (v2

.0) for Da
2!Db

2 @this condition is well satisfied in layere
cuprates,13 whereDa (Db) is chosen as a lattice constant
the direction parallel~perpendicular! to the stripe#, it is re-
quired that15

~0, !e,d,3e, ~3!

wheree5(^x2
2&2^x1

2&)/^x3
2& and d5@^x1

2&2^x3
2&22g^ux3u&

1O(g2)#/^x3
2&, with ^xn

2&(n51,2,3) the square of the spati
spread of the localized wave function in thexn axis direction.
If this condition were violated, the localized state in itse
would be unstable.

In solving the condition of Eq.~3! to obtain the allowed
region for (Da ,Db), it should be noticed that the phono
energyv for a typical value ofDa'5 Å(&Db) is around
0.03 K,15 while the unit lattice energŷH&/N (N represents
the total lattice number! is on the order of 1 eV.13 Thus the
values ofa andb should be substantially equivalent to tho
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obtained in the tight-binding limit. Furthermore for simplic
ity, we adopt the variational method instead of solving t
corresponding Hartree–Fock equation directly.

If the electrons and holes are well localized, the tr
function of ^xuw i& can be written using a Gaussia
form as ^xuw i&→w(x12 i 1Da ,x22 i 2Db ,x3), where
w(x)5)n51

3 fDn
(xn) with fDn

(xn)5exp@2(xn/2Dn)2#/

A(2p)1/2Dn. HereDn(n51,2,3) is a variational parameter t
be derived from the stability condition of]^H&/]Dn50. In
this case, the spin state of the (i 1 ,i 2)-site electron~or hole!,
denoted byus i 1i 2

&, is restricted from the orthogonality o

uw i&. For 2D1('2D2);Da!Db , where the overlap of the
wave function cannot be neglected in the stripe direction
is required that̂ s61 0us0 0&50, which from the translation
invariance indicates the antiferromagnetic~AF! configuration
in the stripe direction.

Now we evaluatêH& in the AF state:

^H&→^H&AF5N~KAF1DAF2EAF!, ~4!

where KAF , DAF , and EAF correspond to the terms pro
portional to K̂, D̂ i j , and Êi j , respectively. Substituting the
trial function into Eq. ~2!, we obtain KAF5@\2/
(8m)#(n51

3 (1/Dn
2), andDAF using the Poisson’s summatio

formula: (nf (n)5(n* f (k)exp(2pikn)dk as DAF5(e2/
2)(n,mDnm , whereDnm is given by~see Appendix!

Dnm5
2p

DaDb

e[an
2(D3

2
2D1

2)1bm
2 (D3

2
2D2

2)]

gnm
3Ferfc~gnmD3!

2
1

11ggnm
erfc2S gnmD3

A2
D G , ~5!

with an52pn/Da , bm5(112m)p/Db , and gnm

5Aan
21bm

2 . Furthermore, we can evaluateEAF as

EAF5
1

2 (
n,m

~21!mu^s00usnm&AFu2Enm

.
1

2 (
n

u^s00usn0&AFu2En0~ for Db@2D2!

5
Ap

2

D1

Da
E00(

n
~e2an

2D1
2
1e2an11/2

2 D1
2
!, ~6!

where Enm5e2*w* (x)w(x2xnm)U(x2x8)w(x8)w* (x8
2xnm) with xnm5(nDa ,mDb). Here in the second equality
the spin correlation perpendicular to the stripe can be
glected due toDb@D2; and in the third equality, use ha
been made of the AF configuration:u^s00usn0&AFu2

5cos2(pn/2), and the sum overn has been converted int
momentum space using the Poisson’s summation formul

Before evaluating the stability condition of]^H&AF /]D i
50, we estimate the values ofg and Db ~while Da is re-
garded as a parameter!. Rewriting V5 lS, we find that 2pg
5 l 2S0 /( i PS0

(ei
2/ki), where S0 represents the unit CuO2

plane, whose magnitude is around 14 Å2. If we takel as half
6-2
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SUPERCONDUCTIVITY AND PARTIAL VIOLATION OF . . . PHYSICAL REVIEW B 64 224506
the distance between the Cu ion and its apical O ion, nam
l .(2.3/2) Å, g can be estimated asg'0.03 Å for eCu
'ueOu'2e and kCu'kO'50 kdyne/cm.18–20 The value of
Db , different from Da , can be easily estimated using th
period of the charge modulation in the direction perpendi
lar to the stripe direction. Considering thatDb corresponds to
half the modulation period in theb-axis direction~in Bi-
based cuprates, for example, the modulation period is aro
30 Å!,21,22 we find thatDb'15 Å.

From ]^H&AF /]D i50, the condition of Eq.~3! ~in this
case,^xn

2&AF5Dn
2 (n51,2,3) and^ux3u&AF5A2/pD3) indi-

cates that forDb515 Å the allowed region forDa is bound
as 6 Å&Da&8 Å ~see Fig. 1 atx50). The reason of the
existence of the upper and lower bounds toDa can be quali-
tatively understood as follows. AsDa increases asDa
@2D1, with Db(@2D2) fixed, the interlattice energy tend
to be neglected. In this case, the wave function turns ou
be isotropic on theab plane, with the result ofD1.D2,
namely,eAF (5e with ^H&→^H&AF) tends to be vanishing
which would violate the condition ofeAF.0 in Eq. ~3! un-
less dAF→0. Considering thatdAF remains positive in the
limit of Da ,Db@2D1,13 we find that there exists the uppe
bound toDa . On the other hand, asDa decreases,̂x1

2&AF

tends to decrease due to the enhancement of repulsive
between the electrons in the stripe direction~while the
Da-dependence of̂x2

2&AF and^x3
2&AF can be neglected com

pared to that of̂ x1
2&AF). Accordingly, eAF (dAF) tends to

increase~decrease! to finally violate the condition ofeAF
,dAF . This is why there exists the lower bound toDa .

However, the allowed region ofDa should be altered, if
the AF state in the stripe direction is~partially! violated. On
doping itinerant charges, it seems natural that the AF gro
state should be excited by the itinerant charges. In this c
the AF correlation is~partially! violated due to the overlap o
the wave function. The indistinguishability between the
calized and itinerant charges implies that the partially v
lated AF state can be interpreted as being caused by

FIG. 1. Allowed region ofDa for Db515 Å. The area sur-
rounded by the lines ford5e andd53e guarantees the conditio
of v2.0, while the area surrounded by the lines ford5e and d
5(32n)e guaranteesg.0, whereg, representing the supercon
ducting coupling constant, is given by Eq.~15!.
22450
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transfer ~or hopping! of the localized charges, so that th
following argument may be applied to layered cuprates. B
fore dealing with the partially violated AF state, we wi
examine the limiting state where the AF correlation in t
stripe direction is completely violated and to be regarded
a paramagnetic~PM! state. In this case, the electronic sta
can be written as a superposition of the ground state and
excited state in the stripe direction, while it remains in
ground state in the other directions due to the negligibility
the overlap of the wave function. Then the trial function
w(x) should be modified asw(x)→w8(x)5)n51

3 fDn
8 (xn),

where

fD1
8 ~x1!5Fcosz1sinz•S x12DDa

D1
D GfD1

~x12DDa!,

~7!

and fDn
8 (xn)5fDn

(xn) for n52,3. Here we have taken ac

count of the first excited state of the harmonic oscillator
the stripe direction, and neglected the higher-order exc
states. The parameterDDa is conveniently introduced so a
to satisfy ^x1&PM50, that is, DDa /D152sin 2z. Further-
more, the parameterz can be derived from the orthogonalit
condition of*fD1

8* (x2nDa)fD1
8 (x)dx50 with n561 as

sinz52
D1

Da
. ~8!

As far as (2D1 /Da)2!1, the orthogonality conditions fo
n562,63, . . . can beautomatically guaranteed, due to th
negligibility of the overlap of the wave function.

Under the substitution of Eq.~7!, ^H& can be transformed
as ^H&→^H&PM5N(KPM1DPM2EPM), where KPM5KAF

1sin2 z•\2/(4mD1
2), andDPM can be written as

DPM5
e2

2 (
n,m

f nDnm , ~9!

with f n5(12sin2 z•an
2D1

2)21sin2 2z•an
2D1

2 . Furthermore,
EPM can be written by averaging the spin configuration a

EPM.
1

4 S E008 1(
n

En08 D ~ for Db@2D2!, ~10!

where we have used the PM spin configuration
u^s00usn0&PMu2→(11dn0)/2, andEn08 corresponds toEn0 in
which w(x) and w(x8) are replaced byw8(x) and w8(x8),
respectively.

In the PM state, the expectation value ofx1
2 is evaluated

from Eq. ~7! as

^x1
2&PM5~122 sin2 z14 sin4 z!D1

2 , ~11!

so that Eq.~3! requires that under the stability condition o
]^H&PM/]Dn50 (n51,2,3), the allowed region ofDa
should be given by 4 Å&Da&10 Å ~see Fig. 1 atx51).
From Fig. 1, it is found that the upper bound toDa in the PM
state is larger than that in the AF state. This can be un
stood by considering that forDa.2A2D1(;5 Å), namely,
sin2 z,1/2, it is found from Eq.~11! that the relation of
6-3
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^x1
2&PM,D1

2 is satisfied~while ^x1
2&AF5D1

2), which implies
that ePM.eAF and dPM,dAF for the sameDn(n51,2,3).
Thus the upper value ofDa such thatdPM53ePM tends to be
larger than that in the AF state. It is also found that
4 Å&Da&10 Å, the relation ofePM,dPM is always satis-
fied; there is no region forDa such thatePM>dPM. This can
be understood as follows. AsDa decreases from 10 Å to
4 Å, D1 tends to decrease due to the same reason as in
case of the AF state. Thus forDa*2A2D1(;5 Å), where
^x1

2&PM&D1
2 is satisfied,ePM (dPM) tends to increase~de-

crease!, to approach the relation ofePM5dPM. However, as
Da decreases further so as to satisfyDa&2A2D1 , ePM (dPM)
conversely tends to decrease~increase! despite the decreas
of D1, due to the relation of̂x1

2&PM.D1
2, to finally violate

the condition ofdPM,3ePM without reaching the relation o
ePM5dPM.

We have examined two idealized electronic states: the
and PM ones. In an actual situation, however, where
energy of the itinerant charges is not large enough, the
correlation in the electron stripe cannot be completely v
lated due to the partial transfer of the localized charges
this case, the electronic state is difficult to evaluate, beca
the spin correlation may fluctuate in space and time. Des
the difficulty, it may be convenient to assume that the int
mediate state can be written as a mixture of the AF and
states such that

^H&x5~12x!^H&AF1x^H&PM ~0,x,1!. ~12!

This effective Hamiltonian is expected to well represent
qualitative behavior of the AF spin fluctuation caused by
transfer of the localized charges. In accordance with
~12!, the expectation value ofx1

2 can be parameterized in
similar way as^x1

2&x5(12x)^x1
2&AF1x^x1

2&PM. From the
stability condition of]^H&x /]Dn50, the allowed region for
Da is schematically shown in Fig. 1. It is found from Fig.
that the lower bound toDa for x.0 tends to be smaller tha
that for x50. This is because asx increases,e tends to be
smaller due to the increase of^x1

2&x , so thatDa such that
d5e tends to be reduced.

III. SUPERCONDUCTIVITY

In this section, we estimateTc by assuming that SC ca
be realized through the interaction of the doped itiner
charge with the acoustic phonon of the 2D electron-hole
tice oscillation.15 To guarantee the strong coupling regim
we conveniently adopt the~simplified version of! McMillan
theory, whereTc can be given by

Tc5\vDf ~g!, ~13!

with f (g)51.13 exp@2(11g)/(g2Dg)#. HereDg(;0.1) rep-
resents the~screened! Coulomb repulsion. In a mean fiel
theory, the coupling constantg can be written on the analog
with the 3D electron-phonon interaction as23

g5
p\2

2m

1

Mc2

1

DaDb
, ~14!
22450
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whereM represents the effective mass of the oscillator, a
1/c25(1/(q)(q(q

2/v2201). Using an explicit expression
for Mc2, we can rewriteg as15

g5
p

3

aBDa

^x3
2&

lhl~u!

au~u1l!
, ~15!

where aB@5\2/(me2)# represents the Bohr radius, an
hl(u)511lu(22l22lu2u2) with l5Da /Db and u
5A11b/a.

Under the condition of Eq.~3!, it is found from Eq.~15!
that g tends to diverge asu approaches 0, that is, the stron
coupling regime can be realized forv(u50)→0. The soft-
ening of v in the stripe direction enhances the value ofg,
which is directly expected from the expression for 1/c2. As u
increases,hl(u)/@u(u1l)# decreases monotonically an
becomes negative foru.u0, wherehl(u0)50 with u0.0.
Thus the condition ofg.0 ~or 0,u,u0) requires that

e,d,~32n!e, ~16!

wheren58/(41u0
2). Note that 0,n,2. ForDb515 Å, we

schematically show the allowed region for (x,Da) such that
g.0, which is indeed inside the region such thatv2.0.

On the other hand, the magnitude ofvD , which corre-
sponds to the average ofv, is given by15

\vD'c8/Da
5/2, ~17!

wherec8 stands for some constant depending on the cry
structure @in layered cuprates, for example,c8'240 K
•(4 Å)5/2, so thatc and c8 are related toc/c851.13e21 in
the strong coupling limit#. To obtain highTc , we should take
small Da such thatg@1. If we tentatively chooseDa for d
5e as small as possible, that is,Da54.05 Å, at whichx
50.210, then thex-dependence ofTc can be estimated from
Eqs.~13!, ~15!, and~17!, with the result schematically show
in Fig. 2, wherec8 has been chosen as the value of laye
cuprates. Considering thatx tends to increase with increas
ing the carrier densityn, we find that Fig. 2 indicates the
n-dependence ofTc .

FIG. 2. x-dependence of the critical temperatureTc for
Da54.05 Å andDb515 Å, wherec8 is chosen as the value o
layered cuprates.
6-4
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IV. DISCUSSION

Here we discuss, based on the stripe-polarization mo
the validity of the realization of the electron stripe withDa
;5 Å by considering the incommensurate spin fluctuat
~ISF! observed in layered cuprates. In La22xSrxCuO4 (Tc
537.5 Å at x50.15), ISF appears in the superconducti
phase (0.05&x&0.15) with the incommensurate periodla

around 5.4 Å,24,25 which corresponds to aboutA2 times the
crystal a-lattice constant. Assuming thatla corresponds to
Da , we find from Fig. 1 that forDa'5.4 Å ~in this case, the
maximumTc can be estimated from the stripe-polarizati
model as 47 K, so that the actual magnitude ofDa may be
slightly larger than 5.4 Å so as to accord with the observ
Tc , which, however, is not crucial, because the reduction
Tc can be caused by the thermal phase fluctuation, typica
layered cuprates!, the partially violated AF stripe can be re
alized in the superconducting phase. A similar ISF obser
in underdoped YBa2Cu3O6.6 ~with the incommensurate pe
riod almost equal to that of LSCO26! can also be explained
by using the stripe-polarization model. However, in op
mally doped YBCO, whereDa can be estimated fromTc
('90 K) as about 4.5 Å, ISF is difficult to observe, whic
can be understood by considering that~more than! half of the
AF correlation is violated. The same may be true for op
mally doped Bi- and Tl-based cuprates.

V. SUMMARY

We have obtained the allowed region for the lattice co
stantDa of the electron stripe which is realized to stabili
local polarization caused by the ion displacement in thc
axis direction. The lower bound toDa is estimated as about
Å, where the AF correlation in the stripe direction should
partially violated, due to the transfer of the localized charg
Although the partially violated AF state is originally caus
by the excitement by the doped itinerant charges, the in
tinguishability between the localized and itinerant charg
implies that the partially violated AF state can be interpre
as a state caused by the transfer~or hopping! of the localized
charges. Given that the magnitude ofDa in general is incom-
mensurate to the crystal lattice constant, it can be stated
the partially violated AF correlation corresponds to the
commensurate magnetic fluctuation, which has been
served in superconducting LSCO and YBCO. Assuming t
the SC mediated through the interaction with the acou
phonon of the electron stripe, where the optimalTc can be
Y
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written for layered cuprates as Tc
(opt)(K)'100/

@Da(4 Å)#5/2, we find that SC withTc'100 K can be real-
ized in the layered cuprate where the AF correlation is p
tially violated.
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APPENDIX: DERIVATION OF EQ. „5…

In the AF state, DAF can be written as DAF
5(e2/2)(n,mDnm , where

Dnm5~21!mE UD~x;x8!uw~x!u2uw~x82xn,m!u2 d3 xd3x8,

~A1!

with UD(x;x8)5U(x;x8)2(12g ] ux3u)
21U(x1 ;x28 ), and

xn,m5(nDa ,mDb ,0). Substituting the trial function of the
Gaussian form into Eq.~A1! and using the Poisson’s sum
mation formula overn andm, we can replaceDnm as

Dnm→ 2p

DaDb

e2~an
2D1

21bm
2 D2

2!

gnm
I nm , ~A2!

wherean52pn/Da , bm5(112m)p/Db , gnm5Aan
21bm

2 ,
and

I nm5E
2`

`

dx3 dx38ufD3
~x3!u2ufD3

~x38!u2

3Fe2ux32x38ugnm2
e2(ux3u1ux38u)gnm

11ggnm
G

5E
2`

`

dx3ufA2D3
~x3!u2e2ux3ugnmF122

erf~ ux3u/2D3!

11ggnm
G .

~A3!

Using the integral formula:27

E
0

`

dxe2px2c2x2
erf ~cx!5

Ap

4c
expS p2

4c2D erfc2S p

2A2c
D
~A4!

for uargcu,p/4, we finally obtain Eq.~5!.
-

v.
1J.M. Tranquada, J.D. Axe, N. Ichikawa, A.R. Moodenbaugh,
Nakamura, and S. Uchida, Nature~London! 375, 561 ~1995!.

2A. Bianconi, N.L. Saini, A. Lanzara, M. Missori, T. Rossetti, H
Oyanagi, H. Yamaguchi, K. Oka, and T. Ito, Phys. Rev. Lett.76,
3412~1996!; A. Bianconi, N.L. Saini, T. Rossetti, A. Lanzara, A
Perali, M. Missori, H. Oyanagi, H. Yamaguchi, Y. Nishihara, a
D.H. Ha, Phys. Rev. B54, 12018~1996!.

3A.W. Hunt, P.M. Singer, K.R. Thurber, and T. Imai, Phys. Re
Lett. 82, 4300~1999!.
.

.

4For related topics, see, for example,Stripes and Related Phenom
ena, edited by A. Bianconi and N. L. Saini~Kluwer, New York,
2000!.

5M. Kato, K. Machida, and M. Fujita, J. Phys. Soc. Jpn.59, 1047
~1990!.

6G. Blumberg, M.V. Klein, and S.-W. Cheong, Phys. Rev. Lett.80,
564 ~1998!.

7G. Seibold, C. Castellanti, C. Di Castro, and M. Grilli, Phys. Re
B 58, 13506~1998!.
6-5



i,

an

i,

pl.

o,

n,
ys.

S.
ev.

S. KUWATA PHYSICAL REVIEW B 64 224506
8A.R. Bishop and Z.G. Yu, J. Supercond.12, 209 ~1999!.
9A. Sadori and M. Grilli, Phys. Rev. Lett.84, 5375~2000!.

10H. Otsuka, Phys. Rev. Lett.84, 5572~2000!.
11C. Buhler, S. Yunoki, and A. Moreo, Phys. Rev. Lett.84, 2690

~2000!.
12W. Kinase, S. Kuwata, and X.P. He, Physica C185-189, 937

~1991!.
13S. Kuwata and K. Terada, Physica E~Amsterdam! 4, 142 ~1999!.
14F.V. Kusmartsev, Phys. Rev. Lett.84, 530 ~2000!.
15S. Kuwata, Int. J. Mod. Phys. B14, 3536~2000!.
16S. Kuwata, Phys. Rev. B62, 686 ~2000!.
17S. Kuwata and K. Terada, Physica B284-288, 405 ~2000!.
18T. Brun, M. Grimsditch, K.E. Gray, R. Bhadra, and V. Maron

Phys. Rev. B35, 8837~1987!.
19M. Stavola, D.M. Krol, W. Weber, S.A. Sunshine, A. Jayaram

G.A. Kourouklis, R.J. Cava, and E.A. Rietman, Phys. Rev. B36,
850 ~1987!.

20C.S. Jia, P.Y. Lin, Y. Xiao, X.W. Jiang, X.Y. Gou, S. Huo, H. L
22450
,

and Q.B. Yang, Physica C268, 41 ~1996!.
21Y. Matsui, H. Maeda, Y. Tanaka, and S. Horiuchi, Jpn. J. Ap

Phys., Part 227, L361 ~1988!; ibid., 27, L372 ~1988!.
22H.W. Zandbergem, W.A. Groen, F.C. Mijlhoff, G. van Tendelo

and S. Amelinckx, Physica C156, 325 ~1988!.
23C. Kittel, Quantum Theory of Solids~Wiley, New York, 1963!,

Chap. 8.
24S.-W. Cheong, G. Aeppli, T.E. Mason, H. Mook, S.M. Hayde

P.C. Canfield, Z. Fisk, K.N. Clausen, and J.L Martinez, Ph
Rev. Lett.67, 1791~1991!.

25K. Yamada, S. Wakimoto, G. Shirane, C.H. Lee, M.A. Kastner,
Hosoya, M. Greven, Y. Endoh, and R.J. Birgeneau, Phys. R
Lett. 75, 1626~1995!.

26P. Dai, H.A. Mook, and F. Dogan, Phys. Rev. Lett.80, 1738
~1998!.

27A. P. Prudnikov, Yu. A. Brychkov, and O. I. Marichev,Integraly i
ryady ~Nauka, Moscow, 1983!, Vol. 2.
6-6


